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ABSTRACT

Velocity measurements were made in a stirred tank with a tur

bine impeller. Two sizes of vertical cylinderical tanks were used 

(11.5 and 12.25 inches in diameter) and a simgle 3.0 inch diameter 

six flat-blade turbine impeller. The velocity measurements were 

made with a three dimensional.pitot tube probe. A tangential jet 

model was found to adequately describe the flow in fch§ region of the 

impeller. The velocity profile in the region of the impeller ex

hibits an angle profile which is not predicted by the tangential jet 

model. The model is, however, relatively insensitive to the angle 

profile and a weighted average angle was found to give satisfactory 

results.

The significant velocity in the neighborhood of the impeller

centerline was shown to be q the resultant of v„ and vft♦ It wasr e
• (

also shown that the three dimensional pitot tube is not sensitive 

enough to measure velocities below 0.5 ft/sec, the lower limit of
"4 —> •« “probe response, q was found €o fdll rapidly‘beyond $q ' ,R13X

and this point was close to the limit of the probe response.

However the tangential jet model shows that the half width of the 

jet is more than twice the limit of probe response.

The tangential jet model was successfully used to predict ve

locity profiles of the impeller streams reported in the literature.
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The results of the combined data Includes measurements mad^-ln air 

and water and spans varying Impeller diameter, tank diameter and 

impeller speeds. For geometrically similar impellers it was found 

that the jet width was independent of the physical properties of the 

fluid, impeller diameter and tank-diameter,

The tangential jet model is a three parameter model and corre

lations are presented for -these parameters, The impeller discharge
3Q was found to be a function of ND and the dimensionless pumping ca- 

3pacity Q/ND was found to be a constant with a value of 0.93 + 0.28 

for the combined data in the literature and in this study.

In the region away from the jet flow,from the impeller it 

was shown that a three dimensional, low velocity, flow field exists. 

At 500 RPM for the 3.0 inch diameter impeller the resultant velocity 

was found to vary from 30 to 70 ft/min. The center of circulation 

is not a true stagnation point but appears to be so for streamlines 

plotted in the r-z plane. The flow at this point is predominantly 

tangential.

Two-dimensional potential flow was used to model this flow 

away from the impeller region, and the tank was divided into five 

regions. The intersection of these regions were adjusted to have 

smooth streamlines that closed and thus satisfied continuity.

Due to the three-dimensional nature of the actual flow it was found 

that this model was not satisfacory to predict the velocities in 

these regions. A Calcomp plotter was used to-draw streamlines from 

the model. It was demonstrated that this is a useful tool for

xxiv



drawing flow patterns. .

It was observed that the branching flow form -the impeller was 

found to be restricted to the periphery of the tank in a narrow 

region about a baffle width thick. The 10% baffle is thus not only 

correctly placed but its width effectively controls the flow in the 

tank.
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CHAPTER I 

INTRODUCTION AND BACKGROUND

1. Introduction

The stirred tank is extensively used in fluid processing plants 

because of its simple mechanical construction and reliability. In 

addition it performs a variety of functions in liquids whose viscos

ity ranges from water to corn syrup or molasses. This range of 

viscosity is roughly 1:1,000,000 centipoises.

In Table 1 the use of a stirred tank, is divided into five 

broad classifications. These classifications may be further sub

divided. For example, solid suspension might be easy or difficult 

depending on whether the solid material is a finely divided 

precipitate or a heavy mineral of varying particle size. Sim

ilarly, emulsification might be stable (permanent) or unstable as 

in the case of liquid-liquid extraction.

In the stirred tank these functions are performed with an 

impeller. The rotating impeller in typical industrial appli

cations causes turbulent flow. For a particlar fluid and im

peller the degree of turbulence and flow is in general a function 

of impeller diameter, tank diameter, and impeller speed. A 

wide variety of impellers are available. All these impellers can be



Table 1-1: Classification of Stirred Tanks According to Functions

' Performed in the Tank (23)

Physical Criteria

Suspension

Dispersion

Emulsification

Blending

Pumping

Application Class 

Liqu id-Sol id 

Liquid-Gas 

Immiscible Liquids 

Miscible Liquids 

Fluid Motion

Mass Transfer Criteria

Dissolving

Absorption

Extraction

Reaction

Heat Transfer



classified into three types depending on the three types of flow 

patterns observed in stirred tanks. (27) These patterns are observed 

in fully baffled tanks and are,

1. Axial flow; typical impeller that causes this type of 

flow is the three-blade marine propeller.

2. Radial flow; typical impeller is the flat blade turbine.

3. Mixed flow, which can be obtained by a pitch blade turbine.

Presently the design of stirred tanks, to meet the process con

ditions of Table 1-1 is still an art in spite of the voluminous 

body of literature on the subject. This is because the mixing flow 

pattern required for a variety of processes are not only different, 

but mixing in the stirred tank is poorly understood. For example, 

suspension of solids and blending of miscible liquids required 

relatively larger bulk fluid motion rather than regions of intense 

turbulence. On the other hand, dispersion of gases in liquids and 

emulsification requires regions of intense turbulence and shear

and relative less bulk fluid motion in the tank. In general each 

process situation demands its own optimum flow pattern. Thus what 

is good mixing in a stirred tank reduces to arriving at the right 

design so as to obtain the desired flow patterns.

The present approach used in the design of stirred tanks is 

through scale-up, using the principles of dynamic similarity. This 

requires previous knowledge either from an existing plant, or 

through experimental data obtained from careful laboratory measure

ments. It is thus desirable to make a thorough study of the flow 

patterns in a stirred tank to permit design of such units without 

the need of specific experimental data; which data in many cases is



usually expensive and difficult to obtain.

The purpose of this research work is to characterize the flow 

regions in a stirred tank and to arrive at a model which will 

describe the flow patterns generated in the vessel. As previously 

mentioned there are three basic types of flow patterns, and it was 

decided to study the radial flow pattern as generated by a turbine 

impeller. The turbine was selected as the impeller since it is 

more often used in industrial applications. Also an extension of 

this work to the other two types of flow patterns should not be 

overly difficult. The turbine used in this work was the Mixing 

Equipment Company's, 6-flat blade, turbine impeller since this 

unit is most frequently used in process applications, and consider

able data is available in the literature for comparison.

2. Statement of the Problem

In unbaffled tanks, a turbine•impeller (or any other sym

metrically located impeller) produces mere swirl in liquids of 

relatively low viscosity such as water. The introduction of baffles 

produces the characteristic radial flow pattern. The fluid emerges 

as a radial jet with a tangential component which is significant 

near the impeller, but decreasing as it approaches the wall. The 

jet as it emerges from the impeller has a high velocity and hence 

entrains a considerable amount of fluid which tends to diminish its 

velocity as it approaches the wall. At the wall the jet divides 

into two streams one above the impeller and one below. These 

streams loop and return to the impeller. The loops form a center of cir

culation one above and one belott' the impeller as is seen in Figure Irl.
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The flow in a stirred tank is not a simple phenomena, and 

it is decided to restrict this work to a Newtonian fluid. Specific

ally distilled water was selected as the fluid, since it is easily 

handled and has a low viscosity typical of process fluids commonly 

used in stirred tanks. Furthermore, since stirred tanks are most

frequently used in fully turbulent flow, this work will be restricted
2to a tank Reynolds number Np =,pND /p, greater than 10,000.'J\C

After surveying the literature, a summary of which will be 

presented in the next section, it was apparent that the flow in 

stirred tank was far from simple. There are approximately two 

regions of flow in the tank. One is the flow near the impeller, 

and this has received considerable attention. The other region is 

the rest of the tank. After considerable thought it was decided 

to divide the tank into several additional regions and model each 

separately.

The objectives of this research can now be clearly defined as:
1. To study the flow patterns in a tank stirred with a stan

dard turbine impeller and to arrive at a suitable mathema

tical model to describe the flow in the tank.

2. To experimentally measure the actual velocities in the 

vessel with a three-dimensional pitot tube.

3. To obtain streamlines of the flow in the tank so as to have

a visual picture of the flow, and to compare the experimental 

and theoretical velocity profiles in various regions of the

tank for a 3.0 inch diameter impeller.
4. To correlate the parameters in the flow model so that 

quantities such as pumping capacity and eddy viscosity



in the region of the impeller can be predicted.

5. Compare the experimental and theoretical results of this 

work with that reported in the literature.

3. Literature Review
This section will be concerned with a review of the literature 

pertinent to flow patterns in a stirred tank. The stirred 

tank as a mixing device has been described in a considerable body 

of literature because of its extensive application, and the in

genuity of various investigators who have tried to describe and 

analyse the phenomena. Frequently the term mixing and stirred tank 
are synonymous as demonstrated by large sections devoted to the 

stirred tank in three books (12,33,34) published on mixing. There 

have been three dissertations and numerous articles on flow patterns. 

It is our opinion that the last word has not been said on the fluid 

dynamics of the stirred tank.

The description of the dynamics of the stirred tank has been

approached by two methods.

1. The direct approach is used in which flow patterns and 

pumping capacities of impellers have been measured.

Typical papers describing this approach are by 

Nagata (18,19,20) and Cooper (8).

2. Stirred Tanks are frequently used as perfect mixers or

devices that will smooth out instantaneously any in-

homogenuity in fluid property present in the tank.

Actual stirred tanks seldom conform to this ideal but

behave as perfect mixers in the region near the impeller



where high shear and turbulence exist and have very little 

mixing taking place in the rest of the tank. To obtain 

an idea of the extent of perfect mixing two methods of 

approach are used.

(i) Terminal blending time, or the time required to smooth 

out an impulse change in fluid property, for example, 

the concentration of a chemical species. An excellent 

review of work in this area is presented by Grey (40). 

(ii) In the alternate approach, the tank is divided into 

four arbitrary elements or regions. These are plug 

flow, perfectly mixed, short circuit and dead water. 

The various fraction of the fluid residing in these 

regions is determined by measuring the residence time 

distribution. The residence time distribution is the 

response obtained from injection of pulse of a tracer 

material. A summary of the various linear models 

that can be built through combinations of the above 

four elements is given by Camps (7) and Uhl (34).

The fact that only linear combination of elements is 

used restricts this method to linear systems. For 

example, in the study of chemical reactions in stirred 

tanks only first order reactions can be considered by 

this method. For second and higher order reactions 

additional information such as the flow pattern is 

needed.

Terminal blending time and residence time distributions, al

though useful in specific instances, give no insight into the



fundamental phenomena which is responsible for the observed be

havior of the system. An accurate model of the fluid dynamics could 

be used to obtain these functions, if desired through theoretical 

analysis and without the need for additional experimental data.

In presenting a review of the literature it was found con

venient to divide the material under various subheadings such as 

Power Consumption, Flow Patterns, etc. This approach was con

sidered better than reviewing each individual work in its entirety, 

as it prevented undue repetition and put each topic in proper 

perspective. The reader will therefore find references to the same 

worker in one or more subheadings.

3.1. The Turb,ine Impeller

In the study of turbine impellers a variety of designs have 

been proposed and tested. Not all of these designs are of industrial 

importance. However the literature abounds with studies on differ

ent kinds of turbine impellers. In order to form a uniform basis 

for comparison and reference, five different basic designs of 

turbine impellers are shown in Figure 1-2.

Type A is the flat blade, disk type turbine. Type B is the 

full flat blade turbine, and Type C is the curve blade turbine.

Types B and C can have an additional parameter by raising the blades 

a distance ĥ , above the plane of the impeller. This is shown by 

dotted lines for Type B in Figure 1-2. Type D is the hammer headed 

turbine and Type E is the full blade turbine with a disk. Type A 

with six blades is the most frequently used turbine and is con

sidered a standard design.
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Figure 1-2. Types of Turbine Impellers.



The parameters that can be varied are the breadth of the blade 

b, blade length 1, disk diameter d̂ > height of blade above impeller 

plane h^, and in case of types C and D the angle In addition, 

the number of blades on the impeller can also be varied.

3.2. Power Consumption in Stirred Tanks

Power consumption was the first variable to be studied and 

reliable correlations of power input has been know for more than a 

decade. The most recent work is that of Bates and associates (3)

The correlation of power consumption using dimensional analysis 

is well known (26). For geometrically similar systems in baffled 

tanks (i.e. absence of swirl), dimensional analysis gives the fol

lowing relationship,

Np = k(NRe)a (1-1)
Pg 2

where N = — , is the Power Number and N„ = , is the
P pN D Re U

Reynolds Number. As pointed out by Bates, when comparing or using 

power correlations of the form of equation 1-1 care should be taken 

to ascertain if the systems considered are geometrically similar. 

This is frequently not the case, and is the reason why data re

ported in the literature often cannot be compared.

For the Type A turbine (see Figure 1-2) used in this work, the 

log-log plot of N versus N as reported by Bates is not in agree-p Kc
ment with the earlier and well known work of Rushton (26). The 

curves have the same general shape, and they reach a constant value 

of Power Number for Reynolds Number greater than 10,000. This 

limiting value of N^ is reported by Rushton to be 6.3 while that



reported by Bates is 5.0. The higher value of Rushton is said to

be due to frictional errors. Lower values of N have been reportedP
by other workers (35). Cutter (9) reported a limiting value of 

Np to be 5.95. For a comprehensive review of power consumption the 

reader is referred to Grey (34). Bates (3) also claims that Np 

is affected somewhat by number of baffles, baffle width and height 

of impeller above the bottom of the tank. These should therefore 

have some effect on the flow patterns and thus the power consumption

3.3. Flow Patterns with Turbine Impellers

The word flow pattern by itself can and has been misconstrued. 

It can refer to:

1. Streamlines: These streamlines may be qualitative studies

as in the work of Metzner (16) and Schumm (32), or the 

actual drawing of streamlines in a particular region as 

done by Nagata (19).

2. Velocity profiles: The velocity profile is the dis

tribution of mean velocity across any plane. These 

planes are typically a cylinder surrounding the impeller or 

horizontal planes perpendicular to the axis of the im

peller.

In addition flow patterns involve other factors or aspects. 

These are:

1. Whether the tank is baffled or unbaffled.

2. Kind of measuring device used. As there are a variety of 

devices employed, these will be reviewed separately in 

Section 3-5.

3. Frequently a theoretical analysis for the flow in a region



or the entire tank is attempted, and these will also be 

reviewed.

Comparison of Turbine Impellers by Nagata and Associates ( 18,19)

Any reference to flow patterns in stirred tanks is not com

plete without reviewing the extensive work of Nagata and associates. 

Their work is presented in three papers, and the object is to com

pare the performance of different types of’ impellers in unbaffled 

and baffled tanks. In order to make this comparison possible, 

the impeller diameter to tank diameter (D/T ratio) and the Reynolds 

number was kept approximately constant. In all but a few cases 

D/T = 0.513.

On the basis of kinds of impellers employed, in their first 

paper thirty impellers were investigated in unbaffled tanks. The 

impellers included types A, B, C and D of Figure 1-2. All the im

pellers had eight or more blades. On the basis of the number of 

blades, there were eight different kinds of impellers. The thirty 

impellers were obtained by varying b, and 1, the impeller 

parameter parameters shown in Figure 1-2. In the second paper (19) 

the number of impellers was reduced to six. These six impellers 

were run in baffled tanks. In the third and last paper (20) 

the number of impellers were reduced to three, types A, B and C.

All impellers had eight blades. The purpose of this study was to 

investigate the laminar and transitional regions in unbaffled tanks. 

Five runs were made using each impeller at approximately the same

ND . The range of ND studied was approximately 6.7 to 10̂ .R6 Re



In all the work done by Nagata the impeller was centerally

located. By centrally located it is meant that the impeller is

placed at half the depth of the fluid in the tank. At high

a specially designed pitot tube was used to measure velocities in

the tank. At low ND , velocity measurements were made using theK6
photographic method of Sachs (28)

Nagata presents his results as velocity profiles across a 

number of planes in the tank for one impeller, a sixteen blade 

type B impeller. It is implied that profiles for other impellers 

investigated are similar in form. For the purpose of quantative
3comparison Nagata defines a coefficient of discharge Nn = Q,/ND

Q2 1 and a coefficient of circulation Nn = The quantity Q is
2̂ 3

defined as the volumetric flow discharged by the impeller, To 

evaluate consider Figure 1-3, in which is shown a schematic 

velocity distribution in the upper quadrant of the tank. The dot

ted lines B'B" and C 'C '' are the streamlines that pass through 

the corners of the impeller, and thus enclosed the fluid dis

charged through the impeller. Nagata defines to be this quan

tity fluid that is enclosed by the streamline B 7B '' and c'c*'. In 

the tank there will be some flow in the vicinity of the impeller 

blades. Hence the quantity Q̂ , as defined by Nagata, will be lower 

than the value obtained if the discharge from the impeller is 

considered to be the flow across a cylinderical plane of diameter 

D, the impeller diameter. The latter definition of is more 

often used.

The flow rate, Q«> is obtained by integrating v in the planeT Z
that passes through the center of circulation and is from the
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point V to F in Figure 1-3. Thus,

z
= 4ttr J* p v^dz (1-2)

T/2
Qjji = 4ir J vzdr (1-3)

ro

In equation 1-2, ẑ  is the height at which the streamline B 7C 7

intersects the cylinderical plane BC of radius r . In equations
1-2 and 1-3 it is assumed that the velocity profiles vz and v

are independent of 0, i.e. axial symmetry exists.

In unbaffled tanks Nagata (18) observed that the flow can be

considered as two zones. An inner zone of radius r in which thec
tangential velocity v is approximately proportional to the radius6
r, and an outer zone in which the flow is quasi-potential flow.

The radius is about 80% of the impeller radius. There is a 

small circulatory flow which is caused by a small radial component, 

emerging•from the impeller. Nagata called this a secondary circu

lation since the bulk of the flow is due to the tangential velocity

v e
The secondary circulation is caused by the centrifugal forces

due to the rotating impeller. At low N the radial velocity profileR6
at the impeller has a broad width. This width narrows considerably

as N„ increases. Nagata observed that the secondary circulation R6
reaches a maximum in the transistion flow region being small in 

laminar or fully turbulent flow



In baffled tanks, the introduction of baffle plates was found

to increase the width of the discharge from the impeller and also

the velocity. The secondary circulation becomes the main flow and

is well defined. The value of N was found to range from 0.23
Q1

to 0.59 for most impellers in unbaffled tanks. In baffled tanks
N ranged from 0.78 to 1.34 indicating an increase in the dis- 
Q1
charge flow from the impeller by a factor of 2-4 on introducing 

baffles into the tank.

In baffled tanks Nagata (19) observed that the flow pattern 
repeats itself on an average, changing continuously with time in a 

complicated manner. These conclusions were based on observing the 

flow in five radial planes in a tank with four baffles as shown 

in Figure I-4(a). Progressing from Sections I to IV of Figure 

I-4(a), it was seen that the upper and lower centers of circula

tion in Section I were located very close to the impeller as shown 

in Figure I-4(d). In Section II the center of circulation moved 

further apart as shown in Figure I-4(e). In Sections III and IV 

the center of circulation becomes unstable and sometimes breaks 

into two eddies, as shown in Figure I-4(f) . It was also observed 

that the baffles give rise to the eddy A shown in Figure I-4(b).

The eddy A was found to break down into two eddies B and C, the 

eddy C being weak is easily dissipated. The eddy B is much stronger 

and is reinforced by similar eddies from other baffles and appears 

as a hollow vortex on the surface of the tank that rotates slowly 

in the same direction as the impeller. This surface vortex often 

sucks air into the system. Frequently it was found that all the 

eddies A, B and C completely disappear.
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In Figure 1-5 the streamlines are shown in a radial plane 

which is typical of streamlines for all impellers in baffled tank.

The center of circulation is continually fluctuating as noted in 

the preceding paragraph. For details of flow profiles in various 

planes the reader is referred to original papers or an excellent 

summary of them presented by Grey (38).

In calculating Q.̂, the volumetric discharge from the impeller, 

Nagata found that there was a small variation in depending on

which radial plane the velocity profile was measured. This indi

cated that the velocity profile is not perfectly axially symmetrical. 

However, as the differences were not very large, Q^was reported 

as the average of measurements made in four different radial planes. 

Since Q is the circulating flow hence Q2/Q1 will be the fractional 

entrainment. The value °f ^2^1 ranSes between 1.7 to 1.85 with 

an average value of 1.8. As pointed out earliei has been de

fined differently by other authors such as Sachs (28), and the 

figure of 1.8 as the amount of entrainment cannot be directly com

pared .

The conclusions arrived at by Nagata for baffled vessels were 

that even though baffles increased the circulation the power effi

ciency was lowered. This meant that considerably more power was 

required to get the increased circulation. He also concluded that 

impellers having excellant performance in unbaffled conditions also 

perform better under baffled conditions.

Measurement of Velocity Profiles Near the Impeller by Sachs (28)

The first quantative measurements of velocities in the region
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of the impeller was made by Sachs and Rushton (28) • A 4.0 in. four 

blade type A impeller was used. Velocities were measured by the 

photographic method. Measurements were made at three impeller 

speeds and five radial positions. The velocity profiles were found 

to be bell-shaped and tended to flatten as the radial distance from 

the impeller increased. The ratio of the average velocity to maxi

mum velocity (v/vmax ) was found to be independent of impeller speed 

but to increase with radial distance. The volumetric flow from 

the impeller increased with increasing r because of entrainment, 

and it reaches a maximum at r= 4.0 inches. The amount of entrain

ment was reported as 1.96 with practically no variation for the 

three observations reported. This value of entrainment cannot be 

compared with Nagata as the discharge flow is defined as all the 

liquid emerging from the impeller.

Sachs observed that the radial velocity in between impeller 

blades was not uniform but reached a maximum at about 50° ahead of 

the rotating blade. At this point the radial velocity was found 

to be 38% higher than the average and was an instantaneous value 

that should not be confused with average values of v̂, at a point. 

This effect indicates that axial symmetry is only approximate, and 

depends upon the position of the impeller blade. This 

pulsating velocity distribution was found to persist as the radial 

distance was increased to about two-thirds of the distance to the

wall. After this point the flow appeared uniform or axially sym-
/

metrical.



Sachs reported that the fluid leaves the impeller at an angle 

of 53° indicating a considerable tangential component at the 

periphery of the impeller. This tangential component decreased to 

22° at r = 5.0 inches indicating that the tangential component 

decreases to a small but finite value at the wall.

Sachs and Rushton made no attempt to postulate a model for 

the flow from the impeller. They conclude that the volumetric 

flow is directly proportional to the impeller speed and that the 

flow from the impeller entrains a considerable quantity of fluid 

as it moves to the walls of the tank.
Nielson's Tangential Jet Model (21)

The fluid that emerges from the impeller is a narrow, high 

speed jet with a considerable tangential component. Nielson pro

posed a model of this tangential jet which replaced the impeller 

by a ring source of radius a, which is smaller than the radius of 

the impeller. The fluid emerges from this ring with a bell shaped 

velocity distribution, and the velocity vector V is tangent to the 

ring source at all points in the jet. This model not only accounts 

for an appreciable tangential velocity at the impeller periphery, 

but also the observation that the tangential component of V 

decreases as the tank wall is approached. A schematic drawing of 

the tangential jet is shown in Figure 1-6.

Nielson time averaged the equations of motion, and simplified 

them using the boundary layer assumption to obtain the following 

equation for the tangential jet.
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Equation 1-4 has been derived in Appendix A, since Nielson's

model of the tangential jet is the best available model to describe

the flow in the region of the impeller. In Equation 1-4, a is the

radius of the ring source and  ̂is the turbulent shear stress due

to gradient of the velocity vector, V, and is equivalent to con-

sidering V as one-dimensional boundary layer flow.

Nielson used Prandtl's Mixing-length Theory to evaluate |t.| .

The velocity profiles were assumed similar which means v /(v ). 3 r r r'max
is not a function of r. A similarity transformation of equation 

1-4 results in the ordinary differential equation

i i . _i_» ®  , 5.
’ , 2 ! d. (I 5>ds 2 c

where d is a constant and c is the mixing-length constant. Other

quantities are given by,

s = z/b (1-6)

v_/(v ) = f(s) (1-7)r r max
s

F(s) = f f(s)d s (1-8)Jo

In the above equation f(s) is a dimensionless velocity profile, 

and states the condition of similarity. The variable s is a
dimensionless z coordinate given by equation 1-6, in which b 

is the width of the jet. It should be noted that b is a function 

of r and is shown to be equal to,
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b = | Jr2-a2 (1-9)

The velocity profile is given by the following equation

A ,2 2sl/4 dF /T
vr = r b̂ " di (1-10>

In equation 1-10, A is an arbitrary constant. It is evident that

in order to obtain the velocity profile the function F(s) has to

be evaluated. This is done by solving the differential equation 1-5

with appropriate boundary condition. Nielson obtained an implicit 

solution in parametric form for the differential equation 1-5, 

and this is

, . £_ Slfish. + f  tan-i J£2hll * i (1.u)4tt (1+H) 2 ff /3 4 7

where the parameter H is given by

H - ( H312 V 73 
W /2'

and M is given by the following relationship

(1- 12)

— —  = ̂  ^  = (l-M3/2)2/3 (1-13)- ) ds dt
v r max

A numerical method can be used to evaluate v as a function of s,r
This is done as follows; for a series of values of M, H is cal

culated from 1,-12 which then enables the calculation of s. A

table of M versus s is thus obtained. From 1-13 this table can
dFbe converted to a table of s versus -r~. Then if the parameters A,as



d and a are known, v can be evaluated as a function of z for ar
fixed value of r from 1-9. Nielson solution is a three parameter 

model the parameters being A, a and d.

By a trial and error method, Nielson was able to fit his 

velocity profile data to the model given by equations 1-10 to 1-13. 

From Table 1-2 it can be observed that three impellers were studied 

at four different speeds. Since all other conditions in the tank 

are constant, this constitutes four different flow patterns.

Nielson uses these four points to evaluate some of the constants 

from the experimental plots of different equations. The value 

of d was found to be 0.782. The constant a, was assumed to be 

proportional to the impeller diameter D and obtained as

at the impeller center line, as a function of r and also the volu

metric discharge Q as a function of r. Both these quantities were 

found to be dependent on D/T, the impeller diameter ratio. These

since they are based on only four data points.

From Prandt's mixing length theory, and the velocity profiles 

Nielson obtained the following equation for the shear stress

2 2 a = 0.157D (1-14)
The parameter A was not evaluated as such since it was not used

directly.

Nielson presented equations for predicting (v )r max’ the velocity

prediction equations for (v ) and Q are not entirely conclusive r M v r max x

x' max 2 2d F d F
a 2 A 2ds ds



Table 1-2: Summary of Neilson's Investigation of Turbine Impellers

Impeller 
Diametric Inches

Radial Distance 
r Inches

Fluid
Used

Fluid 
Temp. °F

Impeller 
Speed RPM

2.0 1.0 water 83 600

2.0 3.0 water 83 600

2.0 4.0 water 83 600

4.0 2.0 water 77 200

4.0 2.0 water 77 200

4.0 2.0 corn-!syrup 100

7.0 3.5 water 83 75



Figure 1-7 shows Nielson's comparison of theoretical shear stress 

calculated from equation 1-15 and the experimental value obtained 

from the turbulent components of the velocity v and v . TheIT Z
corresponding turbulent fluctuating components will be denoted by

vj/ v'; and the experimental shear stress (t ) is given by r z rz exp

(t ) = -pvTv ^  (1-16)v 'rz exp H r z

The bar over the v / and v' in equation 1-16 signifies averaging.IT Z
In Figure 1-7 it is seen that the experimental values do not show

any particular trend but might be interpreted as giving a maximum

value of (t ) smaller than the calculated -r an<3 at a distance v 'rz exp rz
z, closer to the impeller center line. The discrepancies in 

Figure 1-7 may be because Nielson's photographic method of eval

uating turbulent components v^ and v* is not sufficiently accurate. 

Velocity Profiles in Baffled and Unbaffled Tanks by Aiba (1) 

Aiba measured flow profiles using three different impellers in 

unbaffled and baffled tanks. The measuring device was a radio

active ball and a miniature Geiger-Muller counter. Both laminar 

and turbulent flow regions were investigated. The impellers used 

were: paddle (similar to type B with two blades), a turbine (six

blades type A) and a three blade marine propeller.

Aiba found that the flow in a stirred tank was symmetrical 

with no variations existing in radial planes in between baffles. 

This observation was contrary to that of Nagata (19) and Sachs (28) 

both of whom report small variations in these velocity profiles 

to exist. Aiba presented his results as a plot of dimensionless
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Figure 1-7. Nielson's Comparison of Experimental and Theoretical Shear Stress 
at r is equal to 4.0 inches (21).



velocity, v/v against a dimensionless radius 2r/T. The liquid
*velocity is v, and v is the impeller tip velocity. Aiba ob

served that the dimensionless plots were independent of the depth 

within the tank and the speed of the impeller. However, different 

plots were obtained for different impellers and for baffled and

unbaffled tanks. In unbaffled tanks with glycerine solution of
*vicosity 108 centipoises it was observed that v/v was dependent on 

speed. This indicated that viscosity has an effect on the flow 

patterns in unbaffled tanks although from a consideration of 

Reynolds number it would seem to have no effect. A representative 

plot at a depth of 7.0 inches was presented for the paddle
•%

impeller. The observation of dimensionless velocity being inde

pendent of impeller speed was in agreement with the findings of 

Sachs (28). No measurements were made in the vicinity of the im

peller.

Aiba characterizes the flow in unbaffled tanks as a solid 

cylinderical core of fluid rotating at the center of the tank. The 

radius of the core is smaller than the impeller diameter. This 

observation is in agreement with Nagata for unbaffled tanks. In 

baffled tanks the radius of the core is said to be larger. The 

flow outside the core is similar to a free vortex. This descrip

tion is very close to that of an ideal circular vortex (15).
It is not very clear what velocity Aiba refers to, since a vortex 

has flow in a tangential direction only. The dimensionless plot 

of velocity, v looks very much like that for the resultant of v0
and vr« This is confirmed somewhat when Aiba's measuring device is



examined (see Section 3.5 for details).

Measurement of Flow Profiles at the Impeller by Cutter (9)

Cutter measured flow profiles in the neighborhood of the 

impeller using an improved photographic method. The object of 

his work was to study energy dissipation in a stirred tank. A

11.5 inch diameter tank was used with covers on both the top and 

bottom.of the tank, in other words no free surface was maintained. 

The distance between the top and bottom covers was 12.0 inches.

The impeller used was 4.0 inch diameter type A impeller, placed

6.0 inches from the bottom of the tank. Velocity measurements 

were made at 200, 400 and 600 rpm in water. Both the mean velo

city and the turbulent fluctuating components were measured. The 

ratio of fluid velocity to impeller tip velocity was found to be 

independent of impeller speed, as observed by Sachs (28) and 

Aiba (1). Cutter also reports that the ratio of the turbulent 

fluctuating velocity component to impeller tip speed was inde

pendent of the impeller speed.

The fluctuating velocity components were measured at the im

peller center line only. Hence turbulent parameters such as the 

correlation coefficient and scale of turbulence could be calculated 

only at the impeller center line. The radial scale of turbulence 

was observed to be larger than the tangential scale. The tangential 

scale had a maximum, while the radial scale increased as the tank 

wall was approached.

The integral form of the equation of motion and energy were 

used to determine the energy destribution in the region of the



impeller. The equations of motion and energy were time averaged 

and were simplified using the boundary layer approximation. The 

turbulent velocity components were simplified on the assumption 

that the turbulence behavior was approximately similar to turbulence 

in pipes. Observation from Laufer's well known study in pipes were 

then used to effect this simplification.

A torque table was used to obtain the input torque and also 

the energy input to the system. The momentum equation confirmed 

that all the angular momentum put into the tank could be accounted 

for in the impeller stream. This did not hold at the wall indi

cating that the flow-regime had changed. The flow was then no longer 

free turbulence with high shear but in stagnation flow. The assump

tion used to simplify the equation of motion for the jet hence no 

longer applies. The integral form of the energy equation was 

used to calculate the energy in the fluid stream at various radial 

distances from the impeller. It was estimated that 20% of the 

energy was dissipated id the impeller itself, 50% in the impeller 

stream and 30% in the rest of the tank. These values were in close 

agreement with that obtained by using Batchelor's emperical rela

tionship for energy dissipation in turbulent flow.
Potential Flow Solution by Larson (14)

Larson (14) investigated flow patterns and flow profiles using 

the photographic method. He used a 12.0 inch diameter tank with 

four baffles 1.0 inch wide and 1/4 inch thick. The,impeller was a 

Type A with four blades and was made of lucite. The diameter of the 

disk was 2-5/8 inches and the impeller blades had a dimension of 1.0
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by 1.0 inch. Fluids used were four different mixtures of corn 

syrup and water. This enabled studies to be made in the Reynolds 

number range of 31. to 25,800. The height of liquid in the tank 

was 12.0 inches and the impeller was placed 6.0 inches from the bottom 

of the tank.

Larson considered the flow in the entire tank to be irrota- 

tional flow. He admited that this was a weak assumption in the 

neighborhood of the impeller. The assumption of irrotational flow 

is equivalent to using inviscid flow theory. Irrotationality 

implies

V x V = 0 (1-17)

In cylinderical coordinated 1-7 reduces to (43)

3v dv
— £ ----z = 0 (1-18)az dr

provided v = 0. This is probably true except in the vicinity of 0
the impeller. Since the stream function 'f satisfies the continuity 

equation, it was introduced in appropriate form into 1-18. The 

resulting equation is

SLl . I i3 + i l  = 0 d-19)
ar2 r *r az

Larson solved equation 1-19 using the following boundary conditions 

vr(0,z) = v£R,z) = vz(r,z1) = 0 (1-20)

vz(r,z2) = f(r) (1-21)



Equation 1-20 specifies the velocity components normal to the tank 

wall and normal to the tank surface to be zero. From the last 

statement it follows that ẑ , is the height of the surface from the 

impeller centerline which is z = 0. The boundary condition 1-21 is 

a velocity profile in a plane of height ẑ , and it was obtained 

experimentally. The plane z  ̂was chosen at z = 1 inch, as this was 

considered sufficiently far from the impeller centerline so that 

the flow could be considered as more nearly potential flow. The 

solution of 1-19 with boundary conditions 1-20 and 1-21 had the 

form of an infinite series in terms of Bessels and Hyperbolic func

tions. Larson presents his data as velocity profiles of v̂. and 

vg at various points in the tank. The velocity data obtained in 

regions above and below the impeller are indistinguishable and was 

to be expected since the impeller was centrally located.

In laminar flow (N̂ g = 62), v̂  is presented as a function of r 

in several z planes at an interval of 0.5 inch appart. The vz 

are negative, for r smaller than 4.0 inches and positive for r 

larger than 4.0 inches in all the plots. The velocities are pre

sented scaled to 1 inch. On this scale for r less than 4.0 inch,

v theoretical is approximately 0.25 inch lower than experimental z
values in all plots shown. Beyond r = 4.0 inch, which is the 

region near the wall, the theoretical equation does not hold at 

all and there were marked discrepancies.

Similarly v  ̂is presented as flow profiles in radial planes

0.5 inches a part. The velocities again reported on a scale of
1.0 inch and on this basis the theoretical v is lower by about 0,25r



inch from the experimental values. For z ranging between zero 

and 2.0 inches, the region of the impeller, the correlation breaks 

down.

In turbulent flow the experimental data show considerable 

scatter. On the basis of a full scale for the velocities of 1.0 

inch the experimental data scatters in a region of 0.5 inch or 50% 

of scale. The theoretical predicted profile is again consistently 

lower than experimental data points, and the model breaks down in the 

region of the wall and the impeller. Larson admits that under 

turbulent conditions there was no agreement between theory and 

experiment.

Flow Pattern Studies by Schumm (32).
Schumm made qualitative studies of flow patterns with five 

different impellers. These impellers were Types A and B with 

variations such as perforated blades or alternated blades unper

forated, etc. All impellers were 4.0 inches in diameter and mounted 

in a 12.0 inch diameter tank, 1.25 diameters off the tank bottom.

Motion pictures of dye filiments and still pictures with ion-

exchange beads were made that follow the flow patterns. All
0

impellers gave the characteristic radial flow pattern. Type B 

impeller when placed close to the bottom of the tank gave a pre

dominant flow above the impeller as shown in Figure 1-8.

Schumm goes through an involved mathematical analysis to cal

culate a theoretical shear stress in the region of the impeller.

This calculated shear stress was later used to obtain an empirical 

correlation of the half time of the reaction of oleic acid with 

sodium hydroxide.
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Figure 1-8. Anamolous Flow Pattern Observed by Schuitim (32)
With Type B Turbine, with the Turbine Located Close 
to Tank Bottom.



Velocity Measurements in the Region of the Impeller by Cooper {8)

Cooper measured velocity profiles in a stirred tank with 

geometrically similar Type A impellers of varying diameter. With 

water as the fluid, a directional pitot tube was used, and with 

air as the fluid, a hot wire arenometer was used. The object of 

Cooper's work was to measure the flow profiles in the region of 

the impeller and determine pumping capacities. Measurements were 

made in a 15.0 inch diameter tank with four baffles. The impeller 

appeared to be centrally located. The height of fluid in the tank 

is not mentioned, but it was implied that it was the same as the 

diameter of the tank. Four geometrically similar Type A turbine 

impellers were used having diameters of 3.0, 4.0, 5.0 and 6.0 inches. 

The effect of varying the blade width for the 4.0 inch diameter 

turbine was also studied. In addition measurements were made for 

an 8.0 inch diameter, three blade marine propeller.

Cooper made velocity profile measurements at the impeller 

preiphrey and also at three other values of the radial distance from 

the impeller axis. The effect of entrainement was thus measured 

quantatively. The profiles were bell shaped as observed by Sachs(28) 

and others (4-,20,21). Cooper also observed an angle profiles 

which was independent of impeller diameter and speed. The angle 

profile can best be understood by referring to Figure 1-6 which 

shows a schematic diagram of the tangential jet. The velocity 

vector V has a bell shaped, however the vector v does not emerge 
at the same angle Q^at the impeller periphrey for different z 

planes. The angle thus a function of z and is the angle
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profile referred to above. The value of S^was reported as 50° 

at the impeller centerline and increased to a maximum of 70° 

for both positive and negative values of increasing z. In other 

words if the flow from the impeller is considered a jet, then at 

the edge of the jet 0^ is 70°. The reason why this angle profile 

was not observed by the photographic method of Sachs (28) is be- 

cause in the photogrphic method V is not measured but v^ and v̂ , 

the components of V. Hence, in reconstructing V, the angular de

pendence with z could very well be lost.

Cooper developed a theoretical equation to predict the velo

city profile. The model assumed a stagnant core of radius kR, 

where R is the impeller radius. In the region (l-k)R the velocity

v was assumed to have a finite value v and elsewhere v = 0. z z z
This is shown in Figure 1-9. Taking a material balance at a 

point z for an element of width A? gives

—  2 2 2 pv it (R -k R ) ,_2 ,2 2. + pv_ff (R -k R  ) 2flR&zpvr = 0 (1-22)
z+Az

Taking the limit, as Az -» 0, we get

dv -2v z r
dZ <l-k2)R

(1-23)

Neglecting viscous forces, and taking a momentum balance on the 

element gives

-  2 . 2  . 2 2. pv ff(R -k R ) -2 ,J2 , 22. + pv 7t(R -k R ) —2+ 2p7iRvrAz (1-24)
z'+Az

2 2 3,. , 2.= pifw R (1-k ) Az
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Figure 1-9. Schematic Diagram for Cooper's Model of Flow Through the Impeller.



where w is the angular velocity of the impeller. Equation 1-24

as given by Cooper is in error since the rate of momentum is a

vector. The momentum in the z direction has been added to the rate

of momentum in the r direction and the centrifugal force which

also acts in the r direction. Cooper takes the limit on Az *-n

Equation 1-24, then eliminates v using 1-23 and solves the re-z
suiting second order differential equation for v with appropriate 

boundary conditions.

It is therefore not surprising that the experimental and 

theoretical values show no agreement. Cooper tries to salvage 

his theoretical equation for vr by introducing a correction factor 

which improves the fit somewhat, but it has no theoretical basis.

From the above analysis, Cooper obtains the following equation for 

the angle 0y

tan 0 = 7- tan —'Zr)— + 7 (1-25)
r °1 2C*R 4

In equation 1-25 Ĉ  is a constant to be evaluated from experimental 

data. Equation 1-25 shows that 0^is a function of z only and predicts 

Cf to range between 55° and 71°, very close to the experimental 

values observed. This is a surprising result considering that the 

theory is incorrect.

Another surprising result observed by Cooper is that the velocity 

profiles for water and air in the region of the impeller is remark

ably close. This indicates that in this region of the tank the 

flow is governed by turbulence, and the effect of viscosity is neg

ligible .



Flow Patterns in Newtonian and Non-Newtonian Fluids by Metzner (16)

Metzner investigated flow patterns using the photographic 

method in baffled stirred tanks for Newtonian and non-Newtonia fluids. 

The laminar and transistion regions were investigated using geo

metrically similar impellers (Type A, diameter ranges from 2.0 to

6.0 in.) and two fluids: Karo syrup which is Newtonian and CMC,
sodium carboxymethyl cellulose which is non-Newtonian. Several 

photographs show streak lines of tracer particles describing quali

tatively the transistion of flow from laminar to turbulent flow.

The velocity data obtained by the photographic method was differ

entiated to obtain the local shear rates. Power dissipation was 

calculated from a knowledge of the behavior of shear rates to 

shear stress from viscometric studies. The following conclusions 

were noted:

1. In both Newtonian and non-Newtonian fluids the shear 

rates and power dissipation was directly proportional to 

impeller speeds under all conditions studied. Thfe; Reynolds 

number ranged from 2.1 to 450.

2. Shear rates and power dissipation are high in the region 

of the impeller. In laminar flow the power dissipation is 

proportionately larger elsewhere in the vessel than it is 

in the region of the impeller. As the impeller speed is 

increased and turbulent flow results, the reverse becomes 

true: more power is dissipated in the region of the im

peller.



3. In laminar flow little mixing takes place with the cir

culation being confined close to the impeller.

4. At the start of the transistion range v increasesr
rapidly with increasing impeller speed. The mixing is 

by transport and blending rather than turbulence in 

this range of NRg.

5. At the middle of the transistion range (N„ = 100)K6
turbulence begins to appear and is first noticeable near 

or between the blades of the impellers. In pseudo

plastics such as CMC local turbulence is rapidly damped 

out.

6. At the impeller centerline velocities increase slightly

more than linearly with increasing impeller speed for 

Newtonian fluids. In non-Newtonian fluids this increase 

is more nearly exponential. The apparent viscosity of 

pseudoplastics decreases with increasing shear rate.

Hence under conditions of high shear rates for the

same apparent viscosity pseudoplastics will give a higher 

overall flow at a lower total power input than Newtonian 

fluids. The reverse was found to be true under conditions 

of low shear rates.

Turbulence Measurement in Stirred Tanks by Bower-s (4 ) and 

Mujumdar (17)

Bowers measured average values and the turbulent quanties in

tensity and scale for Type B impellers, with two blades (paddles). 
Four blade and six blade turbines were also used. Design details 

were not specified. The measuring device was a hot wire anemometer



and the tank was unbaffled. General profiles for the paddle im

peller were presented as dimensionless velocities (ratio of average 

velocity to impeller tip speed) and were found to be independent of 

impeller speed.

Mujumdar also investigated turbulent parameters in stirred 

tanks. A single hot wire anemometer was used, and measurements were 
made in the plane of the impeller center line for the radial velo

city component. A 6.0 inch diameter Type A impeller was used in a

15.0 inch diameter tank. The hot-wire signal shows a definite 

periodicity superimposed on the random velocity fluctuation, even 

at a distance from the impeller. He made no attempt to correlate 

the data. The data for average value of radial velocity is 

generally in agreement with the findings of Cutter (9).

Summary:

In Table 1-3 a summary of the investigations of the turbine 

impellers reviewed in this section is presented, The work of 

Schumm and Metzner is not included as they were qualitative studies. 

The results of Mujumdar and Bowers were also not included since 

these articles predominantly deal with the study of turbulence in 

the impeller region of a stirred tank.

The symbols T, D, etc. in Table 1-3 have the same meaning as 

shown in Figure 1-1. All dimensions are in inches. Blanks in 

the table mean that the information was not reported. The column 

of impeller types gives the type of impeller used as shown in 

Figure 1-2, and the number in brackets is the number of different



Table 1-3: Comparison of Impellers and Conditions Under Which Flow Patterns Were Examined. All Measurements reported are In inches.
Distinct

Impeller Type Baffle No. Flow 4+ Fluid + Flow
T D H/T h D/T h/D and Number and Size Type Used Re No. RPM Patterns Comments Ref.
23.0 11.8 1 11.5 0.513 1.05 A,B,C,D (30) L W IxlO5 1 * Nagata (18)
23.0 11.8 1 11.5 0.513 1.05 A,B,C,D. (6) 8x1.77 T W 1.3xl05 1 * Nagata (19)
11.8 5.9 1 5.9 0.5 1. W C8 (3) L W&O 6.7-lxlO5 16 ** Nagata (20)
11.5 '4.0 1.042 4.0 0.348 1. a4 (i) 4x1. T W 100

150
200

3 *** Sachs (28)

11.25
2.0
4.0
7.0

3.75 a6(D 4x1 T
W
W&Ow

600
200
75

4 *** Neilson (21)

11.5
4-46/64
3-15/12
2-61/64

0.957 1-13/64
Faddle
a4(DPropeller

4x1-13/64 L&T w 1.47x10*
-4.2x10 **** Aiba (1)

11.5 4. 1.042 6. 0.348 1.5 a6(D 4x1.2 T w 200
400
600

3 *** Cutter (9)

12.0 4.0 1.0 6. 0.333 1.5 A4(l) 4x1 L&T 0 31.
25.800 +++ ****

/
Larson (14)

15.0 3.-6. A, (9)
Marine
Propeller(l)

4x1.5 T w 100
600

-t-H- "k'k'jc Cooper (8)

+ W = Water ++L = Laminar Flow * Compares impeller performance **** Flow Measurement over most
0 = Corn Syrup-Water Mixture T = Turbulent Flow ** Transistion range studies

-H+ at least more than 10 distinct flow patterns *** Flow Measurements in the regionof the Impeller



impellers studied. The column listing distinct flow patterns in

dicates the number of distinct or separated flow conditions studied. 

For a given impeller, tank and fluid, specifying the impeller speed 

will determine the flow pattern. For a given flow pattern quanti

ties such as pumping capacity, eddy viscosity, and intensity of 

turbulence are thus constant in a particular region of a tank.

Frequently in a review of the literature it appears that a 

large amount of effort has been expended to obtain a lot of data. 

However, if all conditions are kept fixed, such as in case of Nagata, 

this constitute only one flow pattern. In order to make predictions 

on flow patterns, a range of flow situations need to be studied.

As seen in Table 1-3 the only such studies are that of Cooper who 

used a Type A standard turbine and Larson who used a Type A four 

blade turbine.

3.4. Pumping Capacities of Turbine Impellers

Flow patterns and pumping capacities art invariably investi

gated together. The pumping capacity is a measure of the volu

metric flow rate at a particular point, for example leaving the 

impeller. However the flow pattern indicates how the flow is 

distributed throughout the tank. From the work of Sachs (28), 

Nielson (21) and Nagata (19), it is clear that the flow from the 

impeller entrains considerable fluid as it approaches the wall.

The entrainment is a function of radial distance from the impeller 

axis, and it increases as the radial distance increases. It 

reaches a maximum as shown in Figure 1-3, at approximately rQ, the
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center of circulation of the upper and lower flow loops. Beyond

r , the stream is in stagnation flow. The radial component o
progressively decreases reaching zero at the walls and the vertical 

component increases. The radial pumping capacities thus decreases 

in this region. Hence in reporting pumping capacities it is 

necessary to indicate the point at which such measurements were 

made. The most logical point is the impeller periphery, since 

this gives the flow resulting from the impeller motion alone, and 

is independent of entrained fluid. There are two approaches to 

correlating pumping capacities. These are:

1. Centrifugal pump approach first used by Van de Vusse (41)

2. Dimensionless pumping capacity Nq = ̂  3 introduced by 

Nagata (18). Q is the volumetric flow from the impeller.

It will be shown that both these methods are related under 

centain conditions. Grey (37 ) derives the equation for pumping 

capacity based on the flow from a curved blade impeller of a centri

fugal pump. In this derivation it is assumed that the fluid 

entering the impeller has a zero momentum, friction losses are 

negligible, and the fluid leaving the impeller has a flat velocity 

profile. The last assumption is most questionable since a bell 

shaped profile has been observed by many investigators (20,21,28) 

From the centrifugal pump approach, Grey obtained a relationship

between and the power number N to be Q P
Nq » Np/7T2q (1-26)



In equation 1-26, q is the ratio of the angular fluid velocity at the 

blade tip to the angular velocity of the impeller. It can be con

sidered as the relative slip between the impeller and the fluid.

Norwood (22 ) used this model to correlate the pumping capacity 

for a Type A turbine. The conditions under which the data were 

taken are,: Impeller diameter ranging from 2.0 - 6.0 inches, im

peller centrally located, and viscosity of fluid ranging from

0.3624 to 7,780 centipoises (obtained with corn-syrup water mixture). 

A correlation was made of the total flow actoss the impeller stream, 

from the center of vortex above the impeller to the center of the 

vortex below the impeller. The correlation thus includes all the 

entrainment, a fact which is not sufficiently emphasized. Norwood's 

equation is

Q= 9.0 x 10"6 ND2b (— j-fi) / (l-q2)1/2 (1-27)

where

Q is in ft^/sec.

N is in rev/sec.

D is impeller diameter, ft.
3p is density, lb-mass/ft.

b is impeller blade width, ft.

In equation 1-27 the only unknown quantity is q, the relative 

slip between the fluid and the impeller at the impeller periphery. 

Norwood recommended deleting this quantity as q is experimentally 

observed to be a small value. Grey recommended that equation 1-26 

be used to estimate q.
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Equation 1-27 can be rearranged to read as

- 9 x ID'6 @) T°-2 ((B)0-4 f 2 <l-q2)1/2 (1-28)
For geometrically similar impellers the ratio of blade width to 

impeller diameter (b/D) is a constant. For a given tank, the 

tank diameter T is also constant. In practice the ratio, D/T, 

ranges from 0.2 to 0.6. If Norwood's observation is accepted, 

that the factor q can be deleted, then the quantity on the left 

hand side is approximately constant. Hence, the important result 

is that in given tank N^ is approximately constant for geometrically 

similar impellers.
This result can also be obtained, if the velocity profiles 

are considered similar. This condition can be mathematically 

stated as

= f(7p (1-29)
(y )' r max

Where f(Tj) is the similar velocity profile and T)is a dimensionless 

variable which relates r and z. In general there are many ways of 

specifying 7). In Nielson's similarity solution it is specified by 

equation 1-6. In our similarity solution 7] is specified differently 

and is given by Equation B-2 of Appendix B, which gives 7) as

T1 = ct f (1-30)



where a is a constant. In Appendix B, the relation for pumping 

capacity Q has been calculated and is given by equation B-26. 

This equation for Q is

For a constant value of r, combining 1-29, 1-30, aid 1-31 results 

in

The integral is a definite integral and hence has a finite and 

constant value which for convience is represented by k. From the 

observations of Sachs (28), Aiba (1 ), and Cutter (9 ) it is known

where k' is the constant of proportionality. Since pumping capacity 

is defined as the volumetric flow at the impeller periphery where 

r = D/2, we have from 1-32, 1-33 and, that the integral is a con

stant k that

Nq has thus been proved to be a constant when the velocity profiles 

are similar.

The condition of similarity would be expected to hold when 

operating in a given fluid. It will be shown later that for 

geometrically similar impellers this is indeed the case. Cooper

(1-31)
o

r max S fcrDdn CO

O
(1-32)

that (v ) is proportional to the impeller tip speed, orr max

r max (1-33)

(1-34)

reportedto range between 0.726 to 0.89, showing a slight 
ND



dependence on impeller diameter for geometrically similar turbines 

in water. Holmes (13) reported to be 1.3 for water with Type A 

turbine. How the radial velocities were measured and a value of 

Nq = 1.3 arrived at is not reported. Grey (39) summarizes values 

of Nq for a variety of turbines reported in the literature. The 

value of Nq ranges from 0.5 to 2.9. This wide range reflects the 

variation in number of blades and blade geometry of the turbines 

used.

Larson (14) in his review of Aiba's work, indicated that Aiba
N .3also gave an equation for pumping capacity and it was Q = —^  ND ,
qir

where q has the same meaning as in 1-26. This will be recognized

as equation 1-26. While, Grey (37) recommended this equation to

estimate q, Aiba used this relationship to calculate Q. The value '

of q is estimated by trial and error from an emperical chart of 
* *C vs. Re . This correlation is given in Reference (1) and the 

interested reader is referred to it for further details. Thus 

Aiba's correlation is not basically different from the others 

reviewed here.

3.5. Velocity Measurements in Stirred Tanks

A variety of methods have been used to measure velocities in 

the stirred tank. These generally fall under the categories of 

photographic methods, pitot tubes, hot wire anemometers and laser 

doppler meters. None of the methods reported in the literature is 

entirely satisfactory. All methods allow measurement of average 

velocity and some give estimates of the turbulent components. A



satisfactory device for measuring velocities in a stirred tank is 

still to be developed, and this is one of the reasons why analysing 

the fluid mechanics in a stirred tank is so difficult.

The first measuring device to be developed was the photographic 

method of Sachs (28). This method introduced a small amount of 

immiscible liquid into the tank which immediately breaks up into 

fine droplets. A sheet of light about 3/16 inch thick and 5 inches 

wide was used to illuminate the tank in any desired vertical or 

horizontal plane. A photograph was taken of the sheet of light at 

right angles to the light beam. The droplets of immiscible liquid 

appeared as streaks. The length of the streak, its direction, and 

the time of exposure of the photographic plate was used to determine 

the velocity.

Nielson (21) improved the photographic method by introducing 

a slotted wheel in between the tank and the sheet of light. The 

slots were alternately large and small. The wheel was rotated at 

constant speed by a synchronous motor. The streaks now appeared 

as dotted lines of alternately small and large length corresponding 

to the length of the slots in the slotted wheel. This permitted 

more accurate determination of time interval of the streaks and the 

direction of motion of the tracer particle. The immiscible liquid 

was replaced by silver coated ion exchange bends. The ion-exchange 

beads used by Nielson were Dowex 50 in the size range of 100 mesh.

Cutter (9 ) used the photographic method with some more modifi

cations. The tracer particle was Lycopodium powder of average size



30 microns. The light source was a flash tube of approximately 2 

milliseconds duration. The film was exposed for 1/600 of a second. 

Hence the start of the tracer streak was brighter and together with 

the slotted wheel gave better indication of the direction of motion 

of the tracer particle. A micro switch timed the flash to occur 

when the impeller blade was in a predetermined position and the 

slot in the slotted wheel was about to open. The flashing light 

source permitted taking photographs of all the tracer particles at 

the same time thus permitting calculations of Eulerian correlation 

coefficient from which the turbulence parameters of intensity and 

scale can be calculated.

Larson (14) used the photographic method with furthur modifi

cations. The tank was illuminated by a strobe light. Multiple 

exposure of the tracer particles were photographed in two perpendic

ular planes simultaneously. One plane was that of the camera, and 

the other was the plane perpendicular to this plane is seen in a 

mirror placed at 45° adjacent to the tank. The multiple exposure 
in two planes permitted reconstruction of the streamlines. The 

reconstructed stream lines in laminar flow were fairly regular and 

well defined. In turbulant flow the reconstructed streamlines 

move in irregular directions, and it was impossible to detect a 

definite pattern.

The method of Nielson and Cutter appeared to be the best 

design for the photographic method. Data from a number of photo

graphs were averaged to yield an average velocity and a turbulent 

component.



Another devise used to measure the velocity in a stirred tank 

was the Kiel tube. This is a pitot tube with a cylinderical shield. 

The shield acts as a vane to straighten the flow and permits velo

city measurement independent of flow angle. The maximum flow 

angle (the angle which the velocity vector makes with the normal of 

the pitot tube) over which Kiel tube gives consistent results is 

40°.

Cutter also used a Kiel tube to compare the results of the 

photographic method. The Kiel tube gave values which appeared to 

be within 10% of the best fitting line drawn through the data 

obtained by the photographic method. The agreement can be considered 

fairly good considering that the photographic data had a larger 

spread about the best fitting line.

Nagata (18) used an elaborate pitot tube set-up that permited 

accurately evaluating the direction of the velocity vector at a 

point and then placing a Prandtl type pitot tube in the direction 

of the velocity vector. This is a true three dimensional set up 

for measuring velocities in three dimensional flow that occur in 

the stirred tank. The details of the design of the pitot tube is 

reported by Nagata in Reference (18). Nagata's data for velocities 

at actual points in the tank was not reported, and hence any furthur 

comment is conjecture. From the meager details presented this 

device seemed very suitable for measurement of velocities over 

most of the tank in the fully turbulent region.

Aiba (1 ) used an ingeneous device to measure velocities in 

a stirred tank. A ball containing radioactive cobalt was suspended



from a platinum wire. About an inch away from the ball a miniature 

Geiger-Muller counter was placed. The counter monitored the 

radiation from the radioactive source. A calibration curve was 

made that related the deflection of the ball to the monitored 

radiation. The Geiger-Muller counter was thus used to determine 

the position of the ball. A force balance between the gravitational 

forces and the drag forces on the ball due to the moving fluid was 

made and this gave a relationship between deflection of the ball 

and velocity of the fluid. Knowing the position of the ball, 

and the drag coefficient of the ball the velocity was determined. 

From the reported analysis it was not clear how the direction of 

the velocity was determined. Aiba reported measurements of the 

vertical, radial and tangential components of velocity using this 

method. For high velocities a steel ball was used, and for low 

velocities the ball was made of an acrylic resin.

Cooper (8 ) used a three dimensional pitot tube made by 

United Sensors Corportation, for velocity measurements in water.

In air he used a hot wire anemometer. The details of equipment 

used by Cooper is in general brief and sketchy. The fact that the 

angle of flow is measured more accurately by the directional pitot 

tube than the hot wire anemometer indicated that a single wire 

probe was used.

The hot-wire anemometer has been used by Bowers (4 ) and 

Mujumdar (17) in water. Both workers used single wire probes. The 
principle of the hot-wire anemometer is, briefly, based on cooling



of long thin cylinders. If such a cylinder is placed in a moving 

fluid then the rate of cooling is a function of the velocity com

ponent in a direction perpendicular to the axis of the cylinder.

The hot-wire anemometer is a probe with a wire strung across two 

prongs. Effective length of wire in typical probe is about 0.05 

inch, and its diameter is 0.00015 inch. The wire is thus effec

tively a long thin cylinder. A current is passed through the wire 

to heat it, and as the fluid flows past the wire it will be cooled.. 
The wire has a coefficient of resistence which is a function of 

temperature, hence the resistance will change as its temperature 

changes. By means of a wheatstone bridge and suitable electronics 

the temperature of the wire can be maintained constant. The 

varying current to maintain the temperature constant is a function 

of the velocity and this functional relationship is non-linear. As 

the wire is very thin the response to changes in temperature will 

be almost immediate; and hence, the varying current almost exactly 

follows the varying velocity flowing past the wire. Two wires 

placed very close and at right angles but not in electrical contact 

can be used as a probe to measure velocity in two dimensional 

flow systems and also for measuring turbulence parameters.

In water the hot-wire anemometer encounters several problems. 

The overheat ratio is the ratio of the wire temperature to fluid 

temperature. This ratio has to be low in water since the temperature 

of the wire cannot exceed the boiling point of water. Should this 

occur then steam bubbles or bubbles of dissolved gases will form



and the heat transfer will follow an entirely different functional 

relationship. High overheat ratios give better sensitivity and 

response and are hence desirable.

The water must be absolutely clean otherwise lint collects 

on the wire. Also dirt will adhere to it, and both of these will 

cause changes in the calibration of the system.

Water has a high inertia, and in high shear flows; it can and 

does break the delicate wire. This is a serious problem, and it 

has been reported by Bowers. This difficulty might be overcome by 

using a hot film anemometer. However hot film probes do not have 

directional properties, and hence cannot be used in two and three 

dimensional flow systems.

Finally ordinary water conducts electricity. Although the 

mechanism is not well understood, hot-wires coated with fused 

quartz have been used successfully in tap water by Dell'Osso ( 10) 

Coated probes are also called hot film probes and should not be 

confused with the film probes mentioned earlier. The film probe is 

a film of material deposited on a wedge shaped probe tip.

An ideal measuring instrument for velocities in a stirred tank 

is one that does not interfere with the flow field and permits not 

only velocity measurements at the walls of the tank but also the 

turbulent velocity components. Such a device may be the laser- 

doppler velocity meter. This device has been used by Goldstein (H) 

to measure laminar flow in a square duct (1.0cm sq.). This device 

is based on the principle that the light beam from a laser which



Is scattered from a moving tracer particle undergoes a doppler 

shift. The tracer particle typically used is 0.5 micron polystyrene 

particles which is then diluted by one part solids to 50,000 parts 

by volume water. The scattered beam and original beam are brought 

together and optically hetrodyned. This gives rise to an alternate 

light and dark band that moves at the doppler frequency. The moving 

bands are monitored by a photomultipler and through suitable elec

tronics a signal can be obtained of the doppler frequency. A 

functional relationship exists between the doppler frequency, the 

scattering angle and the velocity of the tracer particle. Thus 

the velocity of the particle can be computed and taken equal to the 

fluid velocity. Since the tracer particles are small the response 

of the device is expected to be high. The method requires precision 

components and an elaborate set up. It is still in the experimental 

stage. Rolfe and associates (25 ) have developed a three 
dimensional laser doppler velocity meter to measure gas velocities 

in a wind tunnel up to a velocity of Mach 2. Results obtained were 

in close agreement with that of a hot-wire anemometer. They 

presented an excellant summary of the capabilities of this measuring 

device.

4, Conclusions
In this Chapter justification for investigating the flow 

patterns in stirred tanks has been presented. Of the three basic 

flow patterns occurring in stirred tanks it is proposed to study 

the radial flow pattern generated by a turbine impeller. Several



impeller designs are available, however the Type A design is con

sidered to be standard and will be used in this work.

None of the investigators have been entirely successful in 

describing the fluid dynamics of the tank. However, some success 

has been achieved in certain regions of the tank. It was therefore 

decided to model the fluid dynamics of the tank by considering 

it to be made up of several regions. Each region will be treated 

separately using the best model available.

For example, in the region of the impeller, Nielson's tan

gential jet model appears to describe all the observed phenomena 

except the angle profile discovered by Cooper. However Nielson's 

solution is too involved and cumbersome to be useful. This is 

because of his use of Prandtl's Mixing Length Theory. The flow 

in the impeller region is essentially free turbulence, and in such 

cases Schlichtling (29) has shown that the use of Prandtl's second 

hypothesis can give an equivalent solution which is not only 

easier to obtain but also simpler in form. This will be apparent 

when Nielson's solution is compared with ours which is presented 

in Appendix B. Both theories are phenomenological, and the 

parameters in the solution are obtained by fitting experimental 

data. For free turbulence, Prandtl's second hypothesis is a simpler 

approach and hence favored.

The work of Larson shows that elsewhere in the tank potential 

flow might be applicable. The poor results obtained by Larson may 

well be because he considered the entire tank as one region. If



potential flow is assumed, it seems easier to map streamline 

using the simpler approach of the aerodynamist: fit streamlines

in a flow region using combination of sources, sinks and vortices. 

This approach will be used in Chapter II.

The flow from a turbine impeller is a narrow high velocity

turbulent stream. This stream has been measured in a limited 

manner as indicated under the heading data points of Table 1-3.

The recent work of Cooper makes available considerable data on 

velocity profile measurements in this region. The data is not 

complete, and hence it will be necessary to make some more measure

ments. With the help of an adequate flow model it will be possible 

to characterize the flow in this region of the tank.

It is felt that before making turbulent studies a first step

would be to define and predict the bulk flow. It is our objective 

to understand the flow rather than the detail mechanism of turbu

lence. The flow model will use a phenomenological theory, and this 

will permit calculating an eddy viscosity which will be of imme

diate practical use.
As a study of the turbulence in a stirred tank is not the objec

tive of this work only average velocities need to be measured.

Fromi the literature review presented in Section 3.4 the directional 

pitot tube used by Cooper was selected for experimental measure

ments, The selection of this device was based on its simple con

struction and the remarkable consistency of the data obtained. It 

has its drawbacks in that velocities lower than 30 ft/min. cannot 

be measured.



CHAPTER II

THEORETICAL ANALYSIS OF THE FLUID DYNAMICS 

IN THE STIRRED TANK

1. Development of a Mathematical Model for the Stirred Tank

In this chapter, a mathematical model will be developed to 

describe the flow pattern in the stirred tank. From the work of 

several investigators reviewed in Chapter I, it appears that the 

stirred tank can be separated into two regions: one in the neigh

borhood of the impeller which has received considerable attention 

and the other the rest of the tank.

The flow in a baffled stirred tank with a turbine impeller 

can be described as follows, First a high speed, narrow, highly 

turbulent stream emerges from the impeller. This high speed stream 

entrains a considerable amount of fluid which causes it to broaden 

and slow down as it approaches the tank wall. On approaching the 

tank wall the radial component of the fluid velocity decreases 

rapidly reaching zero at the tank wall, while there is a correr* 

sponding increase in the axial component of the velocity. The 

flow near the tank wall can be approximated by stagnation flow.

The stagnation point occurs roughly at the point where the plane 

of the impeller center line intersects the walls of the tank. The 

stagnation flow results in the stream dividing into two equal parts 

giving rise to the clover leaf flow pattern as shown in Figure 1-1,



of Chapter I. The divided stream circulates in the rest the tank 

returning to the impeller region. Part of this stream enters the 

impeller the rest is the entrained by the impeller stream. In 

the upper and lower sections of the tank are two doughnut shaped 

regions. These regions form the centers of circulation for the 

circulating flow in the tank, mentioned above. The center of 

circulation is shown in Figure 1-5. The above description of the 

flow field is based primarily on the work of Nagata (19).

In developing a mathematical model, the work of Larson (14) 

showed that an attempt to model the fluid dynamics of the stirred 

tank as entirely one flow region gave poor results. On the other 

hand Nielson (21) has had fair success in modeling the flow in 

the region of the impeller. This is not exactly surprising since 

the flow in the vicinity of the impeller has not only had the 

highest velocities but also most of the energy is dissipated in 

this part of the tank. This latter conclusion is based on the work 

of Cutter (9) and Bowers (4) . They have shown that the neighbor
hood of the impeller is a zone of high mean and turbulent velocities, 

while the rest of the tank is relatively quiescent. Cutter esti- 

mates that 20% of the energy is dissipated in the impeller itself, 

50% in the impeller stream and 30% in the rest of the tank. Con

sidering the relative volume of the rest of the tank to the region 

in the vicinity of the impeller it would appear that energy dis

sipation per unit volume in the rest of the tank is unimportant.

We can thus conclude that the region of the impeller is a high shear 

region while in the rest of the tank shear forces are unimportant 

and hence potential flow could be applied.



We thus have two regions to be modeled separately. The region 

in the vicinity of the impeller is modeled using Nielson's tangen

tial jet model, and the flow in the rest of the tank is described 

by potential flow. In using potential flow, the method of the aero- 

dynamists was adopted. This approach divided the rest of the tank 

into several regions, each region being fitted by a model that best 

appears to describe the flow pattern in that region. Nagata's 

flow pattern shown in Figure 1-5 was used as a guide for modeling 

the regions in the rest of the tank.

In Figure II-l a computer drawn solution is shown of the stream 

lines in a r - z plane passing through the impeller axis, a line 

of symmetry of the system. This is from the solution of the model 

of the flow described in this chapter. In the figure the flow in 

the tank is divided into six regions. These regions are

I. The flow from the impeller, modeled by a tangential jet.

II. Impeller stream impinging on tank wall, modeled by stag

nation flow.

III. Upper and lower corners of the tank, modeled by potential 

flow in a corner.

IV. Flow at the top and bottom of the tank axis, also modeled 

by potential flow in a corner.

V. Flow at the center of the tank axis, modeled by a cir

cular jet.

VI. Two doughnut shaped regions, which have been modeled as 

dead water regions.
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Regions shown in the figure have the same fluid dynamics model 

are given the same number, However, the parameters in the model 

of, region V, for example,' shown above and below the impeller are 

not the same. Each of these regions will be examined in detail 

and the merits of the model chosen will be discussed.

1.1. Region I - Neighborhood ' of the Impeller

The Tangential Jet: This region is the area around the im

peller. At a very early stage it was recognized that a free jet 

model would give a satisfactory description of flow in this region. 

The radial plane jet was first developed and tested on Nielson's 

dath. The model seemed inadequate. The jet width was either too 

wide or too narrow and depended on where the origin of the jet 

was located. On examining Cooper's data ( 8 ) and in our own in

vestigation of the problem it was apparent that a sizeable tan

gential velocity component existed near the impeller and should be 

taken into account. The tangential component decreases at increas

ing distances from the impeller and reached a small but non-zero 

value near the tank wall.

Nielson has accounted for this tangential component by con

sidering a ring jet in which fluid emerged tangentially from the 

periphery of a cylinder of radius a and height 2b. A physical 

picture of the model consists in replacing the impeller by a 

cylinder of diameter 2a and height 2b. The fluid leaves this 

cylinder of diameter 2a on a tangent with an average velocity of 

q. Consider a point, A, on the periphery of the source as shown 

in Figure II-2. The fluid leaves at a tangent to the source, and 

the yaw angle 0^ at A is 90°. The yaw angle 0^ is defined as the
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Figure II-2. The Tangential Jet.



angle between the velocity vector and the radius vector. Once

the fluid leaves the cylinderical source, the baffles seem to

freeze the flow, and fluid continues to move in the direction q

it had as it left the ring source. Although the direction of q

does not change, its magnitude decreases because of entrainment.

At a point B far from the source the yaw angle 0y has decreased

and is less than 90°. It is thus clear that at r = a, the yaw

angle 0y = 90°, decreasing to a small value near the tank wall.

From the geometry of Figure II-2 it follows that v and vQ isr o
given by,

In equation II-l and II-2, the velocities, v , va are time averager o
values. A bar over a variable signifies a time average quantity.

A vector is denoted by an arrow over the variable as for q in

Equation II-l and II-2,

The pumping capacity of the impeller depends on v . From

equation II-l, vr has a limiting value of zero When 0y = 90°, and

r = a. Hence, for v to be finite, 0 must be less than 90°.r y
As all impellers have a finite pumping capacity it follows then, 

that the radius of the ring source, a must be less than the im

peller radius D/2.

Equations of Continuity and Momentum for the Tangential Jet:

vr y (ii-i)

v0 = |q| Sin0y (II-2)

In Appendix A, the equations of motion for turbulent flow have 

been simplified for the assumptions of isothermal, incompressible 

flow and the boundary layer approximations. The resulting time



averaged equations that describe the flow in tte turbulent tangen

tial jet are

Continuity Equation:

& (rV + A (rV = 0 (A'3)
Equation of Motion:

These equations can be reduced to a single partial differential 

equation by introducing the stream function \|r, and into an ordinary 

differential equation by the similarity principle. The similarity 

principle assumes that the velocity profile to be similar in the 

direction of fluid motion.

In Appendix A, it was shown that the tangential jet is a one 

dimensional flow problem resulting in the single equation of motion 

A-22. As a result, the stress tensor t was reduced to a vector t .

A phenomenological theory is used to define t since in this work; 

time average velocities are measured.

From the several theories available, Prandtl's Second Hypothesis 

(Schlichtling (29)) was selected as it was best suited to our prob

lem. This is because the turbulence in the tangential jet is not 

due to a wall or boundary, and is hence essentially a case of free 

turbulence. It is a region of extreme velocity gradients, the 

velocity q is a maximum at the center and reaches zero at the 
boundaries of the jet which can be seen in Figure II-l.

(A-22)



Prandtl's Second Hypothesis (29) gives the value of t for flow 

in the qdirection as:

7 ’ f>kb£ (II‘3)

where p is the density, and k a constant, hfllf width of

the jet shown in Figure II-2 and in defined in Appendix B. Since 

q^in, the velocity at the boundary of the jet is zero,

7 ■ ”kb4 l;V J  €  (1I’4)

Defining € as the virtual kinematic viscosity,

« = k b ^ J  (IX-5)

and hence

t= (n-6)
Substituting for cos0^ from A-14 into II-l gives

|q| ° ib >> v, (xi-7)/ i i vr Vr -a

Introducing II-7 in II-6 and noting that v^ is not a function 

of r which will be emphasized by using partial derivatives we have

r\ = P€ - O - y  ^  (II-8)
Vr -a

Substituting for |t | from II-8 into A-22 gives



It should be noted the e, the virtual kinematic viscosity is a 

function of bi and.q which are functions of r and not z.jL. *mOV

Solutions of the Tangential Jet Equations: A similarity

solution of Equation II-9, subject to continuity Equation A-3 

and boundary conditions A-28 and A*̂ 29, is detailed in Appendix B. 

The equations for the velocity profile are given by B-24 and B-26 

which are reproduced below.

It should be noted that the above equations B-24 and B-26 

are obtained from exactly the same basic analysis as presented by 

Nielson (21), The difference lies in the definition of t the shear 

stress. Nielson used Prandtl's mixing length theory which results 

in a cumbersome solution as described in Chapter I.

Both theories result in three parameter models and give an 

excellent fit of the velocity profile data. However the velocity 

profile as obtained by Nielson is not in explicit form but has to 

be evaluated from equations 1-10 to 1-13 and are thus harder to fit. 

In contrast, Equation B-24 is not only simpler to derive but gives 

the velocity profile directly. Another reason for selecting

max

v = (v ) [1 - tanh2(Tj/2)]r r max L 1 Jr max (B-24)

r^max f2r2-a2
0

tanh 01) - 11(l-tanh201/2))]] (B-26)v: 2 2z a r -a

where

r max (B-25)

(B-2)



Prandtl's Second Hypothesis Is because It Is a well tested approach 

to describing free turbulence, examples of which are jet and wakes; 

and these have been solved in Schlichtling (29).

Results of Tangential Jet Solution: In obtaining velocity

q is shown in Figure II-2, and its relation with v and v is givenI• u
by Equations II-l and II-2.

Substituting for v^ from B-24 and B-25 into II-7 gives,

Equation 11-10 is non-linear, and as it has been explained earlier 

that a, should not exceed D/2.

It has been observed by Nielson (21) and from our analysis of 

Cooper's (8) data that qmax does not coincide with the impeller 

center line but is displaced by a small, amount, zq as shown in 

Figure II-2. Experimental data is made to fit equation 11-10 using 

the least square criteria. An optimization technique known as 

Pattern Search has been found satisfactory to evaluate the four 

parameters a, A, a, and z q  subject to constraint on a. An outline 

of the procedure and the computer program is presented in Appendix C.

The kinematic eddy viscosity c has been evaluate in Appendix B, 
Equation B-15, and is

profile data, as will be seen in Chapter III, neither v̂ , vz, or v^ 

is measured but the resultant of v^ and v^ which is q. The velocity

I T I Cl"tanh2Cry/2)]
(r^-aZ)*

(11-10)



Comparing B-15 and II-5 and substituting for q from 11-10,max
the half width of the jet and the constant k can be calculated, 

a factor kr is included in the calculations giving

/o 2  2 \
b i - (11-12)
* (r -a )̂ k'

k = ̂  (H-13)
a

The factor k*,:it is seen cancels out and thus has no effect on €•

It is included to make b^ as defined in 11-12 identical to that in
B-34 and will be discussed in Chapter IV. . •

It will be observed that the velocity profile and expression 

for eddy viscosity contain three arbitrary parameters A, a, and

a. These were evaluated by a least square fit of experimentally 

obtained velocity profile data, as will be described in Chapter IV.

1.2. Regions II. Ill, and IV

Regions II, III, and IV will be modeled together. The reason 

why this is so will be apparent as we proceed. In these regions 

extreme velocity gradients do not exist, and the flow is considered 

to be in potential flow. This is confirmed somewhat by Larson's (14) 

work and also from the observation of Cutter ( 9 ) that energy 

dissipation in these regions are small. All of these regions are 

bounded by the walls except the surface.

Near the tank wall a turbulent boundary layer exists. This 

has been observed by Askew ( 2 ) who has investigated the flow pro

file close to the tank wall. The thickness of the boundary layer 

is of the order of 0.1 inch and does not exceed this value in all 

cases investigated. Askew's results were obtained using distilled



water with the following impellers: a 90° Turbine, a 45° Turbine

(design details unknown) ahd a marine propeller. Impeller speed 

ranged from 0. to 18.75 revolutions per second (rps). For the 90° 

Turbine (presumably similar to the type used in this work) only one 

graph is presented at 9;0 rps for velocity profiles at various lo” 

cations along the wall in regions II and III. From this work it 

appears that the boundary layer at the tank walls in regions II 

and III is very small, at least beyond the precision of the measur

ing instruments used in this work. The boundary layer effect can 

be accounted for by excluding the boundary layer region from the 

potential flow region. This follows from the definition of boundary 

layer which assumes that the region outside the boundary layer is 

iri potential flow. From the discussion above it will be seen 

that 0.1 inch, the thickness of the boundary, is so small in com

parison with the width of regions II and III that it can be ne

glected.

Regions II, III and IV are essentially two-dimensional flows, 

as the tangential component is assumed to have a small value in 

these regions and can thus be neglected. The flow is thus in the 

r - z plane and the velocities of interest are v and v . TwoZ IT
dimensional flows are conveniently handled by using the stream 

function which also makes the evaluation of streamlines easy.

In Appendix D it was shown that the stream function given by 

Equation D-9 is a possible potential flow solution that satisfies 

the boundary conditions of Regions II, III and IV. Equation D-9 

is given by
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i|r = r2z (D-9)

and will be used to evaluate the streamlines.

In Figure II-3 (a) and (b) two solutions of equation D-9 

are shown. It is noticed that Figure II-3 (b) is a part of 

Figure II-3 (a). This is a valid solution since by definition, 

a streamline is a line across which no flow occurs, and hence a 
streamline can be replaced by a boundary. The need for replacing 

a streamline by a boundary becomes clear on comparing Figure II-l 

and II-3. It is seen that Figure II-3 (a) corresponds to Region 

II, while Figure II-3 (b) corresponds to regions III and IV.

It is now apparent why regions II, III and IV are considered to

gether.. All these regions use the same Equation, D-9, for the 

stream function; however, the origin 0 of Figure II-3 has a dif

ferent location in different regions. In other words, each of 

the above regions uses that part of Figure II-3 (a), whose stream

lines correspond to the experimentally observed streamlines.
3The units on the stream function \|i is ft /(min)(ft). It 

thus represents the volumetric flow between two streamlines. To 

give the streamlines a value, a zero streamline must be defined.

In our problem, this is the streamline along which the velocity 

v^ is a maximum. From Figure II-2, this will correspond to a 

line parralled to the impeller centerline and displaced from it 

by an amount Zq. It thus follows that the equation of the stream
line is obtained by giving \)i a suitable numerical value in 
Equation D-9. This will be more clear when the stream lines of 

Figure II-l are developed in the Section 2,2.



/////>///

(a) Stagnation Flow

////////* ̂

(b) Flow in a Corner

Figure II-3: Potential Flow Solution of Equation
D-9



1.3. Region V

This region is modeled as a circular jet. In Figure II-4 is 

a sketch of a circular jet. The velocity profile and other quanti

ties are shown in the figure. The fluid dynamics of the circular 

jet is well known. Schlichtling (31) gives a very good treatment 
of the circular jet using Prandtl's Second Hypothesis for the eddy 

viscosity. The equations as obtained by Schlichtling for the velo- 

profile and other pertinent data on the circular jet is summarized 

below.

The velocity in the z direction v is given by

V = " €— Q • ,,23L2~2 (11-14)z (z+zo)e (1+i?2)2

The entrainment of fluid by the :jet is due to the r-component, 

v^ and is given by

v = -j2- y , (11-15)
r ^ (1+il2)2

where § is a dimensionless coordinate normal to the direction of 

flow and is given by

5 - V - s r  ai-16)
o

where y is the jet spreading parameter for circular jet defined 

above, and zq is coordinate of origin of jet and is shown in Figure 

II-4. Other important quantities of the circular jet are the pumping 

capacity Qc and momentum Jc and are



Figure II-4: The Circular Jet

O'
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Q = 8ff€ x (11-17)c o

Equations 11-14 to 11-18 describe the circular jet and will be 

used in Section 2,4 to develop the streamlines in Region V.

1.4. Region VI

This region occupies two doughtnut shaped spaces, one above 

and one below the impeller as shown in Figure II-l. In the course 

of investigating several different models for fitting this region 

that of a pair of confined ring vortices appeared as a strong pos

sibility. This was. based on two observations from the literature

(a) that a center of circulation existed as reported by Nagata (19),

(b) that the tangential component of velocity v^ is small and can 

be neglected.

In order to obtain a more quantitative feel for the problem, 

velocity measurements were made in three horizontal planes that 

cuts across regions II, III, IV, V and VI. These measurements are 
discussed in Chapter IV. It was observed that velocity in general 

are extremely small in these regions and of tne order of 0.5 ft/sec. 

It required a high impeller speed of 500 rpm in water (impeller 

diameter 3,0 in., and N^e was 54,000) for the three dimensional 

probe used in this work to barely respond. This is because the 

lowest velocity to which the probe will respond is 0.5 ft/sec.

The impeller speed is considered high because beyond 500 rpm, 

excessive entrainment of air occured. The air entrainment not



only adds another dimension to the problem, but Is also not normal 

practice in the use of the stirred tank. It was observed that 

was of the same order of magnitude as v^ and and thus could not 

be neglected. The stagnation region described by Nagata (19) and 

shown in Figure 1-5 is fictitious, existing only in the r - z 

plane when velocities components v^ and are considered. The 

flow is three dimensional having a fairly constant value for the 

overall velocity V. Thus, in the so called stagnation region the 

flow is predominantly tangential.

In order to arrive at a suitable model more adequate data on 

velocity profiles is needed. The fact that outside of the impeller 

we have a three dimensional flow field adds to the complexity of 

the problem. As a proposed model could not be adequately tested, 

and the flow is quiescent at low impeller speeds this region was 

modeled as a stagnation or deadwater region.

2. Development of Computer Program to Draw the Flow Pattern

In the previous section the stirred tank was divided into 

several regions and the fluid dynamics of each region was examined 

separately. In this section the models developed for each region 

will be tied together and the theoretical basis of the computer 

program for drawing the streamlines will be presented. The computer 

program itself is reproduced in Appendix E. It consists of two sec

tions or subprograms called PLOTER and STREAM. The subprogram 

PLOTER is responsible for ploting the actual streamlines, the out

line of the tank, the outline of the impeller and four velocity 

profiles in Region I. It reads in values of the parameters needed



for drawing the steamlines and prints out pertinent information on 

the plot. The program is designed to plot one quadrant at a time. 

Since the axis of the impeller is a line of symmetry only one half 

of the r - z plane need be plotted as shown in Figure II-l.

The plotting is done on a Calcomp Plotter Model 750 plotting 

unit made by California Computer Products, Inc. The device works 

as follows. The desired plot is scaled and all coordinate are con

verted into inches of plotter pen movements; the movement is from 

a reference zero on the plot which may or may not conincide with 

the zero of the coordinates on the plot. The Calcomp Plotter has 

a number of built in subroutines such as AXIS, PLOTS, PLOT, and 

LINE which permit calculating coordinates of the variables being 

plotted in proper form using any suitable computer. In the present 

case an IBM 360/65 and IBM 7040 were used. The output from the 

computer is obtained on tape which is then transferred to the 

Calcomp Plotter to make the desired plot.

The subroutine STREAM calculates the coordinates of one com

plete streamline as it passes through the various regions. Each 

streamline encloses a definite amount of fluid. In the sections 

that follow the equations used for evaluating the streamlines in 

subroutines STREAM will be detailed.

2.1. Equations for Streamlines in Region I

This region is modeled by a tangential jet. Combining Equations 

B-9 and B-21 gives the value of the stream function \|r as

f = A(r/a)^ (r2-a2)* tanh(H/2) (11-19)



3For a given streamline, i|r has a constant value expressed as ft /(min) 

(ft) Equation 11-19 does not have the proper units as will be seen 

by considering the equation for pumping capacity in the tangential 

jet Equation B-30, which is

Q = 4ffA(r/a)̂  (r2-a2)* tanh(Tl/2) (B-30)

The numerical difference between Equation 11-19 and B-30 is the 

factor 4ff, while the dimensional difference is because 11-19 repre

sents a streamline in the r - z plane while B-30 is the fluid 

flowing out of an area of radius 2ffr and width 2T|. If axial symr 

metry is assumed, meaning that the streamlines are considered . 

identical in all radial planes (and in particular in between baf

fles) then B-30 can be considered as a stream surface. It then
3follows that \jf is equal to Q with dimension of ft /min and is given 

by

if = 4ffA(r/a)̂  (r2-a2)^ tanh(71/2) (11-20)

3In Equation 11-20 \]f has the desired units of ft /min and represents 

the flow in Region I between two stream surfaces that are a dis

tance 7) apart. Now for 7] = 0, tanh(7]/2) = 0 and the zero streamline 

Occurs at 7] = 0. From Appendix B, 7] is given by

T1 = a f (B-2)

However, it was observed in the previous section that the tangential 
jet is displaced in the axial direction by an amount zq as shown in 

Figure II-2, hence 7) should be given by
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2-2
T| = <r — 2 (11-21)

The value of is in no case larger than 0.01 ft which is a very 

small quantity. This displacement is so small that it cannot be 

shown on Figure II-l. Hence for purpose of plotting Zq is neglected 

and T) will be given by B-2.
We are now in a position to evaluate the equation of the stream

line. Let Qq be the incremental value of \|r between any two stream 

surfaces. Then in general \|i will be given by

lit = kQ (11-22)o

tilwhere k is some integral multiple of Qq and represents the k stream

surface. Combining 11-20 and 11-22

kQ / \^ l
tanWI/2) ■= ̂  f T T S  ' 7 (II'23>(r -a )

From the property of hyperbolic tangents and Equation 11-20 

it can be shown that

z = - In (11-24)

where

a \r-kf/

Q (ar)^
f = 2 9 » (11-25)

4ffA(r -a )*

Equation 11-24 gives the streamline in terms of z as a function of 

r and k. The parameter k takes on values of 1, 2, 3, and

gives rise to pairs of stream surface on either side of the



impeller centerline that encloses fluid having a volumetric flow

of kQ . o
Figure IV-5 shows the streamline and velocity profiles for the

tangential jet in Region I. Three streamlines are drawn, first

with \|f having a value less than Q the impeller discharge. This

streamline it is seen exists for r less than the impeller diameter.

In drawing such a streamline it is started a little before r = D/2

as shown in Figure II-l. The second streamline has a value of \|f

equal to Q, the impeller discharge. The streamline is asymptotic

to \|f = D/2 and intersects the velocity profile at as shown in

Figure IV-5. The third streamline has a value of ijr greater than

Q. This streamline will be asymptotic to some radial distance rc

which is larger than D/2. To find r , we substitute kQ (greaterc o
than Q) for i|j in 11-20 and solve for rc< Since Equation 11-23 

is not explicit in r, rQ is evaluated by a Golden section search 

procedure (42). Once r i s  located subsequent points on the stream

line is located for finite increments of r larger than r£ from 

Equation 11-20 with equals the appropriate value of kQQ. A 

description of the Golden section section search procedure and a 

listing of the subroutine GOLD which performs the search, is given 

in Appendix E.

2.2. Region II. III. IV

In Region II the jet does divide, since the fluid is incom

pressible and assumed to be in potential flow it is reasonable to 

consider the width of the jet entering and leaving this region as 
the same. In other words the jet ceases to grow or expand but turns
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Figure II-5: Tangential Jet Model in
Region I



around the corner intact. If rQ is the point at which this occurs,

point A in Figure II-5, then from Equation B-34 of Appendix B, the

half width of the jet at this point is 
6r

b. = — -8 (11-26)
t cr

From the above reasoning and Figure II-5 it follows that AB must 

equal bQ. From the geometry of Figure II-5, bQ equals (T/2-r^)

hence,
T  6rnf - r = ~  (H-27)Z O CT

where, T in 11-27 is the tank diameter. Simplifying

Equation 11-28 says that beyond r the jet no longer expands but iso
in stagnation flow. The radial component will decrease and the 

vertical component increases. Thus if the volumetric flow is mea

sured in the jet with increasing r, then at rQ the volumetric flow 

should reach a maximum and this has been observed experimentally.

The stream function for Regions II, III, and IV is given by 

Equation D-9 of Appendix D and is

\|j = r^z (D-9)

Equation D-9 is strictly applicable for a uniform flow approaching 

a wall, or turning a corner. The jet at rQ, the start of Region II, 

has a flat bell shaped profile due to entrainment as seen in Figure 

II-5. For regions not far removed from the center of the jet the 

flow can be considered as approximately uniform and hence Equation D-9



can be used. The regions far removed from the center of the jet is 

essentially a part of Region VI and is thus modeled separately.

These remarks can be made clear by looking at Figure IV-5.

Three velocity profile are shown. In the figure, the scale for q 

on the first profile is arbitrary. The other two profiles are 

drawn on the same scale as the first and hence correctly pictures 

the distortion of the flow profile due to entrainment. For the 

three streamlines shown, the flow enclosed by these streamlines is 

approximately uniform, beyond rQ. At the edges of the jet velo

cities get rapadily smaller and cannot be included in the analysis. 

To emphasize this point the extent of Region II has b'epn cross- 

hatched in Figure IV-5.

Also shown in Figure IV-5 is an area where Region I and VI 

overlap. The velocities due to the jet in this region are small 

as can be seen in the jet profile that protrudes into this area.

The boundary of the jet has been sketched in Figure IV-5 and is 

approximately linear as predicted by Equation 11-12,

2.3. Mechanics of Plotting Streamlines in Regions I, II, III and IV

As mentioned earlier, to produce a trace of a line with the 

Calcomp Plotter the x and y coordinates are required at small in

crements Ax and Ay along the line. This is accomplished by sub

routine- STREAM which generates arrays PX and PY in which are stored 

the coordinates r and z or a complete streamline at small inter

vals Ar and Az appart. The subroutine STREAM is called by the main 

program PLOTER each time a streamline is desired. The command to 

plot is executed by the program PLOTER,



From Section 2.1 it will be recalled that a streamline starts 

in Region I. Hence the number of streamlines plotted depends on 

the volumetric flow in the jet. Since extrainment stops at rQ, the 

extent of the jet, the maximum flow will occur at this point. The 

number of streamlines is thus, maximum flow divided by Qq, the 

incremental flow rate on the streamline. It is observed in Figure 

IV-1 that there are five streamlines. It is also seen that the 
last streamline begins very near to rQ, hence the entrainment in 

the jet beyond this point is less than Qq.

This section will detail the equations used and the steps in

volved in calculating a streamline as it proceeds from region to 

region and is the mathematical basis for the subroutine STREAM. 

F0RTRAN symbols will be used to denote all variables in this sec

tion as the discussion is closely related to the flow diagram and 

listing of program PLOTER given in Appendix E. The F0RTRAN sym

bols will be recognized as containing more than one upper case 

characters. To avoid confusion mathematical operations with these 

variables will also be written in F0RTRAN. For convenience the 

F0RTRAN symbols used in the text is listed separately in the sec

tion devoted to nomenclature.

Region I

As pointed in Section 2.1 and the illustration shown in 

Figure IV-5 two cases exists. The first case is when kQQ is less 

than Q the impeller discharge. In this case the streamline is 

started at the impeller periphery and the coordinates of the stream

line is calculated from Equation 11-24 by incrementing r in incre

ments of 0.005 ft. The calculated coordinates are stored in the
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arrays of PX and PY. When kQ^ is larger than Q, then rfi is evaluated

as outlined in Section 2.1 and the streamline started +0.01 ft from

r. If the streamline is started at r the z coordinate obtainedc
will be excessively large as the streamlines are asymptotic to rc> 

When r equals r̂  (calculated from Equation 11-28), Region II is 

reached and the streamline is now given by Equation D-9.

Region II

In subroutine STREAM it will be noticed that in each region 

the calculations are based on a local X, Y axis which are then 

transformed into r, z corrdinates of the overall plot. Thus in 

Region II the origin of the local X, Y axis is point B in Figure 

II-l. Equation D-9 is then used in the local frame of axis giving 

rise to the stagnation flow pattern shown in Figure II-3 (a).

In Equation D-9 a value of is needed to evaluate the stream 

function. Since local coordinates are used a value for \|r in this 

frame of axis has to be calculated„ This is possible since the 

entry point to Region II is a point on the streamline. Accord

ingly, if the last point in Region I is x , y , this is an entryn n
point to Region. II and thus a point on Equation D-9, hence

The equation of the streamline with the point B of Figure II-l 

as the origin is then obtained from D-9 and 11-29 as

(11-29)

(11-30)



The value of the streamlines in terms of the original r, z co

ordinates are from the,,̂ eometry of Region II,

The unanswered question is how far does Region II extend. This was 

determined by making a parameter study.

Scale Used for Plotting

In the. process of'.making, these plots it was found convenient 

to scale the entire plot in terms of T the tank diameter. A scale 

of unity was chosen for T equal 1.0 ft. Thus a 11.5 in. diameter 

tank will on this scale be represented as 0.96. All other dimen

sions of the tank are reported as fractions of T; and are shown in 

Figure II-6,and defined in Table II-l. On the axis of the computer 

solution is printed a scale as seen in Figure II-l. The units on the 

scale is T equals 1.0 ft. The reason for choosing a scale of T 

equals 1.0 ft. is to permit generalization of solution to any size 

tank by use of a suitable scale factor. Thus for example the scale 

on the z axis shows the bottom most corner as -0.4 in Figure II-l. 

This means that the impeller is immersed to 60% of the depth of 

fluid H in the tank and it is also evident that H equals T.

Figure II-6 shows the boundary of the regions into which the 

tank is divided. AA is the boundary between Regions IV and V and 

has two possible locations 1 and 2. BB is the boundary between 

Regions III and IV and CC is the boundary between Regions II arid III.

z = y (11-31)

(11-32)



\  BB= XN*XNF*XN3AA

Velocity Profile, v at 
impeller periphery. -- 1

(1-XN2)*TL
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TBTF
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XN4*TFcc

Figure II-6: Dimensionless Ratios Used for Obtaining
the Theoretical Streamlines by Program 
PLOTER. Note all Symbols and Mathematical 
Operations are in FORTRAN.



TABLE II-l

LIST AND DEFINITION OF SYMBOLS USED IN FIGURE II-6

Symbol Defining Equation

FKl FKl = H/T

FK2 FK2 = h/T

FK3

TB TB = FK2 * T

TL TL = (FKl - FK2) * T

TF (1) TF = XN2 * TB
(2) TF = XN2 * TL

XN XN = ro
XNF r „ = XN * XNFBB

XN2 (1) t = (1 - XN2) * TL
(2) t = (1 - XN2) * TB

XN3 (1) zM  = (1 - XN3) * TL

(2) rM  = XN * XNF * XN3

XN4 z = XN4 * TFcc

Effect on the Theoretical 
Flow Patterns

Controls depth of fluid

Controls height of impeller 
above tank bottom

Scales v , for velocity 
profile plot in Region I

Depth of fluid below impeller

Depth of fluid above impeller

Effective depth of fluid 
above or below the impeller 
considered in potential 
flow solution

Extent of tangential jet

Controls r . r coordinate BB’
of boundary BB between regions
III and IV
Controls t, thickness of 
boundary layer

Controls z^, z coordinate
of boundary AA between Regions
IV and V

Controls r^, r coordinate
of boundary AA between Regions 
IV and V

Controls z„„, z coordinate CC
of boundary between Regions 
I and II
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The dimensions of the tank, the coordinates of the boundary between 

the regions and their defining equations are given in Table II-l.

The symbols and mathematical operations in Table II-l and Figure II-6 

are in F0RTRAN as noted above.
Provisions for a boundary layer exist and is the thickness of 

fluid removed from the potential flow solution. Since the subroutine 

STREAM calculates one complete streamline it makes no difference 

whether this streamline is above or below the impeller. Hence the 

boundary layer is shown at the top and bottom of the tank in Figure 

II-6. The boundary layer at the sides of the tank is small and hence 

neglected as seen from the work of Askew (2) which was discussed 

earlier. Physically a boundary layer is conceivable only at the 

bottom of the tank and this boundary layer is implemented in Figure 

II-l. The thickness of the boundary layer is controlled by XN2 which 

is a fraction of TL or TB the depth of fluid above and below the im

peller. The variable TF is the depth of fluid after removing the 

boundary layer if any, and thus constitutes the effective depth of 

fluid in the potential flow solution. FK3 is a scale factor on the 

velocity profile v , which is drawn at four equally spaced points be

tween the impeller periphery and rQ.

The boundaries of the various regions are controlled by the 

parameters XN4, SNF and XN3. Thus the extent of Region II is 

fixed by XN4 which is in terms of a fraction of TF the effective 

depth of the potential flow region above of below the impeller 

centerline.

Region III and IV

The streamline in Regions III and IV are evaluated in a similar



manner as Region II. The local origin for Region III is point E

while that of Region IV is point K of Figure II-l. As for Region II,

x , y is the coordinates of the entry point to these regions and n n
the streamline in the local frame of reference is given by 11-30.

The extent of Region IV is given by T/2-XNF*XN, where XN is

the program symbol for iQ. The boundary between Region III and IV

can thus be varied by varying the parameter XNF.
Region IV can be terminated in two ways: either by a line

parallel to the axis or a line parallel to the r axis. Both these 

limits are shown in Figure IV-6 and marked 1 and 2 respectively.

The extent of Region IV is in the first case given by XN*XNF*XN3 

and in the second case by TL*XN3. Region IV can thus be varied by 

varying the parameter XN3. This point will be discussed in more 

detail in Section 3.1.

2.4. Region V

In Appendix B, the equation for the stream function \Jr is given 

for cylinderical coordinates. As z is the direction of flow, \|r is 

evaluated from Equation B-7, and not B-6 as in the case of the

tangential jet. Integrating B-7 gives x|r as

where the additional 2ft is necessary since f is a stream surface.

The sign in Equation B-7 is taken as positive since v is positivez

Substituting for v and r from Equation 11-14 and 11-16 and simpli-z
fying

r
(11-33)

and v̂_ is negative for the circular jet as can be seen in Figure II-3.

(11-34)



Integrating Equation 11-34 results in

2
(11-35)

Equation 11-35 is the desired equation of the streamline for a 

circulate jet. Ordinarily there are a flumber of parameters to be 

evaluated in 11-35. However, these have been reduced to two param

eters y the jet width and: zq, the displacement of jet origin.

As before, let r „ z be the end points of the previous region n n
and the starting points for Region V. Then from Equation 11-16.

\11 can now be calculated at the point r , z from 11-36 and 11-35. Y r n n
This calculated value of \|r is called CK in the program PLOTER, 

thus

Since \|r has a value CK, Equation 11-35 is solved for §. On sub

stituting for ? from Equation 11-16 results in

r
(11-36)

2
(11-37)

r r 2ff€ (z4-z_) o o
(11-38)

CK

Substituting for CK from 11-37 gives



r
Z + 2

V
o (11-39)

Equation 11-39 gives the streamlines for the circular jet in 

terms of r as a function of z. There are two parameters to be 

determined: zq the displacement of the jet origin from the base of

the potential flow region (see Figure II-4) and y the jet width pa

rameter. The best value of zq is determined by making a parameter 

study, and this will be discussed in Section 3.

The jet width parameter, y, controls the slope of the stream

lines. In Figure II-l, the ends of the streamlines do not meet 

and are joined by dotted lines, y is chosen such that the lengths 

of the dotted lines is minimized. This is done by calculating a y 

that makes the lengths of the dotted lines zero for each individual 

streamline. Obviously a circular jet cannot have a different y 

for each streamline, hence an average value of y, for the indivi

dual streamline is selected for the final plot. This makes the ends 

of the streamlines in Region V, under shoot the start of the stream

lines in Region I in some cases, and overshoot in others. This can 

be seen in Figure II-l. A sample calculation of the above procedure 

for evaluating y is given in Appendix E.



3. Theoretical Flow Patterns

In the previous sections the theoretical basis of the computer 

program to draw the flow patterns were discussed. This section is 

devoted to a discussion of what the program can and cannot do. The 

program requires a number of parameters to be specified and this 

section will indicate how some of these parameters can be determined.

The main parameters are that of the tangential jet model: a

the jet width parameter, A the volumetric flow parameter and, a, the 

radius of source parameters. These will be obtained from experi

mental correlations which will be treated in Chapter IV. The values 

of a, A and a used in the flow patterns of Figures II-5 through 

II-9 are from Cooper's (8 ) data (Profile 5 Table G-16 of Appendix G) . 

The pertinent tank parameters are given in Table II-2 and are common 

to all the flow patterns. The value of Q, the impeller discharge, 

and c the eddy viscosity are calculated from Equations B-30 and 

B-15. Table II-2 gives the angle 0^ at which the velocity vector 

q leaves the impeller periphery. This angle is calculated from 

Equation A-14. Finally the value of the incremental flow rate on 

the streamline Qq is also given in Table II-2.

The parameters to be determined are the relative sizes of 

the six regions into which the stirred tank has been divided. There 

are five parameters which determine the relative extent of these 

regions. A large number of profiles were studied, with varying 

values of these parameters. From these studies, twelve different 

combinations of parameters were selected. These combinations il

lustrate the effect of varying the parameters on the solution and



TABLE II-2

OPERATING CONDITIONS AND PERTINENT DATA ON THE STIRRED TANK 

WHOSE THEORETICAL PROFILES ARE DRAWN IN FIGURES II-5 TO II-9

Tank Diameter T* = 1.0 ft.

Depth of Fluid H* = 1.0 ft.

Impeller Diameter D* = 3.0 in.

Height of Impeller of Tank Bottom h = 0.4 ft.

Impeller Speed = 600 RPM
NRe = 64,780

Eddy Viscosity at Impeller Periphery = 0.79 ft^/min,

Impeller Discharge Q = 7.42 ft/sec.

Increment on Streamline = 5.0 ft^/ min

Jet Width Parameter a = 12.62

Volumetric Flow Parameter A = 22. 5 ft^/min

Radius of Source, a = 0.1038 ft.

Yaw Angle at Impeller Periphery 9̂ = 56.1°
Extent of Tangential Jet r = 0.339 ft.

* Nominal values used in Figures II-5 through II-9



the basis for selecting the best combination of these parameters.

The parameters are varied one at a time and their effect on the flow 

patterns is discussed in the following sections.

The flow patterns in Figures II-7 through 11-11 are drawn with 

the impeller immersed to 60% of the fluid depth. This is to il

lustrate the distortion that results by reducing the potential flow 

area below the impeller centerline. Also shown in these flow patterns 

is a boundary layer at the bottom of the tank. The thickness of 

this layer is 10% of the depth of fluid below the impeller center- 

line. The inclusion of the boundary layer in these flow patterns 

reduces the depth of the potential flow region adding to distortion 

of the flow patterns located below the impeller.

The scale shown in Figures II-7 through II-U is based on T 
equal 1.0 ft. All other dimensions are in terms of fractions of 

T as shown in Figure II-8.

3.1. Extent of Region IV

The factor XN3 is used to control the effect of Region IV in 

two different ways. It can be limited in a horizontal plane as shown 

by >the lines AA in Figure II-7, or in a cylinderical plane as 

shown by the lines AA in Figure II-8. The program PLOTER is 

operated in two different modes depending on whether Figures II-7 

or II-8 is desired.

In the first mode of operation shown in Figure II-7, the boundary 

between Regions IV and V is fixed by the z coordinate of the line 

AA is given by TL*XN3. TL is the depth of fluid above the impeller
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centerline. Similarly below the impeller centerline the z co

ordinate of AA is given by TB*XN3. Two values of XN3; 0.3, 0.5 are

used, resulting in the flow patterns of Figure II-7 (a) and II-7 (b).

These plots show that the ends of the streamlines do not meet, also 

for large values of XN3 the boundary between Regions IV and V show

a discontinuity. It is noticed that the reduction of the potential

flow region causes distortion of the streamline. The maximum dis

tortion occurs for the fifth streamline below the impeller.

In Figure II-8 is shown the other mode of operation in which

Region IV is restricted by a line parallel to the z axis. The ex

tent of Region IV in this case is controlled by the coordinate of 

the line AA, which is given by XN*XNF*XN3. By varying XN3 the 

position of the line AA can be changed. The coordinates of AA also 

depends on XNF which controls the coordinates of the line BB that 

marks the boundary between Regions III and IV. The coordinates of 

BB is given by XN*XNF.

In Figure II-8 the coordinates of the line BB is kept constant

and three values of XN3 are examined. These are 0.1, 0.2 and 0.3.

Increasing XN3 pushes the line AA to the left. In Figure II-8 (c) 

it is seen that if XN3 is increased beyond 0.3 then the last stream

line will be deleted from the solution in Region V. This occurs 

in Figure II-7 (b) for the fifth streamline, below the impeller.

Thus 0.3 is an upper limit for XN3.

Since point K in Figure II-8 is the origin for the local frame 

of reference in Region IV it would appear that the truncated Region IV 

of Figure II-8 is unnecessary. However on comparing Figures II-7



and II-8 it is seen that by locating AA as in Figure II-8 causes 

the ends of the streamline to more nearly approach each other. Hence 

truncating Region IV as in Figure II-8 is better than extending Region 

IV as in Figure II-7. In future plots AA is located as in Figure II-8-

3.2. Boundary Between Regions III and IV
The boundary between Regions III and IV is marked by the line 

BB in Figure II-8, The r coordinate of BB is given by XN*XNF, 

where XN is the computer symbol for rQ. In Figure II-9 (a), XNF =

0.9 while in Figure II-9 (b), XNF = 1.1. It is seen that increasing 

the value of XNF pushes BB to the right. This causes a discontinuous 

transistion of the streamlines from Region III to Region IV, particu

larly in the inner streamlines. Large values of XNF causes the 

streamlines in Region IV to move appart as seen in Figure II-9 (b).

In Figure II-9 (c) is shown a proper combination of XN3 and 

XNF. It is seen that the ends of the streamlines approach each 

other and the streamlines are fairly smooth at the boundaries of 

the various regions. The distortion of the streamlines below the 

impeller is also smaller than in Figures II-9 (a) or II-9 (b).

3.3. Locating the Origin of the Circular Jet

The origin of the circular jet is varied by the parameter zq 

of Equation 11-35. The computer symbol for zq is FZO. In Figures 

II-7 to II-IQ, FZO equals zero. In these Figures the origin of the 

circular jet is at the point K, the intersection of the impeller 

axis with, the surface of the fluid above the impeller and the 

bottom surface of the tank below the impeller. In Figure 11-11(a) 

and 11-11(b) is shown the effect of varying FZO. Two values of FZO
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are chosen: 0.1 and 0.2. These values displace the point K away

from the impeller centerline by the amount FZO. Negative values of 

FZO would bring the point K towards the impeller centerline. A large 

negative FZO will cause the knee or bend in the stream lines of 

the circular jet to be pushed towards the impeller resulting in an 

abrupt discontinuity. This effect is visible in the fourth stream

line below the impeller in Figure II-? (a). The exact location of 

K is shown for the potential flow solution above the impeller in 

Figure 11-11,

Figure 1141 shows that increasing FZO tends to pull the flow 

patterns closer together, and away from the impeller axis. As it 

is mdre desirable to have the flow pattern fill the entire field, 

the best value of FZO is zero.
3.4. Desirable Values of Boundary Parameters

From examining more than thirty theoretical flow patterns, il

lustrative examples of which are given in Figures II-7 through 

11-10, it is concluded that Figure II-8 (c) is the best. In this 

figure the streamlines are smooth and they fill the entire flow 

field. Furthermore their ends almost meet, and material balances 

are satisfied. From this figure it appears that the best values 

for the boundary determining parameters are:

(1) XN4 = 0.5

(2) XNF = 0.9
(3) XN3 = 0.1

(4) FZO = 0

The above values are recommended values and they are relatively in

sensitive to impeller speed and diameter. The program is flexible



Axi
al 

Di
st
an
ce

105

0.6

e

Radial 
Distance r

(b) FZO - 2.0

0.6

a

(a) FZO - 0.1
Scale: 1.0 = 1.0 ft.
Parameter Settings: XN2 ■ 0.9, XN3 - 0.2, XNF - 1.0, XN4 - 0.5
Figure II-11.Effect of Varying the Origin, K of the Circular Jet on the 

Theoretical Flow Patterns.

I



enough to take any desired value for the above boundary parameters.

The tangential jet parameters are obtained from correlations given 

in Chapter IV. The flow pattern shown in Figure II-l is for illustra

tion purpose only and hence does not conform to the above recommended 

values, but is similar to that shown in Figure II-7 The reason 
for this is that in Figure II-l, Region IV is well defined and not 

truncated as in Figure II-9 (c).

4. Summary and Conclusions

In this chapter the theoretical basis for drawing flow patterns 

was developed in Section 1. In Section 2 the basis for the computer 

program that enables a Calcomp Plotter to draw the flow patterns 

was discussed. Several theoretical flow patterns were drawn in 

Section 3. The limits and capabilities of the mathematical model 

are thus shown. The boundaries of the various regions are shown to 

be flexible and suitable limits for these boundaries have been 

recommended.

The flow pattern as drawn by the program is not exactly similar 

to the one given by Nagata (19). First in Region V because of the 

circular jet model selected the streamlines are pulled towards the 

axis of the tank and are made somewhat square rather than rounded.

This is clearly visible when Figures II-9 (c) and 1-5 are compared. 

Second, the inner most streamlines suffer the maximum distortion, 

tending to have corners rather than being round and smooth. The

reason for this can be seen if the profile of v^ in Region I is

examined. These profiles have been scaled relative to the profile

at the impeller periphery. The relative flattening of the profile

with increasing r is thus visible. It will be recalled from Section
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2.2 that Equation D-9, the potential flow model used in Regions IX,

III and IV is valid for uniform flow. If the tangential jet profile

is examined in Figure II-7 through 11-11,it is seen that at Region II

although the jet has broadened, the uniform flow can be considered

to hold approximately for three of the streamlines and is questionable

for the rest of the streamlines. These inner streamlines are really

a part of Region VI which has been modeled as a dead water region.

This is not too severe a restriction since the velocities beyond

the third streamline is less than half q evaluated at r . Frommax o
the shape of the velocity profile, beyond this point the velocity falls

rapidly to zero. This value of q in Figure II-7 (c) is approxi-max
mately 135 ft/min. This means that velocities at the inner stream

lines is at the most 60 ft/min which is relatively small, compared 

to the maximum velocity of 238.5 ft/min at the impeller periphery.

From the theoretical profiles it seems that Region VI occupies 

a considerable portion of the tank and the bulk flow is limited to 

the periphery of the tank. Examining Nagata's plot of representa

tive streamlines for baffled tanks shown in Figure 1-5 of Chapter I 

it is seen that the streamlines are close and crowned at the inter

face of Regions II and III, indicating that the bulk flow does occur 

at the periphery of the tank.



CHAPTER III

EXPERIMENTAL APPARATUS AND OPERATING PROCEDURE 

In this chapter, the experimental apparatus used will be des

cribed. The procedures and steps involved in taking the data will 

be detailed. Some problems were encountered in operating the equip

ment, The method employed in solving these problems together with 

the limitations on the apparatus used will be discussed in the sec

tions that follow.

3.1. Mixing Vessel

Two mixing vessels were used in this work. The first vessel 

used was a 12.5 in. i.d., by 18 in. pyrex glass vessel as shown in 

Figure III-l. The bottom of this vessel had a small crown. In 

order to have a truly flat bottom vessel a 1.0 in. thick plastic 

sheet was placed at a depth of 15.0 in. The tank was fitted with 

four baffles. The baffles were made of AISI 316 stainless steel 

flat, measuring 1.0 in. by 1/8 in. thick. These baffles are with

in the recommended baffle width range of 1/12 to 1/10 of the tank 

diameter, being closer to 1/12 of the tank diameter.

The tank was fitted at the top with a 1/2 in. thick steel 

cover. In order that the cover should not slide it was recessed 

into the tank by 1/4 in. The baffles were mounted by welding them 

to the tank cover at the top and fitting into slots in the plastic
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sheet at the bottom. The tank cover had a 90° quadrant removed so 

as to have access to a region between two adjacent baffles. It was 

not necessary to have access to the rest of the tank since the flow 

is symmetrical in between adjacent baffles. The tank cover also 

had a cylinderical tube fitted exactly at the center to faciliate 

centering the impeller shaft by means of a simple teflon bearing. 

The tube also acts as a bearing for the probe assembly. The above 

details are shown in Figure III-l which is not drawn to scale.

To measure velocity profiles in the region outside of the 

impeller, three holes were drilled in the sides of the tank wall 

as shown in Figure III-2. As this could not be done on the pyrex 

glass tank, a new tank was built out of plexiglass. A 11.5 in., 

inside diameter by 18.0 in. high, plexiglass pipe was used to 

make this tank. The diameter of the new tank was determined by 

the diameter of plexiglass pipe available which was closest to 

the diameter of the glass tank.

The velocity outside the impeller region reaches a maximum 

at approximately half the depth of the fluid above or below the 

impeller centerline. Since the impeller was centrally located 

the flow is symmetrical and the upper half of the tank was selected 

for measuring velocities outside the impeller region. Accordingly, 

three holes were drilled into the sides of the plexiglass tank at 

8.0, 9.0 and 10.0 in. from the inner surface of the tank bottom.

The 9.0 in. hole corresponds to the z-plane at which the velocities 

are a maximum. The other two holes are an inch apart above and 

below this hole to further explore the velocity field. A 5/8 in. 

diameter by 3.0 in. long nylon rod was glued to these holes. This
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rod was drilled and tapped such that it acted as a guide, support 

and sealing gland for the probe. The details of this assembly is 

also shown in Figure III-2. These holes are referred to as ports 

and are numbered 1, 2 and 3 as shown in Figure III-2.

The tank cover was machined down to 11.5 in. so that the rest 

of the tank assembly could be used with the plexiglass tank. The 

same baffles 1.0 in. wide as in the glass tank were used.

3.2. Impeller and Impeller Drive Assembly

A 3.0 in. Type A turbine made of AISI 316 stainless steel was

used as the impeller. The blade dimensions are width, b, equal to

0.6 in., length of blade, 1, equal to 0.75 in. and diameter of disk, 

d̂ , equal to 2.0 in. The impeller shaft was made of 5/8 in. AISI 

316 stainless steel. The impeller shaft was tapered from 5/8 in. 

to 1/2 in. for the last 6.0 in. of the shaft, and the bottom most 

1/2 in. was turned to 5/16 in. so as to fit into the hub of the 

impeller where it was held fast by two screws.

The drive used was a Bench Scale Equipment Company (Dayton,

Ohio) Model 4R Lab drive unit. It has continuously variable speed 

from 100 RPM to 1000 RPM. A higher speed range could be obtained 

by using a different chuck. The above range was adequate for this 

work. The entire drive was mounted on a 5 ft. vertical pipe which 

permitted raising and lowering the impeller. The drive mounting 

can be seen in Figure III-3 which is an overall photograph of the 

experimental apparatus. Figure III-4 is a close-up photograph of 

the glass tank and drive mechanism. In Figure III-5 is shown a 

close-up photograph of impeller and probe in the tank.



Figure III-3 

Overall Views of the Experimental Apparatus



Figure III-4

Close-up View Showing Tank Drive, 
Vernier Stand, Strobotac and Tank



Figure III-5 

Close-up Showing Impeller and Probe Tip



3.3. Velocity Measuring Probe and Probe Assembly

Velocities in the neighborhood of the impeller were measured 

with a three dimensional probe Model DA 187 made by United Sensor 

Corporation, Watertown, Massachusetts. The probe consists of a 

3/16 in. tube ending in a 1/8 in. measuring tip. In the 1/8 in. 

diameter measuring section of the tube is a prism shaped section 

in which five pressure taps are located. The probe and the prism 

shaped section is shown in Figure III-6,- Three of the pressure 

taps P̂ , P̂ , and P^ are located in the same plane, but P^ and P,. are 

located in a slight overhang above and below P̂ . The prism face 

on which P^ is located is so fashioned that the tap P^ does not 

move when the probe is rotated. Individual connections are made 

from each tap to five nipples located at the top of the probe. The 

nipples are labeled P̂ , P2> etc.
The pressure is measured by four manometers and the manometer 

connections are shown in Figure III-7, All connections are made 

through 1/4 in. polystyrene tubing with Swedgelock fittings. The 

manometers used are Merriam Instrument Company, Model 10AA25WM,

50 in. range manometers.

The probe mounting assembly consists of a slotted arm that 

rotates in a bearing about the tube mounted in the tank cover. On 

the slotted arm is mounted a vernier stand. The probe fits into a 

vernier protractor mounted on the stand. The entire assembly per

mits the following movements.

1. Rotating the slotted arm allows measurements in any desired 

radial plane.

2. The vernier stand slides in the slot of the slotted arm,
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thus allowing the probe to be placed at any desired radius in a 

given r-z plane.

3. The vernier stand permits locating the pressure tap P^ at 

any desired level z from some reference level. This reference level 

is the impeller centerline where z is taken as zero. The vernier 

permits measurements to within 0.01 inch.

4. The vernier protractor is used to measure rotation of the 

probe and is accurate to 0.2 of a degree. This permits measurements 

of the yaw angle, 0y, shown in Figure ill-6 . To obtain 0̂  = 0, the 

pressure tap P^ is aligned with the center of the impeller by using 

the impeller blades as guides.
3.4. Measurement of Velocities

The probe is set for measurement by first fixing the slide arm 

in the desired radial plane. Two radial planes were selected for 

making measurements. These were 5.5° and 44.1°, the angles being 

measured relative to a baffle as shown in Figure III-l. The 

pressure tap P^ is placed at the desired r,z coordinates by suit

able movement of the stand and the probe (motions 2 and 3 of Section 

3.3). The probe is now ready for making measurements.

In order to understand how the probe is used to measure the 

velocity, consider Figure III-6 in which the details of probe mea

suring section is shown. The pressure taps P2 and P̂  are in the 

same plane as P-̂ located on prism faces on either side of P-̂. From 

the manometer connections shown in Figure III-7* it is seen that the 

taps P2 and P^ are connected to manometer C. If the probe is rota

ted such that manometer C is balanced, then the fluid velocity is 

affecting the pressure taps P2 and P3 equally and the normal to the



pressure tap P-̂ is identical with the direction of the fluid velo

city. Manometer B which is connected between P^ and P£ will thus 

act as a Pitot tube with P2 and P3 being the static tap and P̂ , the 

dynamic tap, this differential pressure is measured by manometer B 

and referred to as case two dimensional flow field
with probe vertical and vz = 0, Pi“P2 measures the dynamic head due 

to the resultant velocity q (resultant of vr and Vq). In case of 

three dimensional flows the dynamic head does not give q since it 

is affected by v2. In this case the pressure tap Pg and P4 con

nected to manometer D will register a pressure drop, P^-Pg. A 

manufacturers calibration chart relates the ratio ( P 4 - P 5 ) /

with 9 = t40°. Another calibration curve relates 0„ to the di-p P
mensionless pressure ration (Pt“Ps) / (P;l"p2) • 1-8 tbe true
dynamic head due to the resultant velocity V whose components are 

vr, Vq and vz. From (Pt"ps)> v can be calculated. Knowing 0y, 0p 

and the geometry of the flow field the component velocities can be 

calculated. Since the flow field geometry varies, the details of 

each individual case is worked out, as needed in Chapter IV.

3.5. Manometers
From the manometer connections shown in Figure III-7 and the 

discussion in sections 3.3 and 3.4 the following conclusion can be 

drawn.

1. Manometer A is for measuring stagnation or total pressure 

at pressure tap P-̂.

2. Manometer B measures the resultant of the component velo- 

cities vr and Vq which is q for two dimensional flows in the r, 9 

plane. For three dimensional flows the manufacturers calibration



charts must be used.

3. Manometer C is used to locate the yaw angle 0y, which is 

shown in Figure I1I-6. This is done by rotating the probe until 

manometer C is balanced. The protractor attached to the probe then 

gives the yaw angle 0y, When manometer C is balanced manometer B 

measures q exactly in two dimensional flow fields and the yaw angle 

is used to determine vr and Vq.

4. Manometer D evaluates the pitch angle 0p from the probe 

manufactures calibration curve, as explained in section 3.4.

The manometer fluid used is Merriam No. 3 of specific gravity 

2.95 in manometer A. In Manometers B and C, Merriam No. D-7878 

fluid was used having a specific gravity of 1.2. At first, in mano

meters B and C, a - chloronapthalene having a specific gravity of

1.2 was used, crchloronapthalene is a colorless fluid, hence a dye, 

sudan brown of unknown origin, was used to colour it. Merriam Fluid 

No. D-7878 has a similar smell as & - chloronapthalene and appears 

identical. The additives in the Merriam fluid make it a better 

manometer fluid hence it was used in all but the first runs. In 

manometer D, the pressure drops were found to be very small hence 

a mixture of 90% a ~ chloronapthalene and 10% n-hexane was used, 

giving a resultant mixture of specific gravity 1,09 which was 

found to be satisfactory.

The densities of the manometer fluid was obtained by first 

filling a clean dry manometer with manometer fluid to the desired 

level. Water was then poured into one arm. The ratio of the column 

of manometer fluid that is balanced by the column of water then gives 

the manometer fluid density. The column of manometer fluid was



kept larger than 10 in. since at lower values the density obtained 

was not consistent. At least five readings were taken for each 

fluid. A t-test was used to obtain the 0.95 confidence limit on 

the average. The results are:

1. Density of fluid in manometer A = 2.93 t 0,0014

2. Density of fluid in manometer B = 1.1957 0.00000622

3. Density of fluid in manometer D ■ 1.0953 "t 0.00000588

Manometer C used the same fluid as manometer B. To interpret the

manometer readings obtained by manometer D consider Figure III-8, 

in which is shown the pressure connections of pressure taps P^ 

and of the probe connected to manometer D. Taking a force 

balance about plane A, the level of the manometer fluid in the 

right hand arm of manometer D, gives

Pm^m + Pwha + P4 = P5 + Pwhb + Pw^w II1"1

In equation III-l, pm and are the densities of the manometer

fluid and water. h&, hb are the heights above plane A as

shown in Figure III-8. Rearranging III-l to evaluate gives

P4 - ?5 - P„<ha ' hb> - ' Pw> m ‘2

Equation III-2 gives the pressure drop P^ - P^ in terms of the mano

meter differential AHjj, and the distance between the pressure taps 

in the probe - h^. *-s the manometer reading of manometer B,

it is related to velocity by the Pitot tube equation (44), which is
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given by

1/2
q = (2giH2l (■&nV H) ) IH-3

Equations III-2 and III-3 are used to calculate the pressure drops

and velocity in Chapter IV.

3.6. Measurement of the Impeller Speed

The impeller speed was measured by a Str'obotac made by a

General Radio Company, Cambridge, Massachusetts. The instrument 

normally reads in the speed range of 600 to 14,500 RPM. This 

speed range is not in the range of speeds used in this work. How

ever , as the impeller has six-fold symmetry the impeller could be

stopped at six times its actual speed thus permitting use of 

this instrument. The strobotac was found very useful in checking 

speeds above 300 RPM, in which range of speeds the drive was 

observed to wander by + 10 RPM. Hence, before recording a mea

surement the speed was checked and also at frequent intervals 

to insure that the RPM was maintained at the desired value.

3.7. Problems Encountered

In order to prevent air bubbles from being entrapped in mano

meter connections it was found necessary to raise the tank such

that the level of fluid in the tank was above the top of the mano

meters. This can be seen in the photograph of the overall equip

ment shown in Figure III-2, It was also found convenient to in

stall stop cocks on the manometer heads which helped in bleeding 

out entrapped air.



The manometers had to be cleaned frequently due to rust deposits 

from the cast iron manometer heads. This was prevented by coating 

the manometer heads with an epoxy paint. The tank cover was also 

painted with epoxy paint to prevent rusting and thus contaminating 

the distilled water in the tank.

The vessel was found to move with the torque generated by the

impeller and to prevent this it had to be fixed firmly by four

wooden blocks which are visible in Figure III-4. Since the tank 

was fixed the drive had to be made movable so as to vary the depth 

of the impeller in the tank. This was accomplished by mounting the 

drive on a pipe which was in turn mounted in an angle iron cage.

Some residual vibration due to small misalignments in mounting 

the impeller shaft still remained. The vibrations when severe 

were observed to be transferred to the probe causing the mea

suring end of the probe to vibrate and hence move a considerable 

amount. Severe vibrations are thus undesirable and steps were

taken to keep the vibrations a minimum.

3.8. Summary

In this chapter the experimental apparatus is described.

Details of the three dimensional pitot tube probe used for mea

suring velocities in the tank were presented. Finally some 

observations on the problems involved in making the entire ex

perimental set up work was also discussed.



126

CHAPTER IV 

DISCUSSION AND ANALYSIS OF RESULTS

In Chapter II, the stirred tank was divided into several regions 

and a model was developed to describe the flow field in these regions. 

It will be recalled, that the computer solutions developed to draw 

the velocity profiles required several parameters to be specified.

In this chapter the experimental data will be analysed to obtain 

these parameters. The mathematical models will also be examined to 

evaluate how good they predict the experimental data.

u The experimental data is divided into two parts, that taken in 

the vicinity of the impeller and that in the rest of the tank.

Following this , detailed analysis of • the experimental- profiles
j ;

will then be examined and a comparison made between this work and 

the results of investigators reviewed in Chapter I. The results of 

this comparison show that the tangential model gave a good prediction 

of the velocity profiles in the vicinity of the impeller.

The tangential jet model has four parameters, these are a the 

jet width, A the volumetric flow parameter a', :the radius of source; and 
zq, the jet displacement; 1 It will, be shown-that a the: jet widtho.param- 

et'er is a. constant, independent of tank diameter, i.impeller speed, the 

fluid used, and within limits the impeller location. The last ob

servation is based on the fact that the jet width was found to be a 

constant resulting in a narrow stream of maximum width equal to 0.16T.



Within limits this width is constant independent of the height of

the impeller above the tank bottom. The width of the jet was also

found to be independent of impeller diameter for geometrically

similar impellers.

The volumetric flow parameter A was found to be dependent on
3 2 2 ̂tank diameter; the best correlation for A was with ND /((D/2) -a )*.

The impeller discharge Q, was however found to be a function of 
3ND and independent of tank diameter or the fluid in the tank.

The radius of source, a, was found to be dependent on both tank 

diameter and impeller diameter. Finally the jet displacement showed 

no trend and its only purpose is to shift the theoretical profile so 

that a better fit is obtained. It does not affect the properties 

of the jet since the velocity profile which determine these properties 

is symmetrical, and the shape of the profile is not altered by vary- 

ing zQ.

4.1. Velocity Profiles in the Rekion of the Impeller

The three dimensional pitot tube described in Chapter III was

used to measure velocity profiles under different conditions to 

establish the validity of the tangential jet model. Velocity pro

file measurements were made with a 3.0 in diameter, type A impeller 

at two different impeller depths h, these are; (a) with impeller 

placed one impeller diameter off the bottom of the tank, which is 

the minimum recommended in the literature and (b) with the impeller 

centrally located. Two different radial planes were selected, one 

close to the baffle (5.5°) and the other in between baffles 44.1°.



128

These angular measurements are referred to as radial angles and 

are measured with respect to a baffle as shown in Figure III-l.

Four different radial distances.r were selected to evaluate the 

effect of this parameter on the jet profile.

Analysis of Velocity Profiles

A program FLOWANL was written to analyzed velocity profiles

measured in the neighborhood of the impeller. Each velocity pro-
«<■*file consists of a series of measurements of q, the resultant of

v and vni as a function of z at constant r. These measurements are r 0
a result of making a vertical pass with the probe across the impeller 

stream. The number of data points in a profile depends on the 

thickness of the impeller stream. The closer the probe is to the 

impeller periphery the smaller the width of the stream resulting in 

a fewer number of data points since each data point is taken at
a.minimum spacing of 0.1 in. apart.

The analysis consists of evaluating the best values for the 

parameters in the tangential jet model so as to predict the experi

mentally determined velocity profiles. The correlation coefficient 

R is used to measure the goodness of fit and is defined by

R2 - i - S(<W  ~ V d e l )   (IV_X)
E("exp - < V p W

In Equation IV-1, the numerator of the second term on the right is the 
sum of squares of deviation between the experimental velocity qeXp



and the velocity predicted by the model 9^^^* A® this term is

referred to frequently in the text it is called sum of squares SS

and is identical to Equation C-2 of Appendix C. The denominator

of the second term on the right of Equation IV-1 is the sum of

squares of the deviation of q from its average value (q ) ̂ nexp & exp avg
For perfect agreement the deviation between the experimental value 

and the model given by SS will tend to zero and R will tend to one. 

In the case of a poor agreement or no agreement, the second term on 

the right of Equation IV-1 will tend to one, and Rlwill thus tend to 

zero. In the present work, R values of 0.98 to 0.99 have been ob

tained indicating that the deviation of «le from the model is small 

and the prediction by the model is hence very good.

Of the four parameters a, A, a and zq that describe the tan

gential jet, three are obtained by a nonlinear least square fit. 

These are ct the jet width, A the volumetric flow and zq the jet 

displacement. The fourth parameter, a, is obtained by a weighted 

average value of the yaw angle profile as explained in the next 

section.

The nonlinear least square fit uses Pattern Search to minimize 

the sum of squares SS resulting in a maximum value for R and thus 

the best possible fit of the data. Pattern Search is a procedure 

that perturbs the parameters a small amount, such that each small 

change in the parameters results in a reduction in the sum of square 

SS, eventually leading to maximum value of R. A theoretical discus

sion of Pattern Search and the subroutine PATERN that was written to



perforin this search procedure is given in Appendix C. In future dis

cussions a least square fit will refer to above procedure using 

Pattern Search.
In all, 39 velocity profiles were measured under varying condi

tions, summarized in Table IV-1. A detailed analysis of a velocity 

profile is given in Section 4.4. The analysis gives four pages of 

computer printout for each profile. This amount of information is 

needed to examine and evaluate a profile analysis in detail as done 

in Section 4.4. From this detail analysis seventeen items were con

sidered as important factors that determine the character of the 

analysis. These are presented in tables and reported in Appendix A. 

In subsequent sections, pertinent information will be taken from 

Appendix G to support observations and conclusions that result from 

this velocity profile analysis.

Radius of Source Parameter a

It will be recalled from Chapter I That the velocity profile 

stream exhibited an angle profile (0̂  as a function of z), and this 

was first observed by Cooper (8), The tangential jet model on the 

other hand which is used in this work to predict the experimental 

data predicts a constant angle profile. This inconsistency was re

solved by using an average angle for 0̂ . Several averaging schemes 

were tried, the most successful was the weighted average 0^, the 

weights being the velocity and is defined by,



TABLE IV-1

CONDITIONS UNDER WHICH VELOCITY PROFILES WERE MEASURED

Impeller 
Speed RPM

Tank 
Diameter 
T Inch

Height of 
Impeller 

Above Tank 
Bottom, h. In,

Radial
Angle
Degrees

Radial
Distance
r.in.

Tablê
Number

243 12.25 3.0 5.5 2.5 G-2
3.0 and
3.5 G-3
4.0

44.1 2.5
3.0
3.5
4.0

250 6.0 5.5 2.5 G-4
3.0 and

44.1 2.5 G-5
3.0

333.3 6.0 5.5 2.5 G-6
3.0 and

44.1 2.5 G-7
3.0

400 6.0 5.5 2.5 G-8
3.0 and

44.1 2.5 G-9
3.0

500 3.0 5.5 2.5 G-10
3.0 and

44.1 2.5 G-ll
3.0 ■'

6.0 5.5 2.5
3.0
3.5
4.0

44.1 2.5
3.0
3.5
4.0

550 6,0 5.5 3.0 G-12
44.1 3.0 G-13



TABLE IV-1 CONTINUED

Impeller 
SDeed RPM

Tank 
Diameter 
T Inch

Height of 
Impeller 

Aboue Tank 
Bottom, h. in.

Radial
Angle
Deerees

Radial 
Distance 
r. in.

Table
"kNumber'-

333.3 11.5 6.0 5.5 2.5 G-14
3.0 and

44.1 2.5 G-15
3.0

Corresponds to table numbers in Appendix G where a summary of the 
detailed analysis at constant impeller speed is given.



The yaw angle 0^ determines the direction of the velocity vector 

q and is a function of r and the radius of source, a. This follows 

from Equation A-14 which gives 0^ as

cos 0y
2 2

*4*- 1 (A-14)

The value o£ a, can now be determined from A-14 by using (0̂ ) for 

the yaw angle 0̂ . In order to have some flexibility in selecting a, 

the radius of source, a velocity factor WT is defined as

«i
WT = ---  (IV-3)

^max

In Equation IV-3 q̂  is the velocity below which the angle profile

is truncated in calculating the weighted average angle 0^ from

Equation IV-2. This is illustrated in Figure IV-1 (b) which is a

rectangular plot of q versus 0y for Run Number 29. It is seen that

the angle profile is symmetrical above and below the impeller. *q\

was calculated from Equation IV-3 as 66.2 ft/min for Run Number 29,

with WT equal to 0.5 and q equal to 132.3 ft/min. A line ismax
thus drawn :through : this point as shown in Figure IV-1 (b). In 

calculating 0^ from Equation IV-2 only experimental points located 

above this line, indicated by the arrow,, are used. Increasing WT 

raises the line reducing the number of points used for evaluating 0̂ . 

The converse occurs when WT is lowered.

In Figure IV-1 (a) is shown a polar plot of q versus 0̂ . The 

angle profile for the range of velocities measured lie in a narrow
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y

> * r \ 25-

-e = 27.3°for 
y WT = 0.5

(a) Angle profile in Polar Coordinate

150 O z positive 
x z negative

100

Velocity 
Factor ;

.s
■UM-l
I O*

0.5

40

(b) Angle Profile in Rectangular Coordinates.

Figure IV-1: Angle Profile for Run Number 29,
Illustrating the Definition of 
Velocity Factor



band of 10°, and is typical of the velocity profiles measured in 

this work. Also shown in the diagram is 0y the weighted average 

angle for WT equal to 0.5. 0y is seen to lie closer to 0y cor

responding to q x and is a result of the weights being larger at the 
center, than at the ends of the velocity profile. 0y was found to 

increase with increasing

Various values of the velocity factor were tried and WT equal 

to 0.5 was found to give the best prediction of the velocity profile 

in all cases. This is illustrated in Table IV-2 which shown four 

velocity profiles measured at constant impeller speed of 333.3 RPM 

and varying radial distance and radial angle. Three different ve

locity factors are selected and these are 0.6, 0.5 and 0.4.

Table IV-2 shows the effect of the velocity factor WT on the 

sum of square SS and the correlation coefficient R for both q and 

v . Equations Similar to C-2 and IV-1 can be written to define SS 

and R for v̂ . The velocity profile for v^ is obtained from Equation 

A-20 which is

vr = |q| cos 0y (A-20)

The need for examining SS and R for v^ in Table IV-2 is because v̂, 

determines the pumping capacity and it is desirable that this 

quantity be also predicted as accurately as possible.

Examining Table IV-2 it is seen that the velocity factor WT has 

very little effect on SS for q, for a given profile. For example, 

Profile Number 1 has a constant value of SS equal to 1167.41 for q.
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TABLE IV-2

EFFECT OF VELOCITY FACTOR ON LEAST SQUARE FIT OF A VELOCITY 

PROFILE FOR A 3.0 INCH DIAMETER IMPELLER AT 333.3 RPM 

IN A 12.25 INCH DIAMETER TANK

(a) Velocity Factor = 0.6
Radial

Correlation 
Sum of Squares SS Coefficient R

Profile
Number

Radial
Angle

Distance 
r Inch -*q Vr

—♦q Vr

1 44.1 2.5 1167.41 1044.30 0.9782 0.9756

2 5.5 2.5 2155.45 1512.04 0.9669 0.9701

3 44.1 3.0 123.27 126.96 0.9935 0.9925

4 5.5 

(b) Velocity factor

3.0 

= 0.5

235.64 215.69 0.9919 0.9915

1 44.1 2.5 1167.41 1030.68 0.9782 0.9759

2 5.5 2.5 2155.45 1512.04 0.9669 0.9701

3 44.1 3.0 123.27 126.96 0.9935 0.9925

4 5.5 

(c) Velocity factor

3.0 

= 0.4

235.63 214.30 0.9919 0.9915

1 44.1 2.5 1167.41 1021.85 0.9782 0.9761

2 5.5 2.5 2155.45 1499.11 0.9669 0.9703

3 44.1 3.0 123.26 128.95 0.9935 0.9924

4 5.5 3.0 235.63 214.08 0.9919 0.9915
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Small changes are seen in the sum of squares for v̂ . In general 

decreasing the velocity factor decreases the sum squares for v a n d  

increases the magnitude of the weighted average angle 0̂ . In one 

profile (not shown in Table IV-2) 0^ was increased to where it 

gave a value of a, the radius of source, just larger than the im

peller radius. From Table IV-2 it is seen that the difference in 

sum squares for v^ between velocity factors of 0.5 and 0.4 are not 

very large. In some cases (for example Profile Number 3) the sum 

square is smaller with a velocity factor of 0.5. The trends noted 

above apply to all the profiles investigated, hence a velocity 

factor of 0.5 was chosen for all the profiles. The summary of 

results reported in Appendix G are based on this value of velocity 

factor. .
In Table IV-2, the correlation coefficient reported for v^ of 

Profile Number 2 is slightly larger than that of q. This is an 

exceptional case. In the majority of profiles it was found that the 

correlation coefficient was of the order of 0.98 to 0.99 for q.

The correlation coefficient for v^ was found to be slightly lower

than that of q but very close as shown in Table IV-2 .

Effect of Impeller Depth. Radial Angle, and Radial Distance on

Tangential Jet Parameters

The tank geometry is an important consideration in the design of

stirred tanks. With a veiw of finding the most important variables

the impeller depth, radial angle and radial distance were varied at 

constant impeller speed. The impeller depth, h, is defined in this '



work as the distanc h from the tank bottom to the impeller center- 

line. Two values of h were chosen; the impeller centrally located, 

h = 6.0 inches and the impeller at maximum depth of one impeller 

diameter off the tank bottom recommended in the literature, h = 3.0 

inches.

Velocity profile measurements were made in two radial planes 

at radial angles of 5.5° and 44.5°. The angles are measured with 

respect to a baffle as shown in Figure III-l. These measurements 

were made to test the assumption of angular symmetry.

At fixed impeller depth and radial angle, velocity profile 

measurements were made at four different radial distance r from the 

impeller axis. The purpose of these measurements was to explore 

the radial distance to which the tangential jet model was valid.

In Table IV-3 are shown values of the tangential jet parameters 

a, A and a for varying h, radial angle and radial distance r.

Profiles 3, 4, 7 and 8 are measured at h = 6.0 in. The rest of the 

profiles are measured at h = 3.0 in. Table IV-3 is extracted from 

Table G-l; the radius of source, a is evaluated with a velocity 

factor of 0.5.

The volumetric parameter, A, and the radius of source parameter, 

a, show very little variation in Table IV-3 indicating that at con

stant RFM. These two parameters are not affected by varying h, r, 

or radial angle. This is more closely brought out when the average 

value variance and confidence limit of A for the twelve profiles is



TABLE IV-3

EFFECT OF IMPELLER DEPTH, RADIAL ANGLE, AND RADIAL DISTANCE 

ON TANGENTIAL JET PARAMETERS AT IMPELLER SPEED OF 500 RPM

Profile
No. h

in.

Radial
Angle
Deg.

Radial 
Distance 
r, -in. ...

a A a

1 3.0 44.1 2.5 12.2 27.4 0.116

2 5.5 11.9 27.4 0.119

3 6.0 44.1 14.3 27.3 0.117

4 5.5 13.5 29.7 0.119

5 3.0 44.1 3.0 11.2 27.7 0.114

6 5.5 10.9 27.7 0.117

7 6.0 44.1 11.3 28.9 0.104

8 5.5 10.9 29.3 0.112

9 3.0 44.1 3.5 10.3 28.6 0.106

10 5.5 10.5 28.3 0.110

11 44.1 4.0 9.7 29.2 0.097

12 5.5 . 9.8 29.3 ..... 0.110

Average Variance Confidence Limit

a 11.4 1.98 + 0.9

A 28.4 0.75 + 0,6

a 0.112 0.00004 + 0.004



examined at the bottom of Table IV-3. It is seen that both the

variance and confidence limit are small indicating the low scatter

or deviation of A about its mean value.
2The variance Sx reported at the bottom of Table IV-3 is defined

by

sx = FT jj <VX>2 <lv-4)
where x is the average value of x. The confidence limit, DEVIATION, 

is calculated from the following equation:

DEVIATION = tn QC „ _s£ (IV-5)0.95,N-1 x

where t „ , is obtained from a t-table at a 95% confidence level 0.95:,N-1
2and N-l degrees of freedom. S_ in IV-5 is the standard deviation on

the mean and is given by

s£ = Sx/N (IV-6)

Table IV-3 also shows that, a, the radius of source is a con

stant equal to 0.112 + 0.004 having a small value of variance and 

confidence limit.

The jet width ct in Table IV-3 has a high value for Profile. 

Numbers 3 and 4 and a low value for Profile Numbers 11 and 12. The 

rest of the profiles are within the confidence limit of the average 

given as 11.4 + 0.9 at the bottom of Table IV-3. It will be shown 

later that Profile Numbers 11 and 12 were taken at an r value close 

to rQ the limit of the tangential jet region. These two profiles



could hence be considered as not representative of the tangential 

jet region, and the low values of a obtained could be the result of 

interference caused by the proximity of the stagnation flow region 

that follows the tangential jet. The high value of a in Profile 

Number 3 and 4 could be due to the effect of h on the velocity 

profile. In general the velocity profiles gave a slightly higher 

value of <7 for smaller values of r and this trend is clearly noticed 

in Table IV-3 . A case for a being considered a constant is plaus

ible although from Table IV-3 this conclusion is not as clear as 

in the case of A and a.

From the tangential jet model we have that the dimensionless 

velocity profile Tj is given by

T \ = cr f  (B-2)

At constant r from B-2 it is seen that a is scale factor on z, 

hence the name jet width parameter for a. If a is constant it follows 

that the width of the jet is a constant. If the width of the jet 

is constant then within limits it appears that it should not be af

fected by varying h.

To test this assumption the impeller speed was reduced by ap

proximately half to 243 RFM and h was kept at its minimum value of 

one impeller diameter (3.0 in.). The resulting values of a, A 
and a, are shown in Table IV-4. It is seen in Table IV-4 that A 

and a are constant given by 13.5 + 0.2 and 0.114 + 0.004 respectively. 

In Table IV-4, Profile Numbers 8 and 9 for r equal to 4 show a low



TABLE IV-4

EFFECT OF RADIAL DISTANCE ON TANGENTIAL JET PARAMETERS 

FOR A 3.0 IN. IMPELLER AT 243 RPM AND IMPELLER DEPTH OF 3.0 IN.

Profile
No.

Radial
Angle
Deg.

Radial 
Distance 
r in.

CT A ... . . a

1 44.1 2.5 11.5 13.5 0.114

2 44.1 11.6 13.3 0.116

3 5.5 11.1 13.4 0.112

4 44.1 3.0 10.8 13.0 0.115

5 5.5 10.5 13.4 0.120

6 44.1 3.5 10.4 13,4 0.107

7 5.5 10.3 13.5 0.116

8 44.1 4.0 8.7 14.0 0.103

9 5.5.. 4.0.... 9.7 . 13.9 0.115

Average Variance Confidence Limit

a 10.5 0.839 0.7

A 13.5 0.093 0,2

a 0.114 0.00003 0.004



for ct indicating that this point is close to the stagnation region.

As in the case of Table IV-3 for small r, cr is found to be larger 

in magnitude. The average value of cr in Table IV-4 is seen to be 

within the confidence limit of a reported in Table IV-3. It is 

thus concluded that an argument for a being a constant exists. Since 

h has been varied in the profiles investigated in Tables IV-3 and 

IV-4 without significant effect on the jet parameters it was con

cluded that the impeller depth h had no effect and hence in sub

sequent runs the impeller was centerally located with h equal to

6.0 inches.

It is thus concluded that the tangential jet parameters are a 

function of impeller speed. In order to get a reasonable estimate 

of an average value, four profiles were taken at constant impeller 

speed. The four profiles were taken at two radial angles, 5.5° 

and 44.1° and two values of r, 2.5 in. and 3.0 in. Larger values of 

r were not selected since as noted above the value of a was noticed 

to fall markedly being influenced by the flow in the next region.

The summary of the analysis of these velocity profiles are given 

in Appendix G. Tables IV-5 to IV-7 give the average values of a,

A and a at varying impeller speeds and are obtained from Appendix G. 

Item 1-6 in these tables are taken in a 12.25 in. diameter tank, 

while Item 7 is taken in a 11,5 diameter tank.

Effect of Impeller Speed on Tangential Jet Parameter

The observations made and conclusions drawn for the tangential 

jet parameters obtained from profile measurements taken at constant



TABLE IV-5

AVERAGE VALUE OF JET WIDTH PARAMETER a FOR 

A 3.0 INCH DIAMETER IMPELLER

Impeller
Item Speed Average Value Confidence Number of

Number (RPM)_________ of cr______ Variance_____ Limit_____ Profiles

1 243 10.5 0.838 0.7 9

2 250 10.0 2.750 2.6 4

3 333.3 11,8 0.448 1.1 4

4 400 11.8 0.-719 1.3 4

5 500 11.4 1,982 0.9 12

6 550. 11.6 0.064 2.3 2

7* 333,3 10.7 0.773 1.4 4

Tank diameter = 11.5 inches



TABLE IV-6

AVERAGE VALUE OF VOLUMETRIC FLOW PARAMETER 

A,FOR A 3.0 IN. DIAMETER IMPELLER

Item Impeller Average Variance- Confidence Number of 
No. Speed Value of Limit Profiles

RPM A

1 243 13.5 0.093 0.2 9

2 250 14.3 0.204 0.7 4

3 333.3 18.6 0.062 0.4 4

4 400 22.7 0.014 0.2 4

5 500 28.4 0.750 0.6 12

6 550 31.6 0.119 3.1 2
*7 333.3 17.9 0.170 0.6 4

Tank Diameter = 11.5 in.



TABLE IV-7
AVERAGE VALUE OF RADIUS OF SOURCE a FOR A 3,0 INCH 

DIAMETER IMPELLER IN A 12.5 INCH DIAMETER TANK

Item Impeller Average Confidence Number of
nber Speed Value of a Variance Limit Profiles

1 243 0.114. 0.000029 0.004 9

2 250 0.119 0.000024 0.008 4

3 333,3 0.115 0.000004 0.003 4

4 400 0.117 0.000012 0.005 4

5 500 0.112 0.000045 0.004 12

6 550 0.112 0.0000006 0.007 2

7* 333.3 0.122 0.000001 0.002 4

•kTank diameter = 11.5 inches



impeller speed of 500 and 243 RPM in the previous section are also 

valid at other impeller speeds. In Table IV-5 Is shown the average 

values, variance and confidence for a the jet width at different 

impeller speeds. The average value of a is seen to fall in a narrow 

range indicating that a is independent of impeller speed and tank
i

diameter. The later observation is made from Item 7 of Table IV-5 

which is taken in a different tank diameter. The constancy (low 

scatter) in the average value of a is misleading since the con

fidence limit of these average values are rather large. The maximum 

confidence limit is 2,6 which is about 25% of the magnitude of cr.

This means that assuming the model is correct the measurement made 

by the probe are not as accurate as desirable.

In Table IV-6 is shown the average value, variance and deviation 
for the volumetric flow parameter A, at varying impeller speed. Both 

variance and confidence limit are small indicating that the average 

value is a good estimate of this parameter. The only exception is 

Item 6 which will be discussed in the next section.

On examining Table IV-7 it is evident that the radius of source, 

a,is a constant independent of impeller speed but not of tank dia

meter, For the 12.25 in. diameter tank the average value is 0.115 + 

0.008. The confidence limit is taken as the largest deviation of 

Items 1 to 6 in Table IV-5. This is because the average value is 

based on components which are error bound themselves; A t-test 

taken on the average of the average values will reflect the varia

tion between the averageŝ  but will not account for the error in



in each component. In this case the t^test gave a confidence limit 

of 0.003 which is smaller than the confidence limits of individual 

averages reported in Table IV-7.

Effect of High Impeller Speed on Velocity Profiles Measurements

In Table IV-5, the rather large deviation for A shown in Item 6 

is due partly because the sample size (number of profiles) is small 

and partly because the manometer B was observed to fluctuate errati

cally making it difficult to record the true pressure drop. The 

amplitude of the fluctuation ranged from 0.5 to as much as 2 cms, 

the larger value being observed for large AĤ . The period of the 

fluctuations was not fixed and varied in a random manner from 30 
seconds to 2 minutes. Since the manometers have high inertia, such 

large fluctuations indicates that at this high impeller speed the 

intensity of turbulence is very high, and could be as much as 100%.

At this high speed with the impeller centrally located it was 

observed that considerable amount of air was entrained. The air re

mained in the system as large bubbles. The entrainment of air in 

the system was observed to begin at a little below 500 RPM. The 

air entrainment is due to the rotating vortex at the surface shown 

in Figure 1-4 (c) and first observed by Nagata (19). It was noticed 

that the vortex is enhanced by high speed, small tank diameter, and 

large D/T ratio. However, if the liquid level is increased suf

ficiently it was observed that the vertex was reduced in strength 

and air entrainment eliminated. Lowering of the impeller (i.e., 

decreasing h) would also have the same effect. It is possible that 

the fluctuations of the manometer may be due to the excessive air 

entrainment.
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The velocity profile data at this impeller speed reported in

Appendix G is based on an average value of manometer differential

AH . The average value of AH being eyed in since it fluctuated in m m
an erratic manner as described above. In spite of these rough

estimates of AH , the parameters are rather close for the two pro- m
files measured as can be seen in Appendix G. This is reflected in 

a rather low value for the variance of the tangential jet parameters 

given in Tables IV-5 to IV-7 for Item 6. Two profiles were taken

at this speed at two radial angles and r = 3.0. At r = 2.5 in (1.0

in. from impeller periphery), the probe was observed to vibrate ex

cessively due to the large velocity and high intensity of turbu

lence dt that point.

Effect of Tank Diameter

To measure velocity profiles in the rest of the tank> a tank 

was assembled from plexiglass having a diameter of 11.5 inches.

A single impeller speed of 333.3 RPM was investigated to compare the
i

effect of change in tank diameter. As in the other cases four pro

files were measured. The results are in agreement with conclusions

made earlier, namely that the tangential jet parameters are inde

pendent of radial angle and radial distance. The impeller depth 

was not varied. The results of this analysis is reported in Appendix 

G and the average value of the jet parameters are reported as Item 7 

in Tables IV-5 to IV-7. From Table IV-5 it is seen that a has 

the same order of magnitude and confidence limit as in the glass 

tank. This means that the width of the jet is approximately the



same and hence impeller depth should have no effect on the jet. In 

Table IV-6 comparing the average value of A at 333.3 RPM for the 

two tanks (Item Numbers 3 and 7), A is smaller in the smaller diameter 

tank. The difference in the two values is out of the range of their 

respective confidence limits and it is thus concluded that the di

ameter of the tank has an effect on the parameter A and hence the 

pumping capacity of the impeller. In Table IV-7 it is seen that 

while the average value of a is almost constant for the glass tank, 

its value for the plexiglass tank is much larger being very close 

to the impeller radius of 0.125 ft. It is thus concluded that the 

diameter of the tank has an effect on a, the radius of source.
Correlation of Tangential Jet Parameters

From Tables IV-5 to IV-7 and the discussion in the previous 

section the tangential jet parameters can be considered as indepen

dent of impeller depth, radial angle and radial distance (r should 

be less than 4.0 in.). These tables also indicate that the average 

values at constant impeller speed are good estimates of the parameters. 

They are a function of impeller speed, impeller diameter and tank 

diameter.

In Table IV-8, the average values of the parameter from Tables 

IV-5 to IV-7 are collected, and reported together with other infor

mation on the impeller stream. These are Q, the volumetric flow at 

the impeller periphery, calculated from Equation B-31 with r ■ D/2 

and is given by,

(IV-7)



TABLE IV-8

SUMMARY OF RESULTS OF TANGENTIAL JET PARAMETERS FOR A 3.0 INCH 

DIAMETER IMPELLER IN A 12,25 INCH DIAMETER TANK

Impeller
Item 

Number ct A a
Speed
RPM Q Q/ND3 ey ND3

1 10.5 13.5 0.114 243.0 4.18 1.10 65.8 3,80

2 10.1 14.3 0.119 250.0 3.92 1.00 72.2 3.91
3 11.8 18.6 0.115 333.3 5.28 1.01 67.3 5.21

4 11.8 22.7 0.117 400.0 6.18 0.988 69.3 6.25
5 11.4 28.4 0.112 500.0 8.87 1.14 63.3 7.81

6 11.6 31.6 0.112 550.0 9.81 1.41 63.1 8.59
*7 10.7 17.9 0.122 333.3 4.13 0.79 76.6 5.21

Correlating Equation Correlation Coefficient R

A = 3.47(ND3)1*024 0.9996
Q = 0.903CND3)1.09 0.9897

A = 0.0004(N ) Rs
1.024 0.9996

Q = 0.0001(NRe)1.09 0.9897

CT

a

Q/ND3

Average

11.2

0.115

1.06

Confidence Limit 
0.8 
0.003 

0.07
*Tank diameter 11,5 inches



3Also given is the dimensionless pumping capacity N^ = Q/ND , and 

the weighted average yaw angle, 0y at the impeller periphery. The 

angle 0y is calculated by inverting Equation A-14 with r = D/2 and 

is

0y = cos"1 ([(D/2)2 - r2]^/r) (IV-8)

3 3In Figure IV-2 is shown a log-log plot of ND versus a; ND 
3versus A; and ND versus Q. The best correlation for a, the jet 

width parameter is a horizontal straight line drawn at the average 

value of 11.2 + 2.6 for all seven points. This is shown in Figure 

IV-2. The deviation on a is taken as the same as the largest de

viation in Table IV-5 which is Item 2. It should be noted that 

tank diameter has no effect on a as seen in Table IV-8.

Figure IV-2 shows that both A and Q correlate very well with
3ND for the 12.25 in diameter tank. The correlation coefficient R 

for both these plots is 0.99. Item 7 of Table IV-8 has been plotted 

in Figure IV-2 as a cross. The deviation of this point from the 

regression line for A and a is small showing that they correlate 

reasonably well. The point for Q shows a large deviation from the 

regression line indicating that the tank diameter has an effect on 

Q. The reason for this is that the radius of source parameter a is 

significantly different as can be seen in Table IV-8.

In Figure IV-2 it is seen that the slopes of A and Q are almost 

equal. This suggests that A is a scaled value of Q, hence the name 

volumetric flow parameter. In Table IV-8 is also given the regression
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equations for the log-log plot. For convenience these are also

reported in Figure XV-2. The equations reported in Table IV-8 are

for the 12.25 in. diameter tank.

Log-log least square fits of A and Q versus N the ReynoldsRe
number were also tried. The results for these equations are given

2in Table IV-8. Since N = ND p/p, and, p and p, are constant for aRe
2given fluid, this in effect is a correlation with ND . Table IV-8

2shows the correlation coefficient for ND or in effect ND , to beRe
3the same as for the correlation with ND .

In Table IV-8 it is seen that 0 varies from 63.13° to 72.18°y
whereas the corresponding values of, a, vary only in the third

significant place for the 12.25 in. diameter tank. This indicates

the relative insensitivity of the tangential jet model to the angle 

profile and hence the good prediction of experimental velocity pro

files by using a weighted average value of 0̂ .
4.2. Effect of Constant Jet Width and Radius of Source on the Analysis 

Since a reasonable estimate of <j, the jet width and, a, the 

radius of the tangential source were found to be overall average 

values, the entire analysis was repeated keeping a and a constant at

a = 11.2 + 2.6 (IV-9)
a = 0.115 + 0,008 (IV-10)

The results of this analysis is also given in Appendix G.

The result of fixing the parameters a and a was to increase 

the sum of the squares SS by a small amount and thus decrease the



correlation coefficient R. A typical case is illustrated in Table 

IV-9 which shows a comparison of sum of squares SS and R the cor

relation coefficient for velocity profiles measured at a constant 

impeller speed of 243 RPM. The information is extracted from Tables

G-2 and G-3 of Appendix G. The increase in SS in Table IV-9 is

seen to result in a much larger change in R for than for q. This

trend of small changes in R for q and slightly larger changes in R

for is seen in all the Tables of Appendix G. In those profiles 

where R has a relatively low value, the change in R will be pro

portionately larger. This is clearly seen in case of Profile 

Number 8 of Table IV-’9 where R drops from 0.917 to 0.841.

In Table IV-10 the volumetric flow parameter A and zq are 

presented to see the effect of keeping a and a as constant. Both 

parameters A and zq show very.little variation as can be seen in 

Table IV-10. The fact that there is no variation in zq is not sig

nificant, its only purpose is to shift the coordinates as pointed out 

at the beginning of this chapter. This trend is the case for all 

the profiles analyzed as can be verified in Appendix G. It is thus 

concluded that the parameters a and a can be treated as constants 

independent of impeller speed, radial angle or impeller depth. In 

addition a is independent of tank diameter.

The reason for the above behavior is a peculiarity of nonlinear 

least square fits. In general the larger the number of parameters 

the better the fit. However if one of these parameters is a con

stant the nonlinear least square fit will treat it as a variable



, TABLE IV-9

EFFECT OF CONSTANT cr AND, a, ON THE SUM OF SQUARES SS, AND 

CORRELATION COEFFICIENT FOR q AND vr AT 

IMPELLER SPEED OF 243 RPM

ofile
imber

Radial
Distance
in.

Radial
Angle

Sum of 
SS
Square Correlation 

Coefficient B

q Vr q Vr

.) a and., a, constant

1 2.5 44.1 201 319 0.988 0.979
2 44.1 77 279 0.996 0.982
3 5.5 23 212 0.999 0.988
4 3.0 44.1 52 36 0.995 0,996
5 5.5 114 59 0.989 0.994
6 3.5 44.1 51 49 0.990 0.989
7 5.5 85 55 0.986 0.990
8 4.0 44.1 635 537 0.841 0.862
9 5.5 110 78 0.960 0.971

>) a and, a, obtained by least square fit
1 2.5 44.1 179 222 0.990 0.985
2 44.1 39 146 0.998 0.991
3 5.5 23 168 0.999 0.990
4 3.0 44.1 41 47 0.996 0.995
5 5.5 64 73 0.994 0.992
6 3.5 44.1 21 26 0.996 0.994
7 5.5 29 41 0.995 0.993
8 4.0 44.1 344 316 0.917 0,921
9 5.5 19 26 0.993 0.990



TABLE IV-10
EFFECT OF CONSTANT a AND, a, ON THE VOLUMETRIC FLOW 

PARAMETER A AND JET DISPLACEMENT PARAMETER

z AT IMPELLER SPEED OF 243 RPM o

ct and a 
Constant

Profile 3 z ,ft
Number ft /min °

a and, a, obtained 
By Least Square Fit

ft^/min z ,ft o’

1 13.5. 0.000457 13.5 .0.00048

2 13.4 -0.000731 13.3 -0,00071

3 13.5 0.001305 13.4 0.00131

4 12.9 0.001954 13.0 0.00198

5 13.4 0.001570 13.4 0.00160

6 13.2 0.003100 13.4 0.00325

7 13.4 0.005407 13.5 0.00542

8 13.. 0.006688 14.0 0.00621

9 13.6 0.005964 13,9 0.00612
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to reduce the scatter in the data as measured by sum of squares SS 

about the regression line. It therefore becomes necessary to exer

cise proper judgement to get meaningful results from nonlinear least 

square fits.

The result of considering or and a as constants has more re- 

velance when the volumetric flow at the impeller periphery and at 

the point of measurement r is examined in Table IV-11. The volumetric 

flow at the impeller periphery (impeller discharge) exhibits some 

scatter when a and a are free. For Profiles 8 and 9 where r is 4.0 

in., the volumetric flow appears to be larger. This erratic be

havior disappears when <j and a are taken as a constant. The volu

metric flow at radial distance r is not affected appreciably up to 

r equal to 3.5 in. There is a significant difference in volumetric

flow for r equal to 4.0. If Equation IV-7 is examined it is seen

that keeping o and a constant does not make the impeller discharge 

constant (at fixed impeller speed) unless A was a constant too.

In Table IV-12 is shown the average value of A, averaged over 

profiles obtained at a constant impeller speed. The number of pro

files over which this average is taken is given in the last column.

The variance and confidence limit in this table has small values.

This indicates that A has a constant value at constant impeller

speed, and this is the reason for constant Q values in Table IV-11

noted above. The large confidence limit in Item 6 is because of 

small sample size. The conditions under which the velocity profiles 

(Item 6) were obtained are questionable and were discussed in an



TABLE IV-11
EFFECT OF CONSTANT g AND a ON VOLUMETRIC FLOW AT IMPELLER PERIPHERY 

AND AT RADIAL DISTANCE r FOR A CONSTANT IMPELLER SPEED OF 243 RPM

a and a Obtained a and a Constant 
by Least Sq. Fit

Profile Radial Radial Flow at Flow at Flow at Flow at
Number Distance Angle Impeller Radial Impeller Radial

r in. CFM Distance CFM Distance
r, CFM r, CFM

1 2.5 44.1 3.981 9.50 4.001 9.68

2 44.1 3.741 9.30 3.970 9.59

3 5.5 3.373 9.51 4.022. 9.71

4 3.0 44.1 3.869 11.67 3.839 11.48

5 5.5 3.502 12.19 3.975 11.89

6 3.5 44.1 4.684 14.71 3.925 13.93

7 5.5 4.004 14.78 3.969 14.08

8 4.0 44.1 5.561 19.29 3.946 16.17

9 5.5 4.445 18.13 4.031 16.52



TABLE IV-12 

EFFECT OF CONSTANT a AND a ON THE AVERAGE 

VALUES OF THE VOLUMETRIC FLOW PARAMETER A

Item Impeller Average Variance Confidence Number 
No. Speed Value Limit of

RPM of A Profiles

1 243 13.4 0.039 0.2 9

2 250 14.1: 0,196 0.7'. 4

3 333.3 18.6 0.084: 0.5 4

4 400 22.9 0.084: 0.5 4

5 500 28.3 0.539 0.5 12

6 550 31.6 0.144: 3.4/: 2

7* 333.3 17.8 . 0.236 0.8 4

* Tank diameter = 11.5 inches



earlier section. Comparing Tables IV-12/and IV-6 the value of A are 

not significantly different being within the estimates of their 

error bounds as reported by the deviation. Hence keeping ct and a 

constant has not materially affected the least square fit of the 

data.

Width of the Tangential Jet
An important conclusion that results from considering ct, the 

jet width parameter, constant can be obtained from considering 

Equation B-25 which is

\  = Ctanh2 (11/2)3 (B-25)

This equation can be rewritten as:

n, )r - f<H> <lv - n >r max

where
T| = ct “ (IV-12)

Z

Equation IV-11 is a restatement of the original assumption that the 

velocity profiles are similar. From IV-12 it is evident that since 

o is independent of impeller speed, hence the width of the jet is

also independent of impeller speed, and 7] is a function of r and z

only. From IV-11 it then follows that vrV(vr),nax independent of 
the impeller speed and a function of r and z only. This result has 

been observed by Sachs (28) and Aiba (1) and Cutter (9), thus 

confirming the conclusion that ct is a constant.



In Chapter II, Section 2.2 it was shown that the maximum

radial distance rQ, that the tangential jet model holds is given by

Equation 11-28,

ro ■ irf-fe
Substituting T = 12.25 in. and a from IV-9, gives rQ = 4.2 in. In 

Table IV-3 profiles 11 and 12 are runs made at r equals 4 in., a 

radial distance close to rQ, where the tangential jet model breaks

down. It is thus not surprising that the values of a is much lower

than the average value of a. This effect was also noticed in pro

files 8 and 9 of Table IV-4. It is for this reason that in sub

sequent runs the maximum value of the radial distance r is limited 

to r equal to 3.0 in., well below rQ.

Jet Displacement Parameter

The parameter zq is a measure of the displacement of the jet 

from the impeller centerline. It is obtained under all cases by a 

least square fit of the datd and reported in the Tables of Appendix 

G under the column P(4). The value of zq is extremely small ranging 

from 0.003 to 0.009 ft. and can be either positive or negative. In 

Table IV-10 where profiles 1 and 2 are replicate measurements made 

at exactly the same points, zq has a positive value for Profile 1 

and negative value for Profile 2. It is more often positive than 

negative and most cases shows about twice the displacement for 

profile measurements made near the baffle than in between baffles. 

The value of zq is not affected appreciably by fixing a and a at
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their average values. This is because zq can only cause a shift or 

displacement in the profile, it cannot alter the shape of the pro

file. Hence it does not affect the properties of jet which are de^ 

termine by the shape of the velocity profile. The only anomalous 

result is in Profile 3 of Table G-ll (impeller speed 500 RPM) where 

zq has an excessively high value of -0.94:'in. - The correlation co

efficient is rather low for this profile casting further doubts on 

this particular measurement.

4.3. Velocity Profile Measurements in the Rest of the Tank

Figure IV-3 shows a computer drawn solution, drawn by the program 

PLOTER described in Chapter II. This is a solution for a 3.0 in. 

diameter impeller, centrally located in a 11.5 in. diameter tank, 

depth of fluid is 12.0 in. and the impeller speed is 500 RPM. The 

values of the parameters needed for this solution are (a) the tan

gential jet parameters and (b) the geometric parameters that set the 

boundaries of the different flow regions into which the tank has been 

divided as explained in Chapter II. The tangential jet parameters 

have been evaluated in Section 4.2 and are; a and a given by Equations 

IV-9 and IV-10 and the volumetric parane ter A obtained from Figure IV-2. 

The geometric parameters are taken as that for Figure II-9 (c) with 

one exception. XN4 was set at 0.55 instead of 0.5, as this solu

tion was considered the best representation of the flow field.

In Figure IV-3 it is seen that the streamlines in the region 

outside the impeller tend to stay close to the tank wall and the axis 

of the impeller. This is in agreement with Nagata's profile as can
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Theoretical Streamlines for a 3.0 in. Impeller at 500 RPM 
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be seen in Figure 1-5. This is not exactly surprising since up to 

the radial distance rQ (the point where the tangential jet model 

ends) the flow in the rest of the tank is into the impeller and the 

jet. The peripherial region T/2-rQ is thus left for the upward 

and downward flow out of the tangential jet. In our case, rQ 

was estimated to be 3.98 inches (see Section 4.2), hence the thickness 

of the upward and downward flow from the stagnation region is re

stricted to a narrow peripherial region of 1.9 inches. The flow as 

it leaves Region II tends to stay close to the wall as noticed by 

the crowding of the streamlines. The maximum crowding of the stream

lines and thus the minimum width of the flow occurs roughly half way 

between the impeller center line and the liquid surface. The mini

mum width is of order of one baffle width thick, as seen in Figure 

IV-3 where the vertical line represents a 1 inch baffle. The theo

retical solution shown in Figure IV-3 is for a 11.5 in diameter tank 

with impeller speed of 500 RPM. This represents the condition under 

which velocity profiles were measured outside the impeller region 

which will now be described. In order to get a quantative idea of 

the velocity profiles in the region outside of the impeller, three 

ports where drilled into a plexiglass tank 11.5 in. in diameter 

at 10, 8 and 9 inches from the bottome of the tank. These ports are 

numbered 1, 2, and 3 and their locations are marked on Figure IV-3.

The three dimensional pitot tube was used to make a horizontal pass 

through these ports to measure velocity profiles. The flow is sym

metrical and hence only one quadrant need be considered. Also



Port Number 2 is located where the velocities would be a maximum and 

hence the probe should give a maximum response. Ports 1 and 3 were 

placed 1.0 in. above and below Port 2 so as to further explore the 

velocity field.

Velocity Measurements in the Rest of the Tank

As noted in Chapter III, probe response is a function of flow 

geometry. In Figure IV-4 (a) is shown schematically the probe re

sponse close to the tank wall. 0̂  is the pitch angle and 0^ is the 

yaw angle. The yaw angle 0̂  is obtained by rotating the probe till 

the manometer C balances as explained in Chapter III. 0^ is taken 

as zero when the probe points vertically upwards. With this as a 
reference point, the component velocities can be calculated with 

their correct sign if in case (a) where the flow is upward

0 = (0 ) +90° (IV-13)y v y'exp ' 7

and in case (b) where the flow is downward

0 = 180 - (0 ) (IV-14)y y exp

The above equations follow from the geometry of Figure IV-4 (a) 
and IV-4 (b).

The pitch angle 0^ is obtained from the manufactures calibration 

plot which is shown in Figure IV-5. Curve A is an empirical plot 

of (P^-P^/^-Pg) versus 0̂ ; Where (P^-P^) is the pressure drop 

recorded by manometer D and (P^-P2) is the pressure drop from mano

meter B. Curve B is an empirical plot of (Pfc-Pg)/(P^-Pg) versus 0̂ ,
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where (Pt“Pg) is the true kinetic head and (P̂ -Pg) is the actual 

kinetic head recorded by the instrument. Curve C indicates that the 

kinetic head (pt“pg) *-s th® true kinetic head provided that 0^ £

± 40°.

A program called TANKANL was written that analyses the data 

obtained from the horizontal pitot tube runs. The program and the 

input data are given"in Appendix F. The program uses Equations IV-13 

and IV-14 to give correct value of 0̂ . It next calculates (P^-P^), 

(P^-^) and the ratio of (P^-P^/CP^t-Pg). Curve A is then inter

polated by a three point Lagrange interpolation subprogram OMEGA

to give 0 . OMEGA is used again with 0 as input to obtain (P -P )/ p p t s
(P̂ -Pg) from curve B. A logical trap omits calculations when the 

ratio (P^-P^)/(P^-P2) is less than -0.8 or greater than 0.8 as these 

values are outside the range of the calibration chart. Let a be 

the values obtained from the calibration chart using curve B, then

The velocity V recorded by the three dimensional probe is then

From Figure IV-3 and from geometry, the component velocities can be 

written as

(IV-15)

v = (2ga(P1-P2))^ (IV-16)

(IV-17)

v = Ivl cos 0 sin 0 z 1 > p y (IV-18)
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vn = 1̂ 1 cos 0 cos 9 (IV-19)0 1 1 p y

where 0y in IV-18 and IV-19 are given by Equations IV-3 or IV-14.

The above equation gives the component velocities with their correct 

sign. v_ is considered positive in the direction of rotation of 

the impeller, and the positive values of v^ and v^ are shown in 

Figure IV-4.
Experimental Velocity Profiles

The results of the experimental velocity profiles are calculated

by program TANKANL and are given‘in Appendix H, These velocity profiles
are summarized here as plots of v , v and v .Versus the distancer 0 z .
from the tank wall, T-ij in Figures IV-6 to IV-8/ The data points for 

these plots are taken from tables given in Appendix J i n  Figure 

IV-6 is shown a plot of radial velocity v̂. tor Port Numbers 1, 2, 

and 3. The velocity profiles of Port Numbers 2 and 3 are approxi

mately of the same magnitude, that of Port Number 2 being higher 

near the wall, while Port Number 3 is higher at the center of the 

tank. This behavior is reasonable since near the wall Port Number 3 

is still in the stagnation region, while near the tank center,

Port Number 3 is closer to the impeller and the fluid begins to 

turn and accelerate due to the impeller suction and entrainment in 

the jet. The profiles take a dip at 1.5 inches from the wall and 

this point corresponds to the stagnation region observed by Nagata.

The v^ velocity profile for Port Number 1 shows peculiar behavior, 

showing a positive value between 0.5 and 1 inch. This behavior is 
possibly due to erratic probe response.
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In Figure IV-7 is shown the vertical velocity profile v . The

velocity profile for Ports 2 and 3 are virtually indentically near

the wall. For Port Number 1 (located 4.0 inches from impeller

centerline), v is much smaller close to the wall and shows a mani- 2
mum, at T-r of 0.4 inch. This indicates that at Port Nunber 1 the 

fluid is beginning to turn. Beyond T-r of 1.6 in. only one nega

tive value at T-r equal to 1.6 coiild be analyzed. This is because 

the pitch angle 0^ was larger than 40°.

For T>-r larger than 1.0 in., v for Port Numbers 2 and 3z
deviate from one another. This is because Port Number 3 is closer 

to jet while port Number 2 crosses the center of circulation. At 

the center of circulation the flow is largerly tangential, v^ being 

larger than v̂_ or This can be seen in Figure IV-8 which shows

vQ to have reached near its maximum value at T-r = 2.5 in. At 

this point v^ for Port Number 2 reaches its smallest value thus 

accounting for the stagnation point observed by Nagata in the r-z 

plane. From Figures IV-6 and IV-7 the stagnation point could be 

estimated at T-r of 1.5 to 2.0 inhhes. In our theoretical model, 

this point can be calculated from Equation 11-29 and is found to 

have a value of 3.98 in., or T-r = 1.9 in. Considering the preci

sion of the velocity measurements the calculated and experimental 

value of the circulation point are not significantly different.

It will be recalled that Equation 11-28 was obtained on the 

assumption that the tangential jet model breaks down at rQ, the 

r coordinate of the center of circulation. The above evidence 
supports this assumption.



In Figure IV-8 is shown the plot of versus T-r. In this

plot vQ decreases as it approaches the tank wall and reaches a maxi- y
mum limiting value at 4.0 inches from the tank wall, v^ for all

three ports have the same order of magnitude and a dotted line has'-

been drawn through the data points as shown in Figure IV-8. This

means that within the region covered by the three ports, v^ is

independent of z and a function of r only. Figure IV-8 indicates

that v. is not small in the region outside the impeller. Com-

paring its magnitude with that of v^ in Figure IV-6 it is seen that

vQ is larger than v except in a narrow region near the tank wall, y it
In the case of v , vQ is smaller than v near the tank wall and z y z
larger than v f o r  from the tank wall. These observations indicate
that vQ has an appreciable magnitude and thus cannot be neglected y
in comparison with v and v . The flow field is thus three dimen-IT Z
sional.

A clearer idea of the three dimensional structure of the flow 

field in the region outside the impeller is obtained on examining 

the values of V the resultant velocity in the tables given in 

Appendix H. It was found that for Port 1, V ranges from 56 ft/min 

near the wall steadily decreasing to 36 ft/min far from the wall.

For Port Number 2 this range is 71 ft/min near the wall decreasing 

to 58 ft/min far from the wall. In the case of Port Number 3 

V is 56 ft/min near the wall increasing to 74 ft/min far from the 

wall. The increase in velocity far from the wall for Port Number 3 

reflects the acceleration of the fluid by impeller suction and jet 

entrainment.



It should be noted that probe readings very close to the tank 

wall are not reliable. This is because the probe interacts with the 

flow field tending to report higher values of velocity. The probe 

manufactureres recommends that readings be taken beyond 4 to 5 probe 

diameters for a 4.0 inch diameter duct. Since the tank is 11.5 in., 

in diameter this restriction could be relaxed somewhat, hence 

readings taken for T-r less than 0.5 inches are considered as 

biased.

Theoretical Velocity Profiles

For comparison, theoretical', profiles at Port Numbers 1, 2, 

and 3 were also calculated and these are shown in Figures IV-9 and 

IV-10. No values for v exist as it was assumed to be zero in the 

theoretical model. Since the theoretical model as drawn by the 

program FOWANL and given in Figure IV-3,does not give the stream 

function explicitly it had to be calculated. For this purpose 

the program FLOWANL was made to punch out the value of \|i and the 

corresponding radial position r for seven different constant z 

values. These are shown by plus marks on the streamline in Figure 

IV-3. Since no additional effort is required to obtain the cor

responding points in the bottom of the tank, these were also 

analyzed. These points are alsoi marked in Figure IV-3. The answers 

will of course be different since the profile in bottom half of the 

tank was drawn with a boundary layer.

The program VELPRO was written to calculate vr and vz from the 

following definitions of i|r for stream surfaces
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v; =  - L . M

r fcz (IV-20)

v L_ M. (IV-21)z 2ffr dr

Program VELPRO and its input data is given in Appendix F. As a r 

streamline in Figure IV-3 is given by r = f(z) at constant \|r, the 
derivatives of in Equations IV-20 and IV-21 are obtained by a 

numerical method. This is done by fitting a third order polynomial 

through a row of points having a constant z value. Seven such rows 

are shown in Figure IV-2. The bottom most row is 1.0 in. from the im

peller centerline (i.e., z = 1.0 inch). Each succeeding row is at a 

distance of 0.5 inch apart. Differentiating this polynomial gives

and from Equation Iv-21, v is calculated, or z
To calculate v , first we calculate \lr = f(r) at constant z by r

fitting a third order polynomial for each of the seven z-planes

shown in Figure IV-3. Next, these seven polynomials are used to

obtain seven values of \|r as a function of z at constant r. The

constant value of r is determined by the coordinates of the point

at which v^ is desired. A third order polynomial is then fitted

through these seven points to obtain to = f(z) at constant r. ôz
can now be calculated and hence v^ from Equation IV-20, The good

ness of fit for = f(r) at constant z was greater than 0.99, 

while that for i|r = f(z) at constant r was greater than 0.98. Both 

these values indicate a good estimate of t|r. The final results
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obtained by the program VELPRO is given in Table IV-13 for the 

upper quadrant while that for the lower quadrant is shown in Table 

IV-14. The crossover point in Figure IV-3 from Regions II to III 

was changed : so that v^ shows a positive value rather than a nega

tive value for Port Number 2. This is clearly seen in Figure IV-3, 

where Port Number 2 in the lower quadrant is located in Region III 

and hence v is negative as shown in Table IV-14 for z greater than
V

3.0 inches. The crossover pdint was changed in the upper quadrant

by increasing XN4, one of the boundary parameters, from 0.5 to 0.55.

The probable range of the experimentally determined values of

v and v are shown in Figure IV-9 and IV-10 as a crosshatch band, r z
This permits comparison between experimental and theoretical velocity 

profiles. It is seen in Figure IV-9 that vtheoretical for all 

three Ports are fairly close together having the same slope as the 

experimental values But are much larger in magnitude and thus appear 

to be displaced. The values of v^ are much lower and show little 

resemblance to the experimental profiles. This indicates that the 

analysis needs to include v , which would lower the value of v andD Z
—  «—♦

increase that of v .for a constant value of q.r
Theoretical values of v^ and v^ in Region V were also obtained 

from the circular jet model used in this section of the tank. However 

it will be recalled from the analysis of Chapter II that the eddy 

viscosity €Q was not needed for obtaining i|r = f(r,z). This can be 

clearly seen when EquationsXII-38 arid 11-39 are examined. However
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THEORETICAL VELOCITY PROFILES CALCULATED BY PROGRAM 

VELPRO FOR REGIONS II AND III ABOVE THE IMPELLER

TABLE IV-13

Velocity Profile at z = 2 in..

Trr(in.) v2 (ft/min) vr (ft/min) V (ft/min)

0.5 73.9 9.7 74.5
0.7 67.1 L2.5 68.3
0.8 62.2 14.2 63.8
1.0 57.0 15.6 59.0
1.2 50.2 16.7 52.9
1.6 38.5 16.5 41.9

Velocity Profile at z = 3 in*

0.4 88.9 1.9 88.9
0.6 80.2 2.7 80.2
0.7 73.9 3.1 73.9
0.8 67.1 3.5 67.2
1.0 58.7 3.8 58.8
1.3 44.3 3.9 44.5

Velocity Profile at z = 4 in.

0.4 79.6 -8.7 80.0
0.6 72.1 -11.3 73.0
0.8 66.7 -12.8 68.0
0.9 61.2 -14.0 62.8
1.1 53.5 -15.0 55.5
1.5 40.4 -14.9 43.1



TABLE IV-14

THEORETICAL VELOCITY PROFILE CALCULATED BY PROGRAM VELPRO FOR 
REGIONS II AND III BELOW IMPELLER. SHOWS EFFECT OF CONSIDERING 
A BOUNDARY LAYER IN THE THEORETICAL MODEL.

Velocity Profile at z = 2 in.
T-r (in',) vz (ft/min) vr (ft/min) V (ft/min)
0.5 74.3 8.3 74.7
0.7 67.2 10.3 68.0
0.8 62.2 11.7 63.3
1.0 56.8 12.9 58.3
1.2 50.2 14.0 52.1
1.6 39.1 14.4 41.7

Velocity Profile At z =.3 in.

0.5 76.2 -10.5 76.9
0.7 69.0 -10.8 69.8
0.8 63.9 -11.0 64.8
1.0 58.7 -11.3 59.8
1.2 51.4 -11.7 52.7
1.5 39.5 -11.8 41.2

Velocity Profile At z = 4 in.

0.7 59.1 -14.9 61.0
1.0 50.5 -29.2 58.3
1.2 45.5 -36.7 58.5
1.4 41.6 -42.2 59.3
1.7 38.4 -46.7 60.5
2.3 41.0 -47.7 62.9
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in order to calculate v and v , Equations 11-14 and 11-15 are usedIT Z
which are given below and require a value for €Q.

(i+ig2)2 (I1'14)

To evaluate eQ> as a first approximation the momentum in the circu
lar jet was equated to that of the tangential jet. This appears 

reasonable, since both these jets are connected in series and energy 

dissipation outside the impeller stream is small. The momentum in 

the tangential jet Jfc is obtained from Equation A-32 which after 

simplication gives

Jt " 3 ffpA2 (IV-22)

The momentum in the circular jet Jc is given by Equation 11-18 and 

is

16 2 2 . ...
j c -  T  "Pr eo <II_18)

However to allow for some dissipation of the momentum in the tangential 

jet, a factor E£ was included where Ec is defined as

J
E = r~ (IV-23)
C Jt

It follows from the definition of E , that E is the fraction of thec* c
momentum transferred to the circular jet. Combining IV-22, 11-18 

and IV-23 gives



The program FLOWANL was again used to evaluate vg and vr using
Equations 11-14, 11-15, and IV-26, The result of these calculations

are shown in Table IV-15 and are plotted on Figure IV-9 and IV-10

for comparison. The theoretical value of v^ are very small while

those of v are grossly incorrect, v shows an extremely high z z
value for T-r greater than 4.5 inches and being extremely low be

low 4.5 inches. Varying Ec the fraction of momentum transferred 

to the circular jet, doeSi not alter the shape of the profile but 

merely scales the value of the velocities; large values of Ec
gives large values of s which in turn gives larger values of vo z
and v . The theoretical velocities shown in Figures IV-9 and IV-10

have been calculated with E =0.6. Also shown in Table IV-15 isc
V the resultant velocity of vr and v̂ , and is not constant but 

decreases as r increases.

The above analysis suggests that although the streamlines appear 

reasonable the velocity profiles obtained from them need not neces

sarily reflect a desired velocity profile. The flow in the region 

outside the impeller appears to have an apprbximately uniform 
resultant velocity which could be represented in potential flow. 

However this flow is a three dimensional flow field. Since in 

potential flow the Laplace equation holds, the superposition princi

ple could be applied. Thus subtracting v^ from the total velocity
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TABLE IV-15

THEORETICAL VELOCITY PROFILES IN REGION V 
OBTAINED FROM THE CIRCULAR JET
Velocity Profile at z = 2

T-r (in.) v (ft/min) v (ft/min) V (ft/min) z r

5.0 98.8 18.6 100.5
4.6 54.1 14,1 55.9
4.3 29.7 9.0 31.0
4.0 16.0 5.4 16.9
3.5 7.8 2.8 8.2
3.0 3.5 1.1 3.7

Velocity Profile at z = 3 in.

4.8 67.7 10.5 68.6
4.4 38.3 8.3 39.2
4.0 21.7 5.6 22.4
3.7 12.1 3.6 12.7
3.2 6.4 2.1 6.8
2.6 3.3 1.1 3.4

Velocity Profile at z = 4 in.

4.6 51.5 6.9 52.0
4.2 29.6 5.6 30.1
3.8 17.0 3.9 17.4
3.4 9.7 2.5 10.0
2.9 5.3 1.6 5.5
2.3 2.8 1.0 3.0
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V would then result in two dimension flow field which could be modeled

by the methods suggested in this section. In order to evaluates the

results of this model a probe is needed that is not only sensitive to

low velocity fields but also has directional properties such that the

component velocities v , v_ and v can be evaluated. A cross-wire,r D z
two channel, hotwire anemometer could be used for this purpose. Two 

different probes will be needed, one set of wires crossed in a hori

zontal plane to give v and v_ and another set crossed in a verticalr o
plane to give v̂_ and v .

4.4. Detailed Analyses of a Velocity Profile in the Neighborhood of 

the Impeller

In this section a velocity profile analysis will be presented 

in detail. The results of the analysis was performed by the program 

FLOWNAL. A description of the program, its FORTRAN source listing 

and a flow diagram is given in Appendix F. At the end of the pro

gram is given the raw data which is the input to the program.

A complete analysis of a single profile result in four pages 

of computer printout. To illustrate a typical printout, Run 

Number 29 was analyzed and the results are given in Tables H-l 

to H-4 of Appendix H .

It will be recalled from Chapter II that the tangential jet 

model is a one dimensional flow in the direction of the velocity 

q. This model was also found to give extremely small values of

v of the order of 0.1 ft/min in a region of + 0.5 inches about z
the impeller centerline. The flow in the region of the impeller



is thus essentially one dimensional in the direction of q. However 

a velocity probe is needed to locate the direction of q. The three 

dimensional pitot tube locates this direction from a yaw angle 

measurement 0̂ . As vz is very small, the pitch angle 0^ is essen

tially zero, and hence from a description of the probe in Chapter III 

the manometer D should show no response. However the manometer D was 

observed to give a measurable pressure drop indicating that the pitch

angle 0 was not zero. In Section 4.5 the reading from the manometer
2D will be analyzed and it will be shown the manometer D measures Aq

and not 0 .in this high shear flow field.P
The flow in the impeller stream is thus two dimensional as far

as the probe is concerned. The only measurable velocities are Vz

and v . Hence no additional information is obtained from measuring 
2Aq and a two dimensional probe can b'elused’. • This type of 

probe has been used by Cooper (8) for obtaining velocity profiles 

in the region of the impeller.

The program FLOWANL converts pressure drop readings of mano

meter B into velocities using Equation III-3. This procedure results 

in an experimental velocity profile of qeXp as a function of z.

Table IV-16 shows the results of this calculation. In the first 

column is given values of z*,, in the next columns are given the 

corresponding value of an<* the yaw. angle ,0̂ . It is noticed that

0^ is a function z and is plotted in Figure IV-1. This angle pro

file was first observed by Cooper (8).

A predicted value of <lca^c is obtained from a least square fit 

of qexp as a function of z by: adjusting a,' a, And A as explained in



TABLE IV-16

TYPICAL RESULTS OF VELOCITY PROFILE ANALYSIS IN THE NEIGHBORHOOD 

OF THE IMPELLER FROM PROGRAM FLOWANL AND ILLUSTRATED FOR 

EXPERIMENTAL DATA FROM RUN NUMBER 29

q 0 q iz ^exp y calc
ft________ ft/min________ Degrees________ft/min

0.058 44.8 35.2 36.9
0.050 45.6 32.8 50.2
0.042 62.8 30.0 66.5
0.033 80.9 29.4 85.0
0.025 108.4 28.0 103.9
0.017 122.0 26.6 120.1
0.008 130.2 26.4 130.2
0.000 130.5 25.8 131.8
-0.008 124.4 26.6 124.4
-0.017 111.8 27.4 109.9
-0.025 89.2 29.8 91.5
-0.033 72.2 31.6 72.6
-0.042 50.3 32.8 55.4
-0.050 48.8 32.8 41.0

Arithemetic average, 0 = y 29.7°
Weighted average, <D| II 27.8°

Velocity factor, WT = 0.5

Correlation coefficient R = 0.99

Jet parameters a = 11.28
A = 18:54 ft/min
a = 0.116 ft
z = o 0.0027 ft

Half width of jet, b, = 1.6 in



Section 4.1. 4ca^c given by Equation 11-10 and is reproduced 

here

’calc * f  ( ? /  - T J T  Cl-t«fc2<l|/2>3 CH-10)Qr -a )

where 7] is given by 
2«2

H = a (11-21)

As explained in Section 4.1, the parameters ct', A and zq are obtained

by a least square fit and a, the radius of source,is calculated from

a weighted average angle and a velocity factor. The resulting

parameters and other pertinent information obtained from Tables J-l

to J-4 are given in Table IV-16.

The theoretical velocity profile 4ca^c is also given in Table

IV-16. In Figure IV-11 is shown a plot of 4ca-̂c versus z. Also

shown on the plot is q : . The correlation coefficient R is 0.99 and r nexp
as can be seen in Figure IV-11 the agreement between experimental 

and theoretical values of q is excellant. Also shown on the plot is 

the jet displacement parameter zq and the half width of the jet- b̂ .

A quantity BHALF is also shown and should not be confused with b̂ , 

the half width of the jet. BHALF is the z coordinate of £qmax
It is noticed in Figure IV-11 that only two data points are measured 

for z greater than BHALF. This is because the probe has reached a 

velocity near 30 ft/min below which it will not respond. It is 

noticed that for z larger than BHALF the velocity profile falls off 

rapidly, the rate of fall is then gradual reaching 1% of q atIDclX

z equal to b̂ , the half width of the jet.
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Figure IV-11: Velocity Profile q for Run No. 29



Radial Velocity Profile Analysis

The experimental value of the radial velocity is obtained from 

Equation A-20 which is

(v ) = q cos 0 (A-20)v r exp exp y

Table IV-17 lists the value of (v ) for Run Number 29 calculatedr exp
from A-20. The theoretical value of the radial velocity (vr)ca^c 
is obtained from Equation B-22,

(Vcalc = 2 ("%) <r2-a2)[>t«>h2(H/2)] (B-22)r
•*

In Table IV-7, (vr)ca ĉ *-s obtained from B-22, using the values of 

ct, A, a and zq from Table IV-16. A correlation coefficient R is 

also calculated from an equation similar to Equation IV-1 written 

for vr> The value of R is 0.99 indicating an excellant prediction 

of the data.

4.5. Interpretation of Manometer D
i

In Section 4.5, the experimental data obtained from the three

dimensional pitot tube was analyzed on the basis that 0^ the pitch

angle equals zero. In this section it will be shown that this is

indeed the case and that the readings from manometer D must be
2interpreted as measuring Aq because of the large velocity gradients 

in the impeller stream.

In Chapter III it was shown that the pressure difference be

tween the pressure taps and P,. is given by



TABLE IV-17

TYPICAL RESULTS OF RADIAL VELOCITY PROFILE ANALYSIS

FOR EXPERIMENTAL DATA FROM RUN NUMBER 29.
(v ) (v )z r exp r calc

_____ ft___________ft /mln___________ft/min

0,058 36.6. 32.7
0.050 38.4 44.4

0.042 54.4 58.9

0.033 70.5 75.3

0.025 95.7 92.0

0.017 109,2 106.4

0.008 116.7 115.4

0.000 117.5 116.8

-0.008 111.2 110.2

-0.017 99.3 97.3

-0.025 77.4 81.1

-0.033 61.5 64.4

-0.042 42.2 49.1

-0.050 41.0 36.4

Correlation coefficient R~ 0.99

ILLUSTRATED
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where h - h, is the linear distance between taps P. and P . This a b 4 5
linear distance is small and hard to measure, however it is recog~

nized that o (h -h, ) is the static head recorded by the manometer under Hwv a b
no flow conditions. This static head is called AH and was found equals
to 1.0 in. of manometer fluid. In terms of the static head AH , h -h,s a b
is given by

ha ' hb - (IV’25)

Combining IV-25 and III-3 gives

*4 - ?5 “ (AHs ’ “V  K ' <I V '2 6 >

Hypothesize that.;the-pressure drog P^ - Pjpiar'fhe'pressurfe'̂ dlf-

feretitial due to the"vertical co7mpdi!iertt:-of velocity v . ' Then1 as'in** z
Section 4.3, .Figure'IV-12'‘gives’'the. geometry’of the three dimensional

flow field acting on the probe« The resultant velocity V ap=
proaches the probe at a pitch angle of 0 and a yaw angle of 0„;p y
From the geometry of Figure IV-12 it follows that

v = Ivlsin 0 (IV-27)(a)z 1 1 p

v = |v cos 0 cos 0 (IV-27)(b)r ' 1 p y

vQ = Ivl cos 0 sin 0 (IV-2!7)(c)0 I p y

As in the case of Section 4.3, Equation IV-15 is used to calcu

late the pressure ratio a. Curves A and B of Figure IV-5 are then 

interpolated to evaluate the pitch angle 0^ and a corrected value 

of the pressure (APl9) corrected. Equation IV-16 is then used to
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Figure IV-12: Resolution of Velocity V into its
Components, when Probe is Placed in 
the Region of the Impeller
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evaluate V. The component velocities v , vQ and v is then evaluatedit y z
from Equations IV-27 to IV-29. These calculations are performed by 

the program YAWANL. The results of the calculations by YAWANL is 

given in Table IV-18 and is typical of the analysis obtained for a 

velocity profile measurement. Table IV-18 illustrates the results 

by analyzing the experimental data from Run Number 29.

Two things are evident in Table IV-18, (a) five of the points 

cannot be analyzed indicating that the pitch angle is larger than 

+40°, (b) the valve of v is large ahd'about the same magnitude as v_.Z 0

Also v decreases as the magnitude of z increases. This behavior z
is inconsistent with the jet model which assumes v^ is small and

that v increases with increasing magnitude of z. It is also z
physically impossible for the fluid in the impeller stream to have

a pitch angle 0 larger than 40°. The conclusion is that this 
P

hypothesis is tiot'Mlid and some’other’ phenomena is’ the cause of' the

pressure drop recorded by manometer D.
Since P. - Pc is a kinetic head caused by the motion of the 4 5

fluid, it was concluded that the pressure drop is due to the high

velocity gradient present in the tangential jet. This is expected

since the tangential jet’is • aihigh shear .'flow and the boundary

layer assumptions hold.
Because of the velocity gradient, the velocities at the pressure

taps P̂  and P,. are different. Let these velocities be and q,..

If P is the stagnation pressure then from pitot tube theory (44)8
we can write the following relation



TABLE IV-18

RESULTS OF PROGRAM YAWANL WHICH TREATS THE IMPELLER REGION 
AS; A THREE-DIMENSIONAL FLOW FIELD, AND ILLUSTRATED FOR

EXPERIMENTAL DATA FROM RUN NUMBER 29

Item (AP12)*
No. z in. AP12* AP43* Corrected

1 0.7 1.35 -0.8 1.6
2 0.6 1.40 -4.1 ' **
3 0.5 2.65 -7.6 **
4 0.4 4.40 -8.8 **
5 0.3 7.90 -9.8 9.5
6 0.2 10.00 -7.1 11.9
7 0.1 11.40 -1.1 12.9
8 -0.0 11.45 5.6 12.2
9 -0.1 10.40 10.0 11.3
10 -0.2 8.40 11.4 9.5
11 -0.3 5.35 10.8 **
12 -0.4 3.50 8.2 **
13 -0.5 1.70 4.7 **
14 -0.6 1.60 2.4 1.8

Item V - vr v2 V0 Pitch Yaw
No. z in. ,ft/min. ft/min. ft/min ft/min. Atigle 0p° Angle 0.

1 0.7. 48.7 39.3 -7.9 27.7 -9.4 35.2
5 0.3 119.0 92.2 -57.1 49.0 -28.7 28.0
6 0.2 133.0 115.6 -31.1 57.9 -13.5 26.6
7 0.1 138.4 123.7 11.0 61.3 4.5 26.4
8 -0.0 135.0 114.9 44.2 55.5 19.1 25.8
9 -0.1 129.5 102.8 59.6 51.5 27.4 26.6
10 -0.2 118.8 88.1 65.3 45.7 33.4 27.4
14 -0.6 52.4 35.8 30.4 23.1 35.5 32.8

Inches Manometer fluid 
** Yaw Angle 0^ greater than 40°



\  - «5 ; ̂  £ < V V  ‘ P5 - P.] (IV-28) (a)
w

Since the pressure taps and P,. are close together (about 0.1 in.

apart) the stagnation pressure P is approximately constant.s
Lumping all the approximations in a coefficient of performance ĉ

2 2 —2-and noting that q^ - is a change in q in the z-direction we have

Aq2 = c^g (P4-P5)/pw (IV-28) (b)

The coefficient of performance c^ can be defined by 

Aq2
d, = 9e-P ■ (IV-29)(a)

*  calc
where Aq2 is given by exp

^ 2e*p = ^ W ^ ' w  (IV-29) (b)

—2 —Aq ca^c obtained by calculating q from Equation 11-10 at a 

distance T) + ATI where AT) is given by

h -h,
AT) = (IV-30)

T) is the value of the dimensionless velocity profile coordinate at

the mid-point of the pressure taps P^ and P,.. ATI in Equation IV-30

then locates the pressure taps P^ and P̂  relative to the dimensionless
—2coordinate T). Aq ca^c can now be written as

Alcaic = ̂ max C d “tanh2(T)+ATl)/2)2 - (l-tanh2(T)-AT))/2] (IV-31)



_2From a plot of versus 1/q for a few points it appeared that

a correlation exist. Hence a fourth order polynomial was fitted
—2through the point c. versus 1/q using a Share Library programi. 6Xp

CURVEF. Next points which were located more than three times the 

standard error (which is an estimate of the standard deviation) 

were removed from the correlation. The remaining points gave an 

average value of 0.5216 and a variance of 0.0413 indicating that 
ĉ  is a constant. The original data had 471 points the above pro

cedure reduded the number of points to 440. Since such a large 

number of points were considered the variance will be considered 

as the best estimate of the standard deviation, hence with a 0.95 

probability, and assuming a normal distribution the best esti

mate for ĉ  is

cx = d.52 + 0.02 (IV-32)

—2This value of ĉ  was used in Equation IV-28 to obtain Aq

which is shown in Table IV-19. The agreement between the experi-
—2mental and theoretical values of Aq is fairly good with a deviation

of +0.2 as seen in the last column which shows the difference be-
—2tween experimental and calculated values of Aq . Both experimental

and theoretical values show a maximum for z = + 0.025 ft, a strong
—2 —evidence that the manometer D is recording Aq . The value of vz

as obtained from the tangential jet model is also shown for compari

son and are seen to be extremely small. The results of the above 

analysis which is shown in Table IV-19 is calculated by the sub

routine YAW. This subroutine is part of program FLOWANL that analyses 

the experimental velocity profile data.



TABLE IV-19

RESULT OF ANALYSIS BY SUBROUTINE YAW THAT TREATS THE REGION 

OF THE IMPELLER AS A REGION OF HIGH SHEAR, FOR 

EXPERIMENTAL DATA OF RUN NUMBER 29

Aq2 iq2cal <Vcalc ‘ 4qcalc
Z 2 2 2 2 2 2 Number ft. ft /min ft /min ft/min ft /min_____

Item

1 0.058 -0.23 -0.24 -0.24 -0.01

2 0.050 -0,57 -0.42 -0.15 0.15
3 0.042 -0.94 -0.66 -0.12 0.28
4 0.033 -1.07 -0.91 -0.08 0.16

5 0.025 -1.18 -1.05 -0.04 0.13

6 0.017 -0.89 -0.91 -0.02 -0.02

7 0.008 -0,26 -0.44 -0.00 -0.18
8 0.000 0.44 0.22 0.01 -0.22

9 -0.008 0.90 0.79 0.01 -0.11
10 -0.017 1.05 1.04 1.03 -0.02

11 -0.025 0.99 0.98 0.06. -0.01

12 -0.033 0.71 0.75 0.10. 0.04
13 -0.042 0.25 0.50 0.14 0.15

14 -0.05 0,11 0.30 0.18 0.19



4.6. Accuracy of the Three-Dimensional Pitot Tube as a Measuring 

Device in Turbulent Flow Fields

On examining a recent dissertation by Rao (24), it was pointed 

out that the readings obrained by the three dimensional probe was 

in error. The error is due to distortion of the turbulence field? 
(a) by the probe (called nose effect) and (b) by suppression of 

the normal velocities in the neighborhood of the pitot tube surface 

(called surface effect). The distortion of th'e turbulence is also 

a function of the size of the eddies (defined by the macro-scale) 

and the radius of the Pitot tube. An; analysis of these factors is 

given, by Toomre ( 24), and a summary of the analysis is given by Rao. 

Rao.checked the results of the pitot tube by a hot film anemometer.

The system in which Rao made his measurements consists of a 

11 5/8 in. diameter pyrex glass cylinder. The bottom of the tank is 

a 10|x porous stainless steel plate that acts as a distributor for 

an upward flow of water at 6.625 liters per minute. The tank 

is baffled and the overflow water is collected by a weir, at the 

top of the tank. The reason for this upward draft of water is to 

sweep out the dye introduced into the tank for turbulence measure

ments. The impeller used is a Type B, 4.0 in. diameter turbine.

At the bottom of the impeller is notched a 1.5 in. diameter recess, 

0.4 cm thick, which serves to introduce the dye directly into the 

impeller at a rate of 1.753 liters per minute.

A three dimensional pitot tube similar to the one used in this 

work was used to measure velocity profiles in the neighborhood of
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impeller. The impeller was run at a single speed of 300 RPM. The 

various pressure differentials from the five pressure taps were 

measured by a single differential pressure transducer, Model P7 

(The Pace Engineering Company) using a system of three way stop 

cocks. The stop cocks permit connecting the transducer to any two 

pressure taps. An auxilliary manometer was used for calibration.

This three dimensional pitot tube was used to locate yaw 

angle 0^ and the pitch angle 0̂ , the pitch angle was obtained from 

the manufacturers calibration chart of (P̂ -P̂ .)/(P̂ -P2) versus 0^ 

as explained in Section 4,3. The hot film probe was then intro

duced into the system at exactly the same point and directed along 

the yaw angle. A linearized signal E, in volts was obtained from 

the instrument and was a linearized form of King's law. As de

scribed in Chaipter I, the hot film (or wire) is sensitive to the 

normal component of velocity. If V is the true velocity having

a pitch angle 0 then the anemometer will respond to the velocity P
normal to it namely V cos 0 and from King's law we haveP

V cos 0 = AE + B 1 (IV-33)P
E is the linearized average voltage from the anemometer, and A and 

B are calibration constants of the instrument. It can be shown that 

if if e' is the fluctuating voltage that, the intensity of tur

bulence v' is given by

v' cos 0 = Ae' (IV-34)P



V is thus obtained from IV-33. Knowing 0 and 0 , v , vA and v° p y r* 0 z
can be calculated from the geometry of the system. 0 was evaluatedP
by using the three dimensional pitot tube.

Using the above method, Rao obtained a value of V from IV-33 which 

is lower than V from the pitot tube by about 50%. V from the pitot 

tube was calculated from

V = Jlzh&l2 (IV-35)

where AH^ is the pressure drop across pressure taps P^ and Pg. 
Apparently Rao uses the manufacturers calibration chart to calcu

late 0 , however he did not use these charts to get a corrected P &
AHig as described in Section 4.3. Norr does he examine.the flow 

geometry as was done in Figure IV-12.

On examining the velocity profile measured at four values of 

(2.5, 3.0, 3.5, and 4.0 inches) it was found that zq the displace

ment of the jet ranged from 0.031 to 0.038 ft. above the impeller 

centerline. In our jet zq is of the order of 0,003 and in only one 

case has an excessively large value of 0,079. The large value of 

zq obtained by Rao is attributed to the upward flow of water and 

dye.

The quantity BHALF, the point at which the velocity equals 

half the maximum velocity was also calculated for these four pro

files and was found to range from 0.038 to 0.11 feet. The value 

of BHALF is calculated relative to the maximum velocity where z 

is taken equal to zero. Our values for the tangential jet ranges



from 0.033 to 0.067. This indicates that the type B turbine exhi

bits a broader jet. The tangential jet model could thus still 

apply.

It was shown in Section 4.6 that for a tangential jet v isz
very small for z less than BHALF. Rao's profiles were measured a

little beyond BHALF. Hence the pressure differential, P̂ -P,., is
—2as was shown in the previous section due to Aq ; and the pitch angle

which has been calculated is thus erroneous. Since cos 0 isP
needed in Equation IV-33 as a correction factor, it is bound to

give lower values of V, for 0 greater than zero. As the raw
P

data is not given, it was not possible to check the above con

clusions quantatively.

Rao used Toomre's analysis to estimate a correction factor for 

the pitot tube. The nose effect was assumed zero. Using a maxi

mum possible value for the surface effect. Rao obtained a cor

rection that was 10% lower than the experimental value. This cal

culation cannot be repeated for our work since it requires a know

ledge of v', the intensity of turbulence.

It is possible that the surface effect could have an effect on 

the pitot tube reading and is perhaps a maximum of 10% as shown by 

Rao using Toomre's method (which is itself is an approximate method). 

We agree with Rao that it is necessary to know more quantAtively 

the effect of turbulence on pitot tube measurements. In absence of 

any concrete evidence it was thought best to not include a correction



factor on the velocity profiles since it is small and may very well 
be within the precision of the subsequent analysis using the tan

gential jet model.

4.7. Comparison with Coopers (8) Data

From the review of Cooper's work in Chapter I, it will be re

called that Cooper used a similar measuring device as in this work 

and has measured velocity profiles only in the region of the impeller. 

Cooper however did not present his raw data, nor indicated by way of 

a sample calculation how the resulting velocity profiles <f, were 

obtained. Tables are presented of q in (in./sec.) for various cases 

together with the corresponding yaw angle 0̂ . These tables have 

been conveniently punched on cards for making a nonlinear least 

square fit to the tangential jet model. The analysis was done by 

reading the data for a single table as a matrix and analyzing the 

several flow profiles in the table by the program COOPER. The 

program COOPER is very similar to FLOWANL, the difference is mainly 

in data processing. Since Cooper's data exists as a velocity pro

file, several profiles at constant impeller diameter are read in 

and stored. The program COOPER then analysed one profile at a time 

using the same subroutines as FLOWANL to obtain a least square fit 

of the data for the tangential jet model. The subroutines used 

are, PATERN, PROC, BOUNDS, arid AVG. The program COOPER is given 

in Appendix F together with the input data.

To obtain the velocity profile data, Cooper used a two di

mensional probe. This probe is similar to the probe used in this
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Data Set 
Number

1

2

3

4

5

6

7

8

TABLE IV-20: SUMMARY OF TANGENTIAL JET ANALYSIS FOR DATA
OBTAINED WITH A DIRECTIONAL PITOT TUBE

[tern Impeller Q1 3 O 3
wNo. a ft /min ft. Speed RPM ft /min Q/ND 0y ft /mi

X = 15.0 IN., D - 3.0 IN., FLUID USED IS WATER, COOPER (8)
1 11.5 9.8 0.105 200.0 3.33 1.067 57.2 3.13
2 11,8 14.1 0.105 300.0 4.74 1.012 57.0 4.69
3 11.6 15.0 0.109 400.0 4.88 0.780 60.2 6.25
4 14.4 19.2 0.101 500.0 6.II 0.782 53.9 7.81
5 12.5 22.5 0.104 600.0 7.46 0.795 56.2 9.38

T - 15.0 IN., D - 4.0 IN., FLUID USED IS WATER, COOPER (8)
1 14.1 7.9 0.139 100.0 3.26 0.880 56.6 3.70
2 12.1 11.9 0.142 150.0 5.20 0.935 58.5 5.56
3 13.6 17.1 0.140 200.0 7.12 0.961 57.3 7.41
4 11.3 20.6 0.145 250.0 8.98 0.969 60.7 9.26
5 11.7 23.0 0.146 300.0 9.82 0.883 60.9 11.11

T « 15.0 IN., D - 5.0 IN., FLUID USED IS WATER, COOPER (8)
1 12.5 12.8 0.173 100.0 7.06 0.975 56.2 7.23
2 12.7 20.1 0.171 150.0 11.13 1.025 55.4 10.85
3 12.8 26.5 0.169 200.0 14.83 1.025 54.2 14.47
4 12.6 34.0 0.170 250.0 19.04 1.053 54.7 18.08
5 12.7 37.1 0.171 275.0 20.63 1.037 55.1 19.89

T “ 15.0 IN., D ■ 6.0 IN., FLUID USED IS WATER, COOPER (8)
1 11.7 14.2 0.202 50.0 9.96 1,593 54.0 6.25
2 11.8 19.5 0.203 100.0 13.67 1.093 54.3 12.50
3 11.7 24.5 0.203 125.0 17.12 1.095 54.4 15.63
4 12.6 29.4 0.204 150.0 19.86 1.059 54.6 18.755 12.3 33.7 0.201 170.0 23.47 1.104 53.4 21.25

T “ 12.25 IN., D - 3.0i IN., FLUID USED IS WATER, THIS 1WORK
1 10.5 13.5 0.114 243.0 4.18 . 1.101 65.8 3.80
2 10.1 14.3 0.119 250.0 3.92 1.002 72.2 3.91
3 11.8 18.6 0.115 333.3 5.28 1.014 67.3 5.29
4 11.8 22.7 0.117 400.0 6.18 0.988 69.3 • 6.25
5 11.4 28.4 0.112 500.0 8.87 1.135 63.3 7.816 11.6 31.6 0.112 550.0 9.81 1.141 63.1 8.59

T “ 11.5 IN., D = 3.0 IN., FLUID USED IS WATER, THIS WORK
1 10.7 17.9 0.122 333.3 4.13 0.793 76.6 5.21

T - 15.0 IN., D ■ 4.0 IN., FLUID USED IS AIR , COOPER (8)
1 13.7 13.3 0.143 200.0 5.40 0.729 58.9 7.41
2 13.0 19.1 0.143 300.0 7.95 0.715 59.0 11.11
3 14.3 26.4 0.143 366.0 10.49 0.774 58.8 13.56
4 15.2 35.8 0.141 500.0 14.05 0.758 57.8 18.52
5 14.6 43.9 0.141 600.0 17.51 0.788 57.9 22.22

T “ 15.0 IN., D - 5.0 IN., FLUID USED IS AIR , COOPER (8)
1 12.9 20.5 0.169 200.0 11.43 0.790 54.1 14.47
2 13.6 31.3 0.169 300.0 17.04 0.785 54.0 21.70
3 14.1 43.8 0.169 400.0 23.36 0.807 54.0 28.94
4 14.0 57.2 0.167 500.0 30.95 0.856 53.1 36.17
5 14.0 67.6 0.169 600.0 36.29 0.836 54.0 43.40

T - 15.0 IN., D - 6.0 IN., FLUID USED IS AIR , COOPER i(8)
1 11.9 18.1 0.202 100.0 12.68 1.014 53.7 12.50
2 12.6 34.0 0.200 200.0 23.41 0.937 53.0 25.00
3 12.9 46.6 0.200 300.0 31.64 0.844 53.0 37.50
4 13.7 81.6 0.200 500.0 53.69 0.859 53.0 62.50
5 13.6 95.3 0.200 600.0 63.09 0.841 53.0 75.00



work with the taps and P,. removed. No serious loss of informa

tion results from using this probe as can be seen from our analysis 
of pitch angles in Section 4.5 and the discussion on velocity measure

ments in the impeller stream in Section 4.4. (The two dimensional 

probe is placed within a tenth of an inch off the impeller periphery, 

and hence the velocity profile measured can be considered as a good 

estimate of the velocity profile at the impeller periphery.)

As in the case of our data, a velocity factor was used to 

obtain, a, the radius of the tangential jet source. A velocity 

factor of 0.5 gave the best fit for the radial velocity profile. 

However the difference between the correlation coefficients of q

and v̂_ is much larger for Cooper (8) than in ours. The correlation
—* “coefficient for q ranges from 0.97 to 0.99 while that of v^ range

from 0.92 to 0.97. This indicates that the tangential jet model 

gives a good predication of the experimental data. As in our data, 

the velocity factor had very little effect on a but caused small 

changes in A the volumetric factor and, a, the jet radius.

Iri Appendix G is given a detailed summary of the analysis of 

Cooper's data. Table IV-20 gives a summary of the results from 

Appendix G, and consists of nine sets of data, each set at a con

stant impeller diameter. Its purpose is to facilitate comparison 

of all Pitot tube measurements.

Examining these nine sets of data, some of the items are found 

to be approximately constant. These are a, a> Nq and 0̂ . These 

quantities have been averaged and a 0.95 confidence limit using a 

t-test have also been calculated. The results are reported in
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Table IV-21. The confidence limits are reported under the heading Act, 

Aa etc. The impeller diameter and tank diameter for which these 

average values correspond and the fluid used are also given in Table 

IV-21.

Jet Width ct
Various correlations were tried to relate the data presented

in Table IV-20. In Figure IV-13 is shown a log-log plot of ct versus 
3ND . The data correlates very well along a line drawn through the 

average value of cr, indicating that a is a constant. Since the data 

consists of two fluids, air and water this means that turbulence and 

not viscosity is the significant variable in the impeller stream.

The average value of a for all the data in Table IV-20 is

CT = 12.621 + 0.066 (IV-36)

The confidence limit of 0.066’'6n1CT mightabeitmisleading since the con

fidence limit on our dath-is1 rather large1, equal to 2.66 (see: Equation 

1V-9); It should be noted that Cooper reports only one-profile ifor 

e.ech :conditipn investigated, hence it is not possible to estimate the 
confidence limit on the parameters obtained by the least square fit 

of a velocity profile from his.data.

If the average value of ct at constant impeller diameter is 

examined in Table IV-21', these values are found to fall into three 

groups, Items 1 to 4 are Coopers data for water, Items 5 to 6 are, 

our data in water and Items 7 to 9 which are Coopers data in air.

In each group the value of ct appears approximately constant. The



TABLE IV-21: AVERAGE VALUES OF JET WIDTH a , RADIUS OF SOURCE a,
DIMENSIONLESS PUMPING CAPACITY NQ AND WEIGHTED AVERAGE 
YAW ANGLE 5 EXTRACTED FOR DATA SETS OF TABLE IV-20y

Data Set Fluid
Number T in. D in. Used* D/T a

1 15.00 3.00 W 0.20 .12.4
2 15.00 4.00 W 0.27 12.6
3 15.00 5.00 W 0.33 12.7
4 15.00 6.00 W 0.40 12.0
5 12.25 3.00 W 0.24 11.2
6 11.50 3.00 W 0.26 10.7
7 15.00 4.00 A 0.27 14.2
8 15.00 5.00 A 0.33 13.7
9 15.00 6.00 A 0.40 12.9

Act a ft. Aa ft̂ /min anq 5 ° y 4Sy
1.5 0.105 0.003 0.887 0.174 56.9 2.8
1.5 0.143 0.004 0.926 0.052 58.8 2.4
0.1 0.171 0.002 1.023 0.036 55.0 0.9
0.5 0.203 0.002 1.189 0.281 54.1 . 0.6
0.8 0.115 0.003 1.064 0.074 66.8 3.7

0.122 0.793 76.6
1.0 0.142 0.001 0.753 0.038 58.5 0.7
0.6 0.168 0.001 0.815 0.038 53.8 0.5
0.9 0.200 0.001 0.899 0.094 53.1 0.4

*W = water 
A = air
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15. Cooper's Data (8), Water 
De Souza's Data, Water 
Cooper's Data (8), Air

'12.621 + 0.066

□ □a

10.

100.50.10 . 3 3ND ft /min

Figure IV-13: Correlation for jet width parameter c
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confidence limits for these nine items are also larger than that of 

the overall average given in Equation IV-36. These groupings are 

not visible when the individual data points are plotted in Figure IV-13. 

This suggests more exhaustive measurements are needed to conclude 

that ct is independent of tank diameter and fluid in the tank. The 

data presented here suggests that ct is a universal constant inde

pendent of tank geometry, impeller speed, and fluid used in the tank.

Radius of Source a

In Table IV-20 the radius of source, a, is reported for a number 

of profiles. It is observed that in each set of data at constant 

impeller diameter, a, is approximately constant. This is seen to 

be the case when the average value and confidence limit is examined 

in Table IV-21. The confidence limit is of the order of 0.003 in

dicating that, a, is constant to two significant figures.

From Table IV-20, a, is seen to be a function of both impeller 

diameter and tank diameter. In Figure IV-14 is shown a log-log 

plot of, a, versus D/T also shown is the regression line calculated 

by program GRAPH (for listing see Appendix F). The plot shows that, 

a, for both air and water are almost.identical. However the points 

obtained by using a smaller tank does not correlate very well. The 

value predicted by the regression line for our data is found to be 

larger than D/2 the impeller radius. This violates the constraint 

on, a, which was discussed in Chapter II.

It thus appears that D/T is not a good criteria for correlating, 

a. As the flow occurs in the region between the periphery of the
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Figure IV-14: Correlation for Radius of Source a with D/T



impeller and the tank wall, changing the tank diameter would alter 

the length of this region which is measured by T-D. Accordingly 

Figure IV-15 shows a plot of a versus (D-T)/T. fn this plot it is 

seen that the points at constant impeller diameter correlate better 

separately. The results are two separate correlations. One at 

constant impeller diameter of 3.0 inches given by

T-D -1'837a = 0.06924 (IV-37)

and the second at constant tank diameter of 15.0 inches
-1.7281

a = 0.08354 ^  (IV-38)
This relationship can be seen more clearly in Table IV-22 where the

value of, a, from Table IV-21 and the predicted value using one of

the appropriate Equations IV-37 and IV-38 are also shown. The above 

two equations are thus useful for interpolating the value of a given 

in Table IV-20.
Equations IV-37 and 'IV-38 were used to calculate, a, for Nielson1 

data analyzed in Section 4.8. The tank diameter used by Nielson was 

11.25 in. and is the smallest size tank investigated. It was found 

that both Equations IV-27 and IV-38 gave values of, a, larger than 

D/2, the impeller radius for all three impeller used by Nielson. The 

equations are thus not recommended for tank diameters smaller than 

11.5 inches.

From the above discussion it will be necessary to investigate 

more fully the effect of tank diameter on the parameter, a. The 

data that is presently available is not sufficient to make a
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Figure IV-15: Correlation of Radius of 'Source a with (T-D)/T.
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TABLE IV-22

PREDICTED AND EXPERIMENTALLY DETERMINED VALUES 

OF a, THE RADIUS OF SOURCE

_____________ a, ft._________________

Obtained
From Calculated Calculated

Item D T Table From Equation From Equation
Number In. In. (T-D)/T____ IV-21______ IV-36__________IV-37

1 3,0 15.0 0.8 0,105 0.104
2 4.0 15.0.. 0.73 0.143 0.143

3 5.0 15.0 0.67 0.171 0.168
4 6.0 15.0 0.6 0.203 0.202
5 3.0 12.25 0.76 0.115 0.116

6 3.0 11.5 0.74 0.122 0.121
7 4.0 15.0 0.73 0.142. 0.143

3 5.0 15.0 0.67 0.168 0.168
9 6.0 15.0 0.6 0.200 0.202



conclusive statement for predicting the behavior of, a. 

Dimensionless Pumping Capacity N_
3The dimensionless pumping capacity = Q/ND appears to be 

constant for a given impeller and tank diameter as seen in Table 

IV-21. The confidence limit of Data Sets 1 and 4 are large. Figure 

IV-16 shows a log-log plot of Nq versus D/T. No apparent correlation 

exists. The line drawn through the points is an average value. The 

confidence limit for the average values is 0.01 which is much smaller 

than the confidence limits of the individual points given in Table 

IV-21. The best estimate of N'̂  is thus an average value with the 

confidence limit, of + 0.28 corresponding to that of Data Set 4 of 

Table IV-21. Hence,

Nq = 0.93 + 0.28 (IV-39)

This conclusion is in agreement with Equation 1-34, Section 3.4 of 

Chapter I where it was shown that for geometrically similar impellers 

Nq is a constant.

Pumping Capacity Q

It should be noted that ttyere is a marked difference in the 

pumping capacity that was calculated by different investigators. (8,19) 

This is illustrated by consulting Figure IV-17 which shows the theo

retical and experimental values of the radial velocity v for Run 

Number 29. This profile has been discussed in Section 4.4. The ex

perimental values are from Table IV-17, and the theoretical line
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Figure IV-17. Velocity Profile for Run Number 29.
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line was drawn by using Equation B-22. The tangential jet parameters 

in Equation B-22 are taken from Table IV-17. Table IV-17 gives a cor

relation coefficient of 0.99 for v^ indicating that the fit is good 

and is verified by the plot in Figure IV-17. The fit, like that for 

q in Figure IV-11 deteriorates for low velocities.

Cooper in presenting his profiles extropolates the velocities

to zero as shown by the dotted lines. As no sample calculations

are given it is presumed that the crosshatched areas are omitted in

calculating Q the impeller discharge. This is brought out by

comparing our values for q with those reported by Cooper (8). In

all cases our estimation of Q is larger than that of Cooper by.*
3 . —0.5 to as much as 5.0 ft /min. The discrepancy is large when v̂,

is large as in the case of the 6.0 inch impeller.
6 .

No investigators reviewed by us have measured velocity pro- 

files very far beyond BHALF of Figure IV-11. This is also true of 

velocity profiles measured by the light streak method to be analyzed 

in the next section. The value of Q reported in Table IV-20 is cal

culated using Equation IV-7. This equation includes the cross- 

hatched area of Figure IV-17. Although Equation IV-7 involves inte

grating v^ from - » to + oo, it is evident from Figure IV-17 that the

contribution to Q beyond b^ is negligible. k^in t*1*8 case is 0.169 ft.
3Figure IV-18 shows a plot of Q versus ND . The correlation 

coefficient for the plot is 0.99, indicating that the correlation is 

good as' can be seen by the low scatter in Figure IV-18. The regres

sion line from program GRAPH is



0  Cooper's (8) Data Water 
□  Cooper's (8) Data Air 
A  DeSouza's Data WaterX Cooper's (8) Data Table IV-30 
£  Nielson's (21) Data
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50.

Q ft /min

10.--

90 Q = 1.0745 (ND^r-7̂  
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100.50.010.0
ft /minND

2.5 + Figure IV-18: Correlation for Impeller Pumping Capacity Q.
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Q = 1.075 (ND ).3.0.942 (IV-40)

Volumetric Flow Parameter A

The volumetric flow parameter reported in Table IV-20 for several 

profiles is plotted in Figure IV-19. This is a log-log plot of A

correlation coefficient is 0.958. There is some scatter in the data

which is the cause of a low correlation coefficient as ..compared to

that for Q. Our data shown by triangles could be correlated by a

separate line roughly parallel to Cooper's data. This shows that

A is a function of tank diameter in addition to impeller diameter

and impeller speed. We have noticed in Figure IV-2 that A is a

scaled value of Q. Since Q correlates very well as shown in Figure
3 2 2 ^IV-18, a logical choice for correlating A would be ND /((D/2) -a )4. 

This follows from combining Equations IV-40 and IV-7. In Figure 

IV-20 is shown a log-log plot of a versus ND^/( (D/2)2-a2)4. The 

value of, a, used in the above correlation is from Table IV-20.

The regression line as calculated by program GRAPH is

The correlation is improved as measured by the correlation coef

ficient which has increased from 0.958 in Figure IV-19 to 0.986 

in Figure IV-20.

3versus ND . Also shown in the figure is the regression line whose

((D/2)2-a

3ND (IV-41)
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Figure IV-19: Correlation for Volumetric Flow Parameter A
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Results of Correlating Tangential Jet Parameters

To test the usefulness of the correlations of tha tangential jet 

parameters, these correlations were used to evaluate the impeller 

discharge. Q given by Equation IV-7 and the eddy viscosity given by 

Equation B-15. A program RESULT was written for this purpose. For 

a listing of the program RESULT and the calculated output see 

Appendix F.

In Figure IV-21 is plotted Qca ĉ versus- Q. Qca^c is Obtained 
from Equation B-15 using Equation IV-36 for ct, one of the appropriate 

Equation IV-37 or IV-38 for, a, and Equation IV-41 for, A, The 

value of Q is calculated from the experimentally determined values 

of the jet parameters <j, A and a and given in Table IV-20. If Qca^c 

accurately predicts Q then the data should fall along a straight 

line inclined at 45° to the horizontal', It is seen that the data 

for air and water fall closely about this line with a low scatter.

The prediction of Q by the correlated values of the tangential jet 

parameters is very good.

A similar calculation is performed for the eddy viscosity, 

using Equation B-15. The predicted value €ca^c an<* experimentally 

determined value e is given in Table IV-23. In Figure IV-22 is 

plotted €ca^c versus c» It is seen that there is a relatively large 

scatter about the predicted line indicating that the prediction of 

the eddy viscosity is not as good as for the impeller dischange Q.

The eddy viscosity is thus sensitive to small changes in the magni

tude of the tangential jet parameters.
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TABLE IV-23

EDDY VISCOSITY €• CALCULATED FROM PREDICTED VALUES OF a, A AND a
Impeller c ecalcItem j. Speed oNumber T. inch D, inch . RPM ft /min ft/min Differei

1 15.00 3.00 200.0 0.407 0.321 0.086
2 300.0 0.557 0.450 0.107
3 400.0 0.676 0.572 0.105
4 500.0 0.523 0.688 -0.165
5 600.0 0.802 0.801 0.001
6 100.0 0.237 0.361 -0.124
7 150.0 0.478 0.506 -0.028
8 200.0 0.552 0.643 -0.092
9 250.0 0.979 0.775 0.204
10 300. d 1.048 0.902 0.146
11 5.00 100.0 0.455 0.474 -0.009
12 150.0 0.687 0.665 0.022
13 200.0 0.866 0.845 0.021
14 250.0 1.149 1.018 0.132
15 275.0 1.260 1.102 0.158
16 6.00 50.0 0.526 0.389 0.138
17 100.0 0.729 0.693 0.036
18 125.d 0.919 0.835 0.085
19 150.0 1.000 0.972 0.028
20 170.0 1.159 1.078 0.081
21 12.25 3.00 243.0 0.879 0.697 0.181
22 250.0 1.447 0.714 0.733
23 333.3 1.099 0.908 0.192
24 400.0 1.489 1.057 0.432
25 500.0 1.481 1.273 0.208
26 550.0 1.588 1.378 0.210
27* 11.50 333.3 2.412 1.677 0.735
28 15.00 4.00 200.0 0.446 0.643 -0.197
29 300.0 0.693 0.902 -0.209
30 366.0 0.825 1.065 -0.240
31 500.0 0.999 1.381 -0.382
32 600.0 1.298 1.608 -0.310
33 5.00 200.0 0.660 0.845 -0.185
34 300.0 0.934 1.185 -0.251
35 . 400.0 1.228 1.506 -0.278
36 500.0 1.587 1.814 -0.227
37 600.0 1.929 2.112 -0.183
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TABLE IV-23 CONTINUED

Impeller
Item Speed 2 calc
Number T. Inch D, inch RPM ft /mln ft/mln Difference
38 6.00 10(V.0 0.653 0.693 -0.040
39 200t0 1.115 1.235 -0.120
40 300.0 1.468 1.732 -0.264
41 500.0 2.333 2.651 -0,318
42 600.0 2.780 3.086 -0.306
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Examining the eddy viscosity in Table IV-23 it is seen that at 

constant impeller diameter it increases with impeller speed. At 

constant impeller diameter reducing the tank diameter results in an 

increase in eddy viscosity. This is clear on examining Items 2, 23 

and 27 of Table IV-23. In Figure IV-22 it is seen that the predicted 

value of eddy viscosity is smaller for water and larger for air. On 

further examining of Table IV-23 it is observed that for a given im

peller speed at constant tank diameter, increasing the diameter of 

the impeller increases the eddy viscosity. For example in Item 1 

and 13 the RPM is 200 and the impeller diameters are 3.0 inches 

and 5.0 inches. The eddy viscosity is doubled when the diameter 

change form 3.0 inches to 5.0 inches. However, the pumping capacity 

was found to increase by 4.4 times. This means that the momentum 

transfer per unit volume is lower by a factor of two. Hence the 

well known fact that a large impeller at low speeds gives more cir

culation and less mixing, while a small impeller at high speeds gives 

a low circulation but intense mixing in the impeller stream. The 

eddy viscosity gives the rate ofmomentum transfer and its value can 

now be predicted and fixed at any desired level.

4.8. Analysis of Cooper's (8) Data at Varying Radial Distance and 

Varying Impeller Blade Width 

Cooper has also reported velocity profiles for the 4.0 inch 

Type A impeller at 280 RPM and five different points along the 

radius. These are: 2.0, 2.5, 3t0, 4.5, and 5.0 inches. He has in

addition reported velocity profiles at 100 RPM and 200 RPM for a

4.0 inch Type A impeller with five different blade widths b. The
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dimension b is the length of the blade in the axial direction as 

shown in Figure 1-2. These varying blade widths are 1.6, 1.4, 1.2,

1.0 and 0.6 inches. The normal value of b for a 4.0 inchrimpeller 

is 0.8 inch. This impeller has been used in the data reported in 

the previous section. Hence, six different blade widths at con

stant impeller diameter were investigated.

Analysis at Varying Radial Distance

In Table IV-24 (b) is shown the results of the analysis of 

Cooper's data for varying radial distance. In this Table or, and 

A were obtained by a least square fit and the radius of source, a, 

from the weighted average angle 0̂ . The velocity factor was 0.5.

The fit on the data is excellent as noted by the high correlation 

coefficient of 0.99 for q and 0.96 to 0.98 for v . The only ex
ception is Profile Number 5 where r'equals 5.0 inches. This 

profile does not correlate at all and was suspected to be located 

near rQ. This was indeed the case as rQ calculated from Equation 

11-28 with T equal to 15 inches and cr equal to 12.621, is found to 

be 5.08 inches.

Table IV-24 (b) shows a widely varying value for a and the radius 

of source, a, increases with r. In Table IV-24 (a) are shown the 

analysis on the same data with ct kept constant at its universal 

value given in Equation IV-36, and, a, obtained from Equation IV-38. 

The correlation coefficient is smaller in Table IV-24 (a) than in 

IV-24 (b) for both q and vr. The lowering in the correlation coef

ficient is not large and the correlation is thus still very good.
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TABLE IV-24

ANALYSIS OF COOPER'S DATA WITH VARYING RADIAL DISTANCE,

SHOWING EFFECT OF a

(a) a - 12.621, constant Correlation
Coefficient

' - Volumetric
i'v V.i __ _ Flow

Number Radius a ft /min a,ft. q ■ vr r̂*

1 2.00 12,62 22.97 0.143 0.992 0.957 9.72

2 2.50 21.48 0.143 0.917 0.816 13.51
3 3.00 22.04 0.143 0.950 0.854 17.66
4 4.00 24.16 0.143 . 0.986 0.948 27.08
5 5.00 23.75 0.143 0.743 0.563 33.93

>) cr obtained by least square fit

1 2.00 12.38 23.52 0.140 0.993 0.955 10.29
2 2.50 17.03 20.34 0.156 0.982 0.967 10.49
3 3.00 15.77 20.59 0.165 0.997 0.981 14.12
4 4.00 13.37 23.38 0.164 0.991 0.983 25,00
5 5.00 _  - 0.188 W  W M W



Profile Number 5 is also correlated indicating that a correct choice 

for <7 and a was made.

The correlation coefficient on v is low, indicating that ther
profile is no longer in the tangential jet region as noted above,

This shows that keeping <7 constant is a valid argument and that 

Equation IV-38 predicts the correct value for a. The volumetric 

parameter A in Table IV-24 (a) is seen to be more nearly constant 

and independent of r, which is in agreement with the tangential jet

model. The average value of A is 22.9 and is very close to the cor

relating line when plotted in Figure IV-19. The value of Q is also 

found to correlate well on Figure IV-18.

The complete results corresponding to Tables IV-24 (a) and 

IV-24 (b) are given in Appendix G, Tables G-30 and G-31.

Analysis at Varying Blade Widths

In Table IV-25 is.shown the analysis for varying blade widths 
at 100 and 200 RPM. Profile Number 5 in this Table is for a normal

4.0 inch impeller and the results are reported from Table G-18. At

100 RPM the value of a is seen to be fairly constant while at 200 RPM

it is seen to increase with decreasing blade width. The value of A, 

the volumetric parameter decreases with decreasing blade width in

dicating that the impeller discharge is a function of the blade 

width. The radius of source parameter, a, shows a slight increase 

with decreasing blade width. Its value has the same order of 
magnitude at corresponding blade widths for the two impeller speeds.



TABLE IV-25

ANALYSIS OF COOPER'S DATA AT VARYING BLADE WIDTH AND RPM

(a) 100 RPM, 4.0 inch diameter impeller
Blade « Correlation Impeller

Profile Width ft /min Coefficient Discharge
Number b a A a, ft q v Q, CFM

1 1.6 10.6 11.6 0.115 0.937 0.914 6.32

2 1.4 10.6 10.9 0.107 0.953 0.923 6.12
3 1.2 12.5 10.7 0.106 0.981 0.982 5.58
4 1.0 12.3 .8.4 0.134 . 0.387. . .0-9.62 3..88
5 0.8 14.1 7.9 0.139 0.993 0.975 3.26
6 0.6 11.8 7.8 0.142 0-996 0.887 3.45

(b) 200 PPM, 4.0 inch diameter Impeller

1 1.6 . .3.3. ..22.7 0.112 0.938. . 0 . 9,02 . .. 13.98
2 1.4 11.0 22.3 0.105 0.938 0.929 12.43
3 1,2 11.8 21.7 0.107 0.963 0.964 11.58

4 1.0 12.4 17.8 0.132 0.993 0,982 8.27
5 0.8 13.6 17.1 0.140 0.994 0.963 7.12

6 0.6 13.0 14.3 0.141 0.996 0.922 6.11



Table IV-26 gives the results for keeping cr constant at its 

universal value of 12.621, In Table IV-26'(a), the radius of source, 

a, is predicted from IV-38. This value of a has a small effect on 

q as measured by the correlation coefficient being slightly smaller. 

Its effect on v̂_ is disasterous. Profile Number 1 of Table IV-25 

shows no correlation for v , while Profile Numbers 2 and 3 give an 

unacceptably low value for the correlation coefficient. Profile
i

Numbers 4 and 6 are fairly good correlations. Thisi means that the 

radius of source is sensitive to blade width and this factor should 

be included in the correlation for, a.

In Table IV-26 (b) the value of, a, is obtained from the 

weighted average angle 0̂ . The correlation is excellant for 

Profile Numbers 4, 5, and 6, and deterlates: for Profile Numbers 

1 and 2. The indication is that a is less sensitive for small 

variations in b. From Table IV-26 we conclude that the universal 

value of ct given by Equation .IV-36 is valid for b ranging from 0.6 

to 1.0 inch (+ 33% change). The value of, a, given by Equation 

IV-38 could be used for this range of b but is not as good for pre

dicting the data as in the case of a. For this reason the detail 

analysis in Appendix G, Tables G-32 and G-33 are reported for cr, A 

and zq obtained by a least square fit and, a, from the weighted 

average angle 0̂ .

Figure IV-23 shows a log-log plot of Q theimpeller discharge 

versus the blade width b. The value of Q is taken from Table IV-25 

and is a good estimate of Q as measured by the large value of cor

relation coefficient on v̂ . In Figure IV-22, Q increases almost



TABLE IV-26

EFFECT OF CONSTANT a EQUAL TO 12.621 ON VARYING BLADE WIDTH 

AT 100 RPM AND IMPELLER DIAMETER OF 4.0 INCH

(a) Radius of Source a, from Equation IV-38
Correlation
Coefficient

3Blade ft /min __
Number Width A a, ft q

1 1.6 9.8 0.143 0.8983 0.0000

2 1.4 8.8 • ■ 0.9145 0.0996

3 1.2 8.7 0.9806 0.5093

4 1.0 7.9 0.9862 0.8887

5 0.8 7.6 0.9830 0.9414

6 0.6 7.7 0.9893 0.9144

(b) Radius of Source a, From Weighted Average Angle

1 1.6 11.4: (Di. 11-5 0.8983 0.8462

2 1.4 10.7 0.107 0.9145 0.8900

3 1.2 10.7 0.106 0.9806 0.9813

4 1.0 8.4 0.134 0.9862 0.9687

5 0.8 7.9 0.139 0.9830 0.9459

6 0.6 7.8 0.142 0.9893 0.9169
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200 RPM

10.0-.

100 RPM
5.0..

f t'Vmin.

1 0 .5.0.021.00.5
Blade width, b (in.)

Figure IV-23: Effect of Blade Width on
the Impeller Discharge Q for 
a 4.0 in. Impeller
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linearly till b reaches 1.0 inch. After this point there is a sudden 

increase in b. This is the reason why a the jet width and a are dif

ferent from that obtained for the standard impeller with b equal 0.8 

inches.

From the point of view of optimum value of Q, b equal to 1.0 in. 

appears a good choice. However otherr’considerations such as power 

input which have not been determined, might be a significant factor in 

determining the optimum blade width. It is noticed that changing the 

impeller speed.merely shifts the curve up indicating that Q is pro

portional to N, the impeller speed. The blade width is thus not an 

interacting factor with the impeller speed. It thus appears that 

Equation IV-40 could still be used to calculate Q for impellers have 

varying blade widths with a suitable scaling factor to account for b.

4.9. Analysis of Nielson's (21) and Cutter's (9) Data

Both Nielson and Cutter used the light streak method described 

in Chapter I to obtain velocity profiles in the neighborhood of the 

impeller. The experimentally determined velocity profiles were 

fitted to the tangential jet model. The results of this analysis is 

reported in this section.

The velocity profiles reported by Nielson and Cutter are for 

From Chapter II, the equation for v^ is

(r2"a^  [>tanh201/2)3 <n “9>r
In analyzing our c|ata and that of Cooper, the value of, a, was fixed 

by a weighted average value of the angle profile. In the light 

streak method the angle profile was not detected nor is an average
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angle given. Hence in analyzing Nielson's and Cutter's data an 

average angle & was estimated to evaluate a. It was noted earlier 

that Equations IV-37 and IV-38 could not be used to predict a, as 

they gave a value for, a, larger than D/2.

As a first triAl 0 was selected using 0 given in Table IV-21y y
as a guide. It is noted in Table IV-21 that 0^ for Cooper's data in 

a 12.0 inch diameter tank ranges from 53.0° to 59.0°. Our data in 

12.25 inch and 11.5 inch diameter tanks gave 0 as 66.8° and 76.6°.y
From these observations a trend is noticed in which 0 increases asy
tank diameter decreases. As Nielson and Cutter used a 11.25 inch 

and 11.5 inch diameter tanks respectively, three values of 0y were 

tried. They are 60°, 65° and 70°.

The analysis of Nielson's and Cutter's data is done by the pro

gram NIELCUT. The listing of the program together with a listing of 

the raw data is given in Appendix F. The program NIELCUT is es

sentially the same as FLOWANL. The difference lies in processing 

the raw data, the way, a, the radius of source is calculated, and 

the regression is for and not q.

Analysis of Nielson's Data

Nielson measured seven velocity profiles. Profile Numbers 

1, 2 and 3 are at three different radial distances r, for a 2.0 inch 

impeller in water at 600 RPM. Profile Numbers 4, 5, and 6 are with,, 

a 4.0 inch impeller. Profiles 4 and 6 are with water at 200 RPM, 

while Profile Number 5 is in corn syrup (viscosity 10 centipoise)
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at 100 RPM, Finally Profile Number 7 is for a 7.0 inch diameter 

impeller at 75 RPM.
Table IV-27 shows the effect of varying 0^ on Nielson's data. 

Comparing Tables IV-27 (a) and IV-27 (b) it is seen that changing 

0̂ , (from which a is calculated) results in a change in A the volu

metric parameter only. No change is noticed in a, the sum square 

SS and the correlation coefficient for the corresponding profiles 

in these tables.
Table IV-27 also gives a widely varying value for a at constant 

impeller diameter. From the analysis presented in the previous sec

tion it was shown that a is a universal constant. Hence in Table 

IV-28 is shown the result for Nielson's data with a a constant 

given by Equation IV-36. The result of keeping CT a constant is to 

increase the sum of squares about the regression line and decrease 

the correlation coefficient. The decrease in correlation is not 

excessive and can be verified by comparing Tables IV-27 and IV-28.

The value of A however is not affected. H@re again it is seen 

that a can be considered as a universal constant, without drastically 

affecting the fit.

Table IV-29 shows the final result of analyzing Nielson's data. 

In this table, the value of 0^ was fixed at 70° for impeller diameter 

of 2.0 inches, since this gave a more nearly constant value of A = 

10.67 for the Profile Numbers 1, 2, and 3 taken at different radial 

distances. Similarly for Profiles 4, 5, and 6 0^ was fixed at 60° 

as this gave a nearly constant value for A in Profile Numbers 4 and 

6. These two profiles it will be recalled are for a 4.0 inch



TABLE IV-27

EFFECT OF 0y ON THE ANALYSIS OF NIELSON'S DATA
Impeller Correlation

Profile Speed Radial 3 A Sum Square Coefficient
Number RPM Distance rr ft /min a, ft SS_________  R___

(a) 0 = 60°y
1 600 1.0 22.4 8.6 0.072 3282 0.938

2 3.0 12,1 10.5 0.072 49 0.989

3 4.0 10.2 10.9 0.072 16 0.978

4 200 2.00 16.5 15.0 0.144 472 0.981

5 100 2.00 17.5 7.7 0.144 97 0.987

6 200 4.00 13.4 15.1 0.144 30 0.998

7 75 3.50 11.8 21.4 0.25 176 0.967

>) 0 = y 65°

1 600 1.00 22.4 ' 9.4 0.076 3282 0.938

2 3.00 12.2 10.6 0.076 49 0.989

3 4.00 10.1 10.9 0.076 16 0.978

4 200 2.00 16.5 16.4 0.151 472 0.981

5* 100 2,00 17.5 8.3 0.151 97. 0.987

6 200 4.00 13.4 15.23 0.151 30 0.998

7 75 3.50 11.8 23.22 0.264 176 0.967

Profile measurements made in Corn Syrup, viscosity 10 centipoises.



TABLE IV-28

EFFECT OF KEEPING a A CONSTANT VALUE OF 12.621 

ON NIELSON'S DATA. 0 =65°y

Number

Radial
Distance
i.in'.u..

ft^/min 
CT A a,ft.

Sum Square 
SS

Correlation
Coefficient

R

1 1.00 12.621 9.9 0.076 9221 0.814

2 3.00 10.5 0.076 55 0.814
3 4.00 10.5 0.076 84 0.879
4 2.00 16.4 0.151 1586 0.934
5* 2.00 8.3 0.151 609 0.919
6 4.00 15.2 0.151 63 0.995

7 3.50 23.0 0.264 203 0.962

*For corn syrup



TA^LE IV-29

ANALYSIS OF NIELSON'S DATA RESULTING FROM AN 

OPTIMUM SELECTION OF 0y

Profile
Number

Radial 
Distance 
r, i’in. a

ft^/min
A a, ft. ey

Correlation
Coefficient

R

1 1.00 12.621 11.0 0.078 70 0.814

2 3.00 10.6 0.078 0.987

3 4.00 10.5 0.078 0.879

4 2.00 15.1 0.144 60 0.934
*5 2.00 7.6 0,144 0.919

6 4.00 15,2 0.144 0.995

7 3.50 23.1 0.264 70 0.962

*For corn syrup



diameter impeller in water at 200 RPM. In case of Profile Nurib er 7 

the value of 0 was fixed at 70° since this gave a value of A thaty
came very close to the regression line of Figure IV-18. The above 

observations can be checked by comparing Tables IV-28 and IV-29.

In Table IV-28, 0^ was selected equal to 65° so as to make this com

parison possible and thus show the effect of a suitable choice in 

0̂ . The values of A reported in Table IV-34 are plotted in Figure 

IV-18. It is seen that the result for Profile Number 5 which is 

for corn syrup is not very much different, lending further support 

to the observation that the physical properties of the fluid is not 

an important variable in analyzing the flow in the stirred tank.

A summary of the detailed analysis from program NIELCUT for 

Table IV-29 is given in Appendix G. Tables for a free and fixed 

by Equation IV-36 are included for comparison. The value of a, in 

these Tables are at the optimum values shown in Table IV-29.

Analysis of Cutters Data

Cutter reports average values of v^ for only positive values 

of z, or half a velocity profile. Velocity profiles are for a single

4.0 inch diameter impeller, and at several different radial dis

tances, The data is obtained at three different impeller speeds.

As for Nielson data a value of 0 had to be selected in order toy
calculate a, the radius of source.

In Table IV-30 is shown the analysis of Cutter1s data at 200 

RPM with two values of, a. The radius of source is calculated from 

0^ set at 65° and 70°. It is observed that changing, a, has a vpry
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TABLE IV-30

ANALYSIS OF CUTTER'S DATA AT 200 RFM FOR A 4.0 INCH IMPELLER 

SHOWING EFFECT OF VARYING 0y

(a) 0 = 65°y

Number

Radial 
Distance 
r,. in. CT

A
ft^/min a. ft

Sum Square 
SS

Correlation
Coefficient

R

1 2.00 9.7 33.7 0.151 112 0.995
2 2.75 18.1 12.0 315 0.976
3 3.38 13.7 18.5 196 0.985
4 4.13 6.5 24.0 166 0.896

5 4.38 23.6 15.3 114 0.87.7
6 5.13 7.8 24.8 177 0.647

(b) 0 =y

OO

1 2.00 9.5 40.1 0.157 112 0.995

2 2.75 18.4 12.0< 314 0.976

3 3.38 14.0 18.2: 195 0.985

4 4.13 6.9 22.0 168 0.894

5 4.38 23.6 15.3 114 0.877

6 5.13 6.8 28.7 172 0.661
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small effect on cr, sum of squares about the correlation and the cor

relation coefficient. It has a proportionately larger effect on the 

volumetric parameter A. The parameter a is seen to vary in an ir

regular manner. The tank diameter is 11.5 inches, taking a at 12.621,

r from 11-28 is found to be 3.9 inches. Hence profiles 4, 5, and o
5 are outside the tangential jet region as their values of r is larger 

than 3.9 inches. This is verified by the comparatively lower values 

of the correlation coefficient for these profiles. This trend is 

the profiles measured at 400 and 600 RPM and can be verified in 

Appendix G where a detail summary of the profiles are given.

In Table IV-31 is shown the velocity profiles measured at 

200 RPM with a constant and equal to 12.621. The results are pre

sented for two values of, a, calculated from 0 set at 65° and 70°.y
Comparing this analysis with the previous analysis given in Table 

IV-30, it is seen that the sum of squares has increased and the cor

relation coefficient has been lowered a small amount. It is ob

served that the results with 0^ equal to 65° gives a more nearly 

equal value for A in Profile. Numbers 1, 2, and 3 than that obtained 

with 0^ equal to 70°. Only Profile Numbers 1, 2 and 3 are considered 

since it has been noted above that these are the only profiles for 

which the tangential jet model is valid. The rest of the profiles 

are for r greater than 3.9 inches and are thus in the stagnation 

region, Region II. This observation is supported by the fact that 

Q decreases for r larger than 3.9 as seen in Tables IV-32 and IV-33.



TABLE IV-31

ANALYSIS OF CUTTER'S DATA AT 200 RPM FOR A 4.0 INCH 

IMPELLER, WITH CT CONSTANT AND VARYING 0y

(a) 9 = 65°y
Profile Radial  ̂ Correlation
Number Distance ft /min , Sum Square Coefficient

r_______ g;_____ A____ a. ft.____ SS__________R

1 2.00 12.621 19.9 0.151 205 0,991
2 2.75 17.2 493 0.962

3 3.38 20.5 205 0.984
4 4,13 12.9 266 0.827

5 4.38 19,7:. 275 0.667

6 5.13 17.7 213 0.548

(b) 0 =y

1

70°

2.00 12,621 22.1 0.157 205 0.991

2 2.75 17.5 493 0.962

3 3.38 20.5 204 0.984

4 4.13 13.0 266 0.827

5 4.38 19.8 275 0.668

6 5.13 17.8 213 0.548
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TABLE IV-32

RESULTS OF ANALYSIS OF CUTTER' S DATA AT 400 RPM, FOR A

4.0 INCljL IMPELLER, cx CONSTANT AND 0 = 65°y

Number

Radial 
Distance 
:.x,..in. ct

3ft /min 
A a. ft.

Correlation
Coefficient

Volumetric 
Flow at 
Corresponding 
r. cfm

1 2.00 12.621 42.9 0.151 0.963 16.4413

2 2.81 35.5 0.984 25.6676

3 2.86 39.7 0.985 29.4310

4 3.44 31.6 0.934 29.5016

5 3.56 29.5 0.982 28.7167

6 4.19 31.8 0.892 37.3338

7 4.75 21.8 0.885 29.3451

8 5.56 9.4 0.673 15.0565
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TABLE IV-33

RESULTS OF ANALYSIS OF CUTTER'S DATA AT 600 RPM, FOR 

A 4.0 INCH IMPELLER, CT CONSTANT AND 0 = 65°y
Radial Volumetric Flow
Distance Correlation at Corresponding

Number . q A______a Coefficient r. CFM_________

1 2.14 12.621 66.180 0.1511 0.989 30.4369

2 2.75 54.230 0.978 38.1213

3 3.38 59.044 0.951 54.0455

4 4.13 72.044 0.958 83.1381

5 4.38 62.255 0.889 76.6890

6 5.13 37.850 0.848 55.3585



The above observations were also noticed in the profiles measured at 

400 and 600 RPM. The best estimate of, a, was obtained by setting 

0y equal to 65°. Tables IV-32 and IV-33 show the results of profiles 

measured at 400 and 600 RPM with the parameter a chosen at 12.621 and, 

a, calculated from 0^ equal to 65°. These values of a and a are 

the best estimates for these parameters.

From Tables IV-31 through IV-33, the average value of A for r 

less than 3.9 inches (value of r̂ ) was calculated and given in Table 

IV-36. In Appendix G is given the detailed summary for these pro

files. The radius of source is obtained from 0 and the results fory
o free and a constant are given for comparison.

4.10. Summary of Velocity Profiles Obtained by the Light Streak 

Method

In Table IV-34 is given the best estimates of the tangential

jet parameters for Nielson's and Cutter's data. Item Numbers 1 to

4 were taken by Nielson and Profile; Numbers 5 to 7 by Cutter. Item

Numbers 2 and 5 are at the same impeller speed but different tank

diameters. As in the case of our measurements the smaller tank

gave lower values of A and Q. This is seen from our data;in Table
IV-20 DatA ’ Set, :5,, . Item .3 and Data Set:6* Item 1. Data. Set 6 is

taken in the smaller ,<Jiameter tank.

The value of Q, the impeller discharge reported in Table IV-34

is obtained from <r, A and a reported in the Table and using Equation
3IV-7. In Figure IV-18, Q has been plotted versus ND . Although 

there is some scatter in the data it is not excessive except at low



TABLE IV-34

SUMMARY OF RESULTS FOR THE TANGENTIAL JET BY THE 

LIGHT STREAK METHOD

Impeller A Q ND3
T D Speed , a 3 3

No. in. -in. (RPM) a ft /roin ft ft mln ft /min Reference

1 11.25 2.0 600 12.621 10.3 0.0755 1.98 2.78 21

2 4.0 200 15.83 0.1511 6.06 7.41 21

3* 4.0 100 8.31 0.1511 3.18 3.7 21

4 7.0 75 23.084 0.2643 15.48 14.89 21

5 11.5 4.0 200 19.198 0.1511 7.35 7.41 9

6 4.0 400 35.82 0.1511 13.72 14,81 9

7 4.0 600 59.82 0.1511 22.91 22.22 9

* Taken in corn syrup.



3values of ND . In Figure IV-19 is plotted the values of A versus 
3ND . In this plot the scatter is larger than for Q. However it is 

within the scatter of the other points on the plot and thus would be 

acceptable for correlation. It should be noted that Profile Number 3 

was measured by Nielson in corn syrup. This data point is also 

seen to correlate well confirming the observation made earlier that 

viscosity is not an important factor in the stirred tank. The 

correlation lines given in Figures IV-17 and IV-18 were calculated 

without using Nielson's and Cutter's data. This was because, the 

parameters a and a were estimated and not obtained from the measured 
data.

The analysis presented in this section shows that the tan

gential jet model successfully predicts the data of Nielson and 

Cutter.

4.11. Extent of the Tangential Jet

Equation 11-26 gives rQ the extent of the tangential jet as

ro - 1fra <II-28>

Substituting for a equal to 12.621 from Equation IV-36 gives

rQ = 0.339 T (IV-41)

In terms of radius of the tank this reduces to

rQ = 0.678 (T/2) (IV-42)

Equation IV*42 gives the extent of the tangential jet as 67.8% of 

the tank radius. This leaves 32.2% of the tank radius for the return
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flow at the perphery of the tank. Velocity profile measurements in 

Section 4.3 show this to be true as can be seen in the radial velocity 

profile for v given in Figure IV-6 and the axial velocity for vIT Z
given in Figure IV-7. The maximum value of v and v occurs well be-Z IT
yond rQ in these figures. This indicates that the bulk of the flow 

at the periphery of the tank occurs in a region less than 32 % of the 

radius of the tank.

We can now determine the width of the baffle. The function of 

the baffle is to interfere with the flow and reduce the tangential 

component. Since the flow is restricted to the periphery of the tank 

its position should thus be at the tank periphery. Its width should 

be the thickness of the return flow which is estimated as maximum of 

32 % of the tank radius. In the literature the recommended baffle 

width is 10 % of the tank diameter, i.e., 20% of the tank radius.

As noted above the flow as it leaves the stagnation region, Region II, 

is reduced in width and is thus amply covered by a 10% baffle. This 

is the reason why at fully baffled conditions, increasing the baffle 

width or giving it a pitch has Very little effect on the flow (36)

Jet Width

In Appendix B, the jet width was defined on the basis of the 

point where the velocity profile is less than 1% of q ax» and given 

by

bj - £  (B-34)

The tangential jet model also defines a half width of the jet, and 

this value of b^ is given by
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o 2 2
bi = \ l '' (11-12)
» (r -a2) V

Since, a, the radius of the jet source D/2, it is clear that for 

large r, 11-12 reduces to

(IV-43)

Comparing Equations IV-43 and B-34 it follows that

k' = — (IV-44)a
Hence 11-12 becomes

b* - I8 (r -a )"

Equation IV-45 and B-34 are thus made identical for large r at the

impeller periphery, it was found that Equation IV-45 with <j equal

to 12.621 and, a, reported in Table IV-21 gave a slightly larger

value of b^ as compared to Equation B-34. As and example, for our

data in a 12.25 diameter tank b, as calculated from Equation IV-̂ 45
£

is 0.077 feet as compared to 0.067 feet from Equation B-34.

4.12. Summary

In this chapter experimental evidence is presented and inter

preted in terms of the mathematical model developed in Chapter II. 

Measurements were made with a three dimensional Pitot tube in the 

vicinity of the impeller and in the region outside the impeller. It 

was shown that the tangential jet model adequately describes the flow



in the region of the impeller. The angle profile is not predicted 

by the tangential jet model. The model however is relatively in

sensitive to the angle profile and a weighted average angle was 

found to give satisfactory results.

The significant velocity in the neighborhood of the impeller

centerline was shown to be q the resultant of v and v_. It wasr 0
also shown that the three dimensional pitot tube is not sensitive 

enough to make measurements beyond the point where q = iN^ax*
This was because for z larger than that corresponding to 

the velocity falls rdpidly to less than 30 ft/min. This velocity 

is the lower limit of probe response. It was also found that the 

contribution to volumetric flow beyond this point is small. How

ever for completeness it is desirable to obtain measurements in 

this region.

The readings from the three dimensional pitot tube was shown 

to be dependent on the flow geometry. It was pointed out by 

Rao (24) that the readings given by the-pit£>t tube in a turbulent 

flow field are subject to error. However, these errors if any 

are small being of the order of less than 10% and could be ne

glected .

The tangential jet model was successfully fitted to the data 

taken by Cooper (8) and to a lesser extent by Nielson (21) and 

Cutter (9). In the latter case some of the parameters had to be 

estimated. The model has three parameters; these are: cr, the jet

width parameter, A the volumetric flow parameter and, a, the radius
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of source parameter. It was shown that the results for Cooper and 
our data for a results in a constant value of a. The data analyzed 

includes measurement made in air and water. The data also spans 

varying impeller diameter, tank diameter and impeller speeds. This 

means that for geometrically similar impellers a, the jet width 

parameter is a universal constant. It follows that in such cases " 

the width of the jet is also constant. The analysis of Cooper's 

data for a single impeller and varying blade widths showed that a 

is dependent on the impeller blade width in the case of impellers
that are not geometrically similar.

3 2 2 -̂A correlation with ND /((D/2) -a )4 was found satisfactory 

for A. In the case of the radius of source a, it was observed that 

the tank diameter had a significant effect. Two separate cor

relations are given for a, which are satisfactory for the purpose 

of interpolating the results analyzed in this work. The data is 

not enough to make a sweeping statement to cover all possible cases. 

The results of the correlation was shown to successfully predict 

the impeller discharge Q and to a lesser extent the eddy viscosity 

€. The impeller discharge Q was found to correlate satisfactorily 

with ND3.

It was also found that the dimensionless pumping capacity Np 

was a constant for geometrically similar impellers. The eddy vis

cosity as defined by Equaton B-15 was shown to increase with both 

impeller diameter and impeller speed. However as the impeller dis

charge Q, increased at a much faster rate with increasing speed
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and impeller diameter, the net effect is a low momentum transfer per 

unit volume of fluid with a larger impeller at constant speed.

In the rest of the tank the model presented in Chapter II was 

shown to be inadequate. The model in Chapter II was based on a two 

dimensional potential flow. The measurements with the pitot tube 

was possible only at high impeller speed. The results of the analysis 

at three different horizontal planes showed that the flow was a three 

dimensional low velocity flow field. The stagnation zone shown by 

Nagata is not a true velocity flow field. The stagnation zone shown 

by Nagata is not a true stagnation zone, but appears to exist when 

the streamlines are plotted in the r-z plane.

It was also shown that the rethrn flow of the inpeller stream 

occupies a narrow region at the tank walls which ranges from 32.2% 

of the tank radius, at the impeller centerline and reduces to about 

20% of the tank radius half way between ihe impeller centerline and 

the fluid surface. This was the reason for having a baffle width 

of 10% of the tank diameter.



CHAPTER V 

CONCLUSIONS

In the preceding chapters the stirred tank with a Type A 
turbine impeller was investigated. The investigation reveals that 

the study of the stirred tank consists of two parts; first, se

lecting and evaluating a suitable probe to measure three dimensional 

velocity profiles and second to arrive at a suitable model to pre

dict the measured flow field. Partial success has been achieved 

in both these areas.

5.1. Three-Dimensional Velocity Probe

A three-dimensional pitot tube probe has been used in this work 

and found to be a satisfactory device in the region of the impeller. 

The lower limit of probe response is 0.5 ft/sec and a maximum pitch 

angle 0^ of 40°. With this probe near the impeller conterline the 

predominant velocity was shown to be q, the resultant of v and vQ.IT U
The velocity profile q is a function of z and r and is symmetrical 

about a line parallel to the impeller centerline and displaced from 

it by approximately + 0.036 in. An angle profile on q was measured 

and a typical profile is shown in Figure IV-1. The limits of measure

ment of the profile is a little beyond ,fe<linax> at which point the 

velocity profile decreases rabidly to less than 0.5 ft/sec.



256

The region of the impeller is a high velocity, high shear 

layer with the important velocities being v and vQ. It should beIT W
noted that a sipgle 3.0 inch diameter impeller was used in water. 

With this impeller the lowest impeller speed for which the probe 

gave an adequate response was 250 RPM. A lower limit of 200 RPM 

was reported by Cooper (8 ). At 200 RPM the Reynolds number is 

21,600. The probe is thus suitable for measuring velocities only 

in fully turbulent flow.

In the region outside the impeller, measurements were made in 

three horizontal planes at 2.0, 3,0, and 4.0 inches above the im

peller centerline, (the depth of fluid was 12.0 inches and the 

impeller was centerally located). The probe was found to respond

for an impeller speed of 500 RPM (N = 54,000). At higher impellerR6 ,

speeds excessive air entrainment occured which is not a normal 

operating condition. The flow was found 'to be three dimensional • 

and fairly quiescent. The resultant velocity ranged between 30 to 

70 ft/min. In the horizontal plane 4.0 inches above the impeller 

centerline, in some areas the probe could not be used as the pitch 

angle were larger than 40°. It is thus concluded that in the region 

outside the impeller, the three dimensional pitot tube probe is a 

poor measuring device. In this region a probe is required which 

is not only sensitive to low velocity fields but permits true 

three dimensional velocity profile measurements with large pitch 

angles. A quartz coated cross-wire hot wire anenrometer is recom

mended for this purpose. Two such probes will be needed. A probe
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with wires crossed in a horizontal plane will permit measuring

to measure v> and v . The hot wire anemometer is not recommended r z
for measuring velocities in the region of the impeller since the 

high shear layer will damage the wires. Other devices such as 

thermister beads are available for measuring low velocity fields; 

however these do not have directional properties and hence cannot 

be used to measure three-dimensional flow fields.

5.2. Flow Model for the Stirred Tank

In modeling the flow field generated by the stirred tank, it 

was convenient to devide the flow field into two regions. One 
region is the neighborhood of the impeller modeled by a tangential 

jet and the other is the rest of the tank modeled by potential flow.

Tangential Jet

In the region of the impeller the flow was represented by a 

tangential jet. It consists of a circular source of radius, a, 

smaller than the impeller diameter from which the fluid emerges at 

a tangent to the periphery of the source. The tangential jet model 

was first proposed by Nielson (21). The jet is a one dimensional 

flow in the direction of the tangent to circular source. An an- 

alytical solution giving the velocity q in explicit form was ob

tained from solving the equation of motion and using Prandtl's Second 

Hypothesis as a model for the turbulent shear stress. The resulting 

equations are

and v , and a second probe with wires crossed in a vertical plane y

(11-10)
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where T1 is a dimension!.ess z coordinate and is given by 
z ■* z

T] = cr (II-21)

Equation 11-10 is a four parameter model, the parameters are a the
jet width, A the volumetric flow, a,the radius of source and zQ the

jet displacement. The model does not predict the angle profile and
a weighted average angle was found to be satisfactory to evaluate, a,

the radius of source. The other three parameters were obtained by

a nonlinear least square regression analysis, and the fit on the

data was excellent. It should be noted that since velocity profiles

are measured for a little beyond %q , the model could not bemax
checked for accuracy at the tail ends of the profile.

Cooper (8) had measured velocity profile in water and air using 

essentially the same probe. His data was found to be compatible 

with the tangential jet model and the results were in agreement with 

the data taken by us. Cooper's and our data were thus combined to

gether for the purpose of correlating the results. The combined data 

covers four geometrically similar type A turbines and three different 

tank diameters. Cooper's data is for air and water, thus the data

includes two different fluids. The Reynolds number N range isR©
19,000 to 358,000. The higher values for N is for air.R6

The conclusions from data are:

1. The jet width is a constant, since a was found to be a con

stant, independent of radial angle, radial distance and

height of impeller off tank battom, h, The minimum value
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of h recommended is twice the maximum jet width bQ and is

given by Equation 11-28 (since b is equal to r .)o o
2. A weighted average angle was found to give a value of a, 

the radius of source, which satisfactorily predicted the 

measured velocity profile.

3. The volumetric flow parameter A,was found to be a scaled 

value of the impeller discharge Q.

The conclusions from the combined data of ours and that of 

Cooper's are:

1. The jet width a was found to be a constant,:. Its value is 

12.6.' +1.5. It is thus also independent of tank diameter 

and the physical properties of the fluid. The independency 

with tank diameter is not conclusive\ however, in the absence 

of adequate data this analysis indicates it to be approxi

mately true.

2. The radius of source parameter, a, was found to be dependent 

on tank and impeller diameter. Two separate correlations 

were found that could satisfactorily interpolate the data, 

one at constant tank diameter and one at constant impeller 

diameter.

3. The impeller discharge, Q,was found to correlate well with
3ND , as the correlation coefficient was found to be 0.99.

The Equation for Q is
3 0 942 Q - 1.075(ND )

4. The volumetric flow parameter A was found to be dependent 

on the tank diameter it was found to correlate well with



3 2 2ND /((D/2) -a )4. The equation for A is

( 3 \ 0.834
 ~ ° 2— 2~ T

((D/2) -a

and the correlation coefficient was found to be 0.986.
5. The extent of the tangential jet was successfully predicted 

as 34% of the tank diameter.

6. Cooper also measured velocity profiles for a 4.0 inch 

diameter impeller with varying blade widths, b. These 

impellers are not geometrically similar. The jet width a 

is insensitive to small changes in b but in general is

a function of b. The radius of source a is strongly de

pendent on b. Finally the impeller discharge Q was found 

to be proportional to a function of b. This means that 

the functional relationship with b does not interact with 

that of the impeller speed.

The tangential jet model was also tested on the velocity profile 

data of Nielson (21) and Cutter (9). This data was obtained by the 

light streak method and does not show an angle profile, Since geo

metrically similar impellers were used the results of the correlation 

were used to estimate a. The correlation gave an erroneous value 

of a,the radius of source, indicating that a is strongly dependent

on the tank diameter. The value of a was thus estimated. These

estimates of a^gave a satisfactory fit of the velocity profile data, 

and the results of the analysis was in agreement with Cooper's and 

our data.



The tangential jet model gave a value fof the eddy viscosity c

as
2 2_ A 1 2r -a

€ " 2 , 3*4 , 2 2.3/4(a r)» (r -a )

The correlations for a, A and a was found to give a satisfactory pre

diction for the eddy viscosity and impeller discharge Q,

The correlations for the tangential jet parameters are thus good 

estimates of these parameters.

The tangential jet model is a satisfactory model for predicting 

the flow in the region of the impeller. It does not predice the 

angle profile and is thus not a completely satisfactory model. 

Potential Flow

Outside the impeller region two dimensional potential flow was 

used to model the flow field. The field was divided into five 

regions as shown in Figure II-l and are:

1. Impeller stream impinging on tank wall, modeled by stagna

tion flow.

2. Upper and lower corners of the tank modeled by potential 

flow in a corner.

3. Flow at the top and bottom of the tank axis, also modeled 

by potential flow in a corner.

4. Flow at the center of the tank axis, modeled by a circular 

jet.

5. Two doughnut shaped regions on either side of the impeller 

stream modeled as dead water regions.



A Calcomp plotter was used to draw the flow patterns and is a useful 

method for obtaining flow patterns,

The agreement between the model and experimental data is poor 

because of the assumption of two dimensional flow. Velocity pro

file measurements indicate that a three dimensional flow field exists. 

Comparison of v^ between model and experimental data show a close 

resemblance in the shape but not in magnitude of the velocity pro

file in Regions II and III. There is no agreement between the model 

and experimental profiles for v^. It is thus concluded that poten

tial flow is a valid flow model in this region. Since potential flow 

is a linear model, the inclusion of v^ in the model would scale the

v profile correctly and bring an agreement of the profile for v . z r
No attempt was made to test this theory as adequate data could not 

be taken with the three dimensional probe*

In Region V the circular jet model was shown to be a poor re

presentation of the velocity field. This model illustrates that the 

agreement in flow pattern by streamlines need not necessary give an 

agreement in velocity profiles as well.

The flow outside the impeller was shown to be a maximum at the 

walls of the tank. The width of this stream was shown to be the 

width of the 10% baffle used. This clearly shows that the width 

and location of the baffle was correctly determined for the purpose 

of modifying the flow.

Recommendation

The following are the':recommendations based on the evaluation



263

and analysis of the experimental data presented in this dissertation, 

and the data available in the literature.

1. Hot wire anemometer is recommended to measure flow fields 

outside the impeller region.

2. Measurements of velocity profiles are needed near the boundary 

of the tangential jet region to test the validity of the model 

in this region. If the model is inadequate, it is not a 

serious error since this region can be modeled with Region VI, 

and the tangential jet could be used to model the present 

range of the velocity profile.

3. Velocity profile measurements are needed with varying tank 

diameters to adequately predict the radius of source a, 

and the effect if apy on c.

4. Exhaustive velocity profile measurements with at least one 

fluid other than air or water are needed to test conclu

sively the independence of the tangential jet parameters on 

the fluid used.
5. In the region outside the impeller a potential flow model is

recommended. Since potential flow is a linear model it would

be valid to subtract v from the resultant velocity V of

the three dimensional flow field. v_ could be then modeledc)
seperately as a vortex in combination with a solid rotating 

cylinder at the impeller axis. This model is suggested from 

the velocity profile for v^ given in Figure IV-9. The 

remaining two velocity components v^ and vcould be han

dled as a two dimensional flow field as done in this work.



NOMENCLATURE

In the case of vectors and tensors, the symbols given in this 

nomenclature represents theit magnitudes. Vectors and Tensors 

are distinguished in the text by overmarks and are given below under 

the heading overmarks,

Symbol

A

D

d

d.

Description 

Volumetric flow parameter 

Parameter in Equation I-lO 

Radius of source of the tangential jet 

Constant Equation 1-1
cv

Parameter Equation I-10

Width of impeller blade.(Figure 1-2)

Width of jet (Equation 1-9)

Half' width of the jet (Equation B-32)

Constant '(Equation 1-25)

Mixing length constant (Equation 1-5)

Constant (Equation B-3)

Impeller diameter

Constant (Equation 1-9)
Diameter of Type A impeller disc 
(Figure 1-2)

Units

ft^/min

ft.

none

none

in.

ft.

ft.

none

none

ft.

none

in.

Voltage volts
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Ec

e1

F

f

gc

H

h

hl

J

k

k'

1

N

NP
KL

NRe

Fraction of momentum transferred, 
Equation IV-23

Fluctuating component of E

Function defined by Equation B-9

Function defined by Equation B-5

Standard acceleration of gravity 
(32.174 ft/sec2)

Depth of fluid in tank

Also used as length of column of mano* 
meter fluid in manometer calculations

Height of impeller of tank bottom

Height of blade above impeller plane 
(see Figure 1-2)

Momentum
Constant

Constant defined by Equation IV-44 

Constant, Equation 1-33 

Length of impeller blade (Figure 1-2) 

Impeller speed
3 5Power number Pg /N D c

Dimensionless pumping capacity 
Q/ND3

Reynolds number for stirred tanks 
pND2/[x
Power

Pressure

Total Pressure

Stagnation pressure

none

volts

none

none

ft/seĉ

ft. 

ins.

ins. 

ins.

(lb )(ft)/sec m

m.

RPM

none

none

none

(lbf)(ft)/sec

lbf/ft2

lbf/ft‘

lbf/ft:
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Q
%
—>q
q

r, 0, z 
R

s

T

t

'0.95,(N-l)

V

v >VQ>Vr 0 z

v ,v ,v x y z
W

w

Volumetric flow

Volumetric flow increment on a stream
line

Velocity, resultant of v , vQit y
Relative slip in velocity between the 
fluid and impeller at impeller periphery, 
Equation 1-27

Lengths, in cylinderical coordinates 

Impeller radius

Correlation Coefficient defined by Equation 
IV-1

Extent of tangential jet model

Starting coordinate of a streamline 
in Region I. Also r coordinate of 
center of circulation (Figure 1-3)

Dimensionless coordinate for velocity 
profile defined by Equation 1-6

Variance (see Equation IV-4)

Dimensionless z coordinate, (Equation 1-6)

Tank diameter

Boundary layer thickness (Figure II-6)

.t-test parameter 0.95 probability with 
(N01) degrees of freedom

Velocity

Velocity components, cylinderical 
coordinates

Velocity components, cartesian coordinates 

Velocity, resultant of v and v.Z H

Angular velocity

ft /min
3ft /min

ft/min 

none

ft.

ft.

none

ft.

ft.

none

none

none

ft.

ft.

none

ft/min 

ft/min

ft/min 

ft/min 

radians/sec
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x,y,z Lengths, in cartesian coordinates

Greek

a

AH

AH

€

€c
■n

s

V>

I

P
a

Local coordinates of boundary point 
between two regions, defined in 
Section 2.3

Displacement of tangential jet profile 
from impeller centerline

z coordinate of center of circulation 
(Figure 1-3)

Displacement of Circular jet relative 
to tank bottom

Angle

Pressure ratio defined by Equation IV-15

Circular jet width parameter, defined by 
Equation 11-19

Pressure drop in inches of manometer fluid 

Static head

Eddy viscosity, tangential jet

Eddy viscosity, circular jet

Dimensionless velocity profile cqordinate 
for tangential jet defined by Equation 
11-13

Angle

Viscosity

Dimensionless velocity profile coordinate 
for circular jet defined by Equation 11-19

Density

Tangential jet width parameter defined by 
Equation 11-13

ft.

ft.

ft.

degrees

none

none

in.

in.

ft /min 

ft^/min

none

degrees

lbm/(ft)(sec)

none

none
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T Stress tensor

t ,T« etc. Components of stress tensorr, z djZ
T Resultant of t andr,z 0,z
0 Potential function

t|r Stream function

Subscripts

AA Boundary between Regions IV and V

BB Boundary between Regions III and IV

CC Boundary between Regions II and III

c Circular jet

calc Calculated from theoretical relationship

exp Experimentally obtained balue

m Manometer

max Maximum
min Minimum

p Pitch

s Stagnation, Equation IV-15

Static, Equation IV-25 

t Tangential jet

Total 

y Yaw

1,2 On AH, refers to pressure drop across
taps P  ̂and P̂

Super Scripts

' Derivative

° Angular measurement or temperature in
degrees

lbf/ft2 

lbf/ft2

lb./ft2r
ft^/min



Overmarks

A

AA

ANGLE

AVERAGE

AVG

AVG ANGLE
i '■ *1 l'

BOUNDS

BCALC

BHALF

CFM

COS(PHI) 

CORR COEF

COOPER

Fluctuating component

Time average quantity

Vector

Tensor

List of FORTRAN Symbols Used in Text

A, volumetric flow parameter

a, radius of source parameter

0̂ , weighted average angle

Arithmetic average angle

Subroutine for calculating averages 
(.List F-l)

Arithmetic average of 0̂

Subroutine required by PATERN 
(List F-l)

z coordinate corresponding to ^q 
obtained by interpolating 
experimental data

z coordinate corresponding to feq 
from Equation H-l m X
Volumetric flow at r, calculated 
from Equation B-31

Impeller discharge calculated from 
Equation IV-1

COS 0y
Correlation coefficient defined by 
Equation IV-1

Main program, to analysis Cooper's (8) 
data (List F-5)



CURVEF

DEVIATION

FK1=H/T

FK2=h/T

FK3

FLOWANL 

GOLD 

GRAPH 

JGAMMA

LIV

LPRINT

NIELCUT

OMEGA

PATERN

PLOTER

Subroutine required by VELPRO 
(List F-2)

95% confidence limit using t-test 
(Equation IV-5)
Scaled value of H, the depth of fluid in 
the tank

Scaled value of h, height of impeller 
off the tank bottom

Scale on v used for plotting velocity 
frofile inrRegion I

Main program, analyses velocity profiles 
(List F-l)

Subroutine for Golden section search 
(List E-l)

Main program to obtain linear regression 
coefficients (List F-7)

Controls calculation of velocity profile 
in Regions II, III and V, needed for 
Figure IV-5 through IV-8

Controls shape of Regions IV, LIV = 0 gives 
Figure II-5, LIV - 1 gives Figures II-6 through 
II-9
Print control, LPRINT = 1 gives a detailed 
print out

Main program, analyses Nielson's ( ) and
Cutter's ( ) data (List F-6)

Subroutine, performs Lagrange interpolation 
(List F-l)

Subroutine, performs Pattern Search 
(List F-l)

Main Program, plots theoretical velocity 
Profiles (List E-l)



PROC Subroutine, minimization criteria function
for PATERN (List F-l)

POLY Subroutine, performs polynomial least
square fit (List F-2)

PX,PY Array, stores r and z coordinates of a
complete streamline

P(4) z , displacement parameter of tangential• o. jet

RRX Stores r coordinate of velocity profile
analyses from theoretical streamlines of 
Regions II, III and V

SOLVE Subroutine, needed by GRAPH (List F-6)

SPRINT Subroutin, needed by PLOTER (List E-l)

SS Sum of Squares about predicted line
defined by Equation C-2

STREAM Subroutine, calculates coordinates of a
streamline (List E-l)

SY Stores values of \|r in velocity profile
analysis from theoretical streamlines of 
Regions II, III and V

T Tank diameter, ft.

TANKANL Main program, analyses three dimensional flow
data from Pitot tube in the region outside the 
impeller (List F-3)

TB=FK2*T Height of impeller of tank bottom

TF Effect depth of fluid in potential flow
region above or below impeller centerline 
(see Figure IV-6)

TL=(FK1-KF2)*T

Depth of fluid above impeller centerline



UHALE 4q ovw max
2VARIANCE Variance, S (Equation IV-4)X

VR,VZ Stores v and v of velocity profile^
analysisrfrom theoretical streamlines 
in Regions. II, III and IV

WT Velocity factor (EquationHV-3)

X,Y Local frame of axis

XN Extent of tangential jet solution r o
XN2 Parameter, determined thickness of .

boundary layer given by XN2*TB

XN3 Parameter, determines boundary between
Regions IV and V

XN4 Parameter, determines boundary between
Regions II and III

XNF Parameter, determines boundary between
Regions III and IV

YAW Subroutin, calculates results from
manometer D (List F5-!)

YAWANL Main program, analyses three dimensional 
flow data from Pitot tube in the region 
of the impeller (List F-4)
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APPENDIX A

TANGENTIAL OR RING JET 

Derivation of Differential Equation
This appendix will derive the equations that describe the motion 

of the tangential or ring jet. The approach used, is to simplify the 

time averaged continuity equation and equation of motion subject to 

geometric constraints and observations, on the behavior of the flow.

The time averaged equation of continuity and equation of motion are 

used to describe the energy dissapation due to turbulence.

The flow in the jet is similar to boundary layer flow in that 

both flows have high velocity gradients perpendicular to the direction 

of flow. The turbulence in the jet is free turbulence and will be 

modeled by using Prandtl's Second .Hypothesis. The assumptions and 

constraints that apply to the tangential jet are:

1. Pressure gradients are negligible. The only pressure gradient

that exists is in the z-direction due to gravity and does not

influence the flow of the fluid.

2. Axial symmetry about z axis; hence v , vfl, v are independantr v z
of 0 .

3. Steady State.

4. Incompressible isothermal flow,hence >the density p is constant
5. v , vft are of the same order of magnitude, v is of a lowerr o z



.order. This wxll be recognized as the boundary layer approximation. 

Furthermore, the velocity gradient in the z direction is larger 

than in ther, and 0 directions. This is because the flow is in 

the r, 0 plane and in the r direction. The flow does not change 

rapidly with increasing r. However, the change in the velocity 

profile in the z direction is comparatively larger.

The time averaged equation of continuity in vector form (5) 

for an incompressible fluid and steady state conditions is

7 * V = 0 (A-l)

The velocity V is the resultant of v , v. , and v . The arrow over Vit u z
signified that it is a vector. The bar over vf for example, indicates 

that it is a time averaged velocity. Writing.A-l in cylinderical 

coordinates,

i a" _ 1-2- (r v ) + - Tr2- + ̂  = 0 (A-2)r d r v r/ ' r o 0 d z

The second term in equation A-2 is zero from Assumption Two, 

rearranging A-2 gives

§— (rv ) + |— (rv ) = 0 (A-3)or r oz ' z' v '

Equation A-3 is the continuity equation for the tangential jet.

The time averaged equation of motion in vector form (5) 

for an incompressible fluid is

p g - . v . ?  [V • T(1)] - tv * T(t)] + p1 (A-4)

where, and are the laminar and turbulent momentum fluxes.
In fully turbulent flow is much larger than hence f^^can

be neglected in comparison. In future discussion the superscript on
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— = =(t)T will be dropped, since it is clear that t refers to t . From

Assumption one, the pressure p is constant hence A-4 reduces to

p m - . ? + p-  ca-j)

Equation A-5 can be simplified further by writing it in cylinderical 

coordinates. The r-component is (6) given by,

dv„ dvr vQ dvr v0 8vr/ r „ .
P\dt + Vr dr + r d0 r + Vz dz

(l d_ ( > 1 dTr6  ̂t9Q ^Trz\\
" \r 9r  ̂ rr̂  r d0 t dz '))

(A-6)

In equation A-6 the first term on the left hand side is zero 

because of steady state and the third term is zero because of axial 

symmetry. From the boundary layer assumption, Assumption Five, it 

follows that Trz is much larger in comparison with Trr and , and 

hence the terms containing these quantities can be deleted from the 

equation. In the light of the above remarks A-6 reduces to

dv Va2 — dv 1 ^Trz (A-7)— r o - f v  r = - ~ r---v K  z —̂  p dzr or r dz  ̂ *

The 0-component of equation A-5 is

a. + I lA  4. ~ ^  =P\dt vr dr r 30 r vz dz/

1 (JL i_ / K \ jl 1 fllSi x" p \r2 dr (r Tr0) + r d0 + bz ) (A-8)



In equation A-9, the first term on the left hand side is zero 

because of steady state. Since vQ is not a function of 0 the third 

term is zero. Examining the right had side of A-8 it is seen on 

using Assumption Five that Tq z is much larger than Tqq and ttq and

terms containing them could thus be deleted. Equation A-8 thus 

simplifies to

vr 39 r z dz p dz  ̂ ^

The z-component of A-5 is given by

/3vz 3v_ ve 3vz _ 9vz. _
 ̂Vat vr 3r c dr vz 3z )

St
(A-10)

  , dp
p \r dr '•‘"'rẑ  ^ r d0 ^ dz / ^®z dz1 [X \ 4- I __. ____zz \D r dr rz r d0 dz /

In equation A-lLO all terms on the left hand side are small being

Junctions of v and hence can be neglected from Assumption Five. The z
turbulent shear stresses are also functions of vg and can be neglected. 

The two extra terms have been included in Equation.A-10. These are 

the static pressure P and the acceleration due to gravity. These 

terms are a result of Assumption One. Equation A-10 thus simplifies 

to

+ pg = 0 (A-ll)

For convenience, the continuity equation and the equation of 

motion which have been simplified above are rewritten below.



The above equations can also be used to describe axially- 

symmetric two dimensional boundary layer flows. These equations 

are partial differential equations and as such cannot be solved 

directly. Further simplification is possible when the tangential 

jet is examined. In Figure A-l is shown the tangential jet.

0 is the center of the tangential source of radius a and height 2b. 

The fluid flows out of the source in a direction which is a tangent to 

the periphery of the source. When the fluid leaves the periphery 

such as from a point A in figure A-l it has a magnitude, q, and a 

fixed direction. Consider any arbitrary point B. The angle which 

the velocity of the fluid makes with the radius vector is 0̂ .

In chapter IV, this was referred to as a yaw angle. It is easily 

seen that 0 =90° at r = a and decreases as r increases. The radialy
and tangetial components are v and vQ and are shown in the figure.r 0
From the geometry of Figure A-l it is clear that



rz

2a

: Ring source of diameter 2a 
I and width 2b

Figure A-l. The Tangential Jet.



Since OB = r and OA = a, from the geometry of the figure it follows 

that

a
tan 0 =  £ (A-13)

y f/r - a

Pi 2
cos 0 = —  a (A-14)

• a asin 0 = — /a i c\y r (A-15)

In the equations of motion, A-7 and A-9, the process of simpli

fication using Assumptions One to Five have reduced the stress 

tensor t from nine components to two, t and t* • The stress tensor
V Z  w Z

has thus been reduced to a vector t . From Figure A-l it is seen

that the tangetial jet is clearly a one dimension flow in the direc-

tion of q. The shear stress t is thus a result of the flow q and

hence t and tq are components of t, as shown in Figure A-l.
V Z  Q z

T = T Cos 0 y.rz 11 y (A-16)

T0z = Sin 0y (A-17)

Substituting for Cos 0^ from A-14 and Sin 0^ from A-15 gives
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. .£1 2
Trz = r ,T' (A-18)

and

T0z “ a M  (A-19)

From the geometry of Figure A-l it follows that

v = |q| Cos 6

vfi = |q| Sin 0,

(A-20)

(A-21)

We can now show that the two equations of motion, A-7 and A-9 

are identical, reducing to a single equation. This is done as 

follows. Substituting for t from Equation A-18, vD from A-21
V Z  o

into A-7 and simplifying gives



a2
v 2 _ _ 1 Jr2 - a2 d 1t 1
r p r dz

(A-22)

Similarly substituting Tq z from A-19 and Vq from A-21 into 

A-9 and simplifying gives

On examining equations A-22 and A-23 we see they are identical. 

We thus have a single equation of motion, which is expected since 

the problem is a one dimensional flow field. The above analysis 

for a tangential jet was first obtained by Nielson (21).

Momentum of Tangential Jet.

Equation of motion A-22, the continuity equation A-3 and the 

boundary conditions are sufficient to obtain a solution for the 

tangential jet. An analytic solution will, be obtained using the 

similarity principle.. However in order to do this the momentum 

in the jet has to be evaluated. This is done by first considering 

the following identity from calculus.

(A-23)

dvr d(v v ) dvr z — z (A-24) -----  - v  —dz r dz
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Introducing the continuity equation A-3 into A-23,

v
dv d(v v ) dv vr r z' — __r , r /A ot.\+ v r—  + --- (A-25)z dz dz r dr r

Combining A-22, the equation of motion, and A-25 and rearranging,

dvr2
dr

a<vr V
dz

-  2 V r J K &dz
(A-26)

Equation A-26 can be shown to reduce to

r dlrl (A-27)
p dz

The boundary conditions for the tangential jet are, at z = + »
dvthe radial velocity is zero and so is the velocity gradient  r.

_ dz
At the centerline of the jet the radial, velocity v^ is a maximum and 

vz = 0. These can be expressed mathematically as

2-  2 r vr

dr + JL___
f 'T "2Vr -a

d(v v_) ___r_z J
dz

z=+°o v = 0, r—  r    =  0dz (A-28)
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Svrz = 0 . ^  = 0, v = 0 (A-29)oz z

Integrating A-27 with respect to z from -00 to +»
2 2 r vr

J ' raV~  dz + , 2 2 "r vz " ’ f 1̂ 1 (A_30)-oo f/r -a r

Applying the boundary conditions and noting that |t | is proportional

to 3^ which quantity is zero at z = + 00, we have 
dz

r2 v 2 r
, _ 2 -oo */r -a72 Vr

(A-31)J dz = 0
Integrating once again but with respect to r gives,

2 00
r 1 ■■ T v 2 dz = c (A-32)

fl 2 J -00 rVr -a

Where c is a constant of integration.

The quantity under the integral sign is the momentum. Equation 

A-32 indicates that the total momentum in the jet is a constant. 

This should be so, since the only .momentum received by the jet is 
that obtained from the impeller.



APPENDIX B 
SIMILARITY SOLUTION FOR A TANGENTIAL JET

In Appendix A the equation of continuity and motion were de

veloped that describe the flow in the tangential jet. In this 

appendix, these equations will be solved using the assumption of 

similarity of velocity profiles. Sachs (28) > Aiba (i), and 

other workers have observed that the flow in a stirred tank can be 

described by a dimensionless velocity which is independent of 

impeller speed.. This.dimensionless velocity is the ratio of actual 

velocity to impeller tip speed. Cooper (8) plots v , v^ mgx against

z and finds that for a given turbine impeller this quantity is 

independent of impeller speed. If z is also normalized by dividing 

by the width of the jet then the flow profile data was found by 

Cooper to be independent of impeller, size for. geometrically similar 

impellers. These observations suggest that the flow profiles are 

similar and can be stated mathematically as

ZT -  f 01) <B-1>
(v ) v r'max

where 7) is given by

(B-2)



The maximum velocity of let (v ) occurs at z equal to zero.J r max n
The jet spreading parameter is a and, a large value of ex 

means a narrow jet* In Appendix A, the momentum of the tangential 

jet was evaluated as

2r

Jr
| dz = c (A-32)

where c is a constant.

Substituting for vf from B-l and z from B-2 in A-32 results

in

3 .v2_r (v ) v r max
2 2 " -09a J r - a

J f(Tl) dT] = c (B-3)

Since f(Tl) is a similar velocity profile independent of the

coordinates of the system, the integral must be a constant.
2Defining A as

a2 = ci ̂  f(T» <m,

2and introducing A into B-3 gives,

- 2 . A W - . 2)*
r'max r3
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or

< or max (B-4)

Substituting for (v ) in B-l, ° ' r'max ’

vr
fcn> (B-5)

The velocity v has thus been evaluated in terms of a dimensionless

velicity profile f(T|).
As the tangential jet is a two-dimensional. problem, the .introduc

tion of the stream function j|t .into the equation of motion A-22 auto

matically insures that the continuity equation A-3 is satisfied. The 

appropriate form of \|i in cylinderical coordinates (46) is

(B-6)

vz
1 di 
r dr (B-7)

From B-6 it follows that

z
(B-8)

Substituting for v̂, and z from B-4 and B-2
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* = A fcf (r2 - a2)4 J1* £ (H) d-Q
0

if we let

F 0 1 )  = J f  0 1 )  dll 
0

then,

♦ = a (§)* ( r2 ■ a2)4 f(ti) (B_9)

From B-6, B-7, and B-9 the following quantities can be eva

luated in terms of the function F and its derivatives

As$ , 2 2 . *  '
vr “ 3 j 2 ~  <r - a ) F (B-10)

i

i (F + 4 - 2  F - 2̂ ') (B-U,2 a r r -a
v = -

Svr A 2 2 * r2 / 7 '1
dr " 2 “572 a  ̂ 1_"3F + 2 2 F " 2T̂ F J (B-12)r r - a

dv 3/2 . i
5 ^  , A  2 _  ( r 2  -  a 2 ) *  f "  ( B - U )
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fc2v 5/2 „ 0 x.
. A Z-J- (r2 . a V  P'" (B-14)

t

/ 5f 2In the above equations F is the same as F (H) and f' = rs:, F"=
1 airAll quantities of Equation II-9, the equation of motion, have been 

evaluated above in terms of the dimensionless quantity FCH). 

Equation II-9 is reproduced here for convenience.

-  3vr , -  Svr a2 -  2 . ... . .V + V T— ■ - ---9— 9 V . = - e — s - ■ (II-9)
z Sz r(r -a ) r 3z2

Introducing equations B-10 to B-14 into II-9 and rearranging

gives

2- (r2 - a2)̂  F' (-3F' + F' - W " )
r r -a

-̂ (r2-a2)4̂ 1 (,.,2
r r -a

- (r2-a2)̂  F" (F + F - 2T1F7)
2r r -a

. . 2 2.i 1 5/2 _A€ (r -a )* 7 >2 ct F
r

/ / /

etc.
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.2 2 2 4
Dividing through by — ^ (r -a ) , and simplifying we get

2r

o o / 2  2.3/4 q i
(F') + FF/' + —r ^  3a >  (cr r) F'7 '= 0

A (2r -a )

Since 6, A, a and a are arbitrary constants to be set by boundary 

conditions, there is no loss in generality, if in the above third 

order differential equation we let

2 2A 1 2r -a , ,
c = 2 , 3 . 2 2.3/4(ct r)^ (r -a )

We still have three independent constants A, a and a which will 

be determined by three boundary conditions of the resulting third 

order differential equation.

F/2 + FF" + F' "= 0 (B-16)

The boundary conditions are given by Equation A-28 and A-29

of Appendix A and is reproduced here for convenience.
_ dv

Z = + “ vr = 0, (A-28)

2 = 0  I F  = °> V  0 (A'29)

From Equations B-2 and B-10 to B-14, it can be easily shown 

that the boundary conditions A-28 and A-29 transform to

F(0) = F"(0) = 0 (B-17)

F'(») = 0 (B-18)

Equation B-16 can be rearranged to
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^CFF')+ ^(F'') = 0

which on integrating and applying boundary condition B-17 reduces to

FF' + F" = 0  (B-19)
Integrating once more results in

feF2 + F' = C (B-20)
Since a, A and a are independent constants to be determined from ex

perimental data, the constant C in B-20 can be given any value without 

loss of generality. Let C = this is equivalent to saying F(°°) = 1. 

hence,

F' = |(1 - F2)
The above equation integrates to yield

F = tanh (11/2) (B-21)

The constant of integration is zero since F(0) =0. We can now find

v and v from B-10 and B-ll since the value of F is now known, r z

vr = | (-%)*(r2-a2)* [l-tanh2(|)] (B-22)

2 2 i 2 2A(r -a )4 2r -a . , ,7k . ,2 ,7k.
Vz = " £ T/2 — T~2 t nh " TK1"*31111 (B-23)2o®r r -a

Since at T] = 0, tanh (7p = 0, v^ has a maximum value at 71 = 0. 

B-22 can hence be written as

v = (v ) [l-tanh2(5)] (B-24)r r max v2 J v *

where
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(B—25)

Equation B-23 can also be written as

vz = - (V m-g. | 4 4  tanh(Tl) - 71 (l-tanh2(|))| (B-26)

Properties of the Tangential Jet

In setting up a computer program to draw the streamlines in the 

stirred tank it is necessary to evaluate some of the properties of 

the tangential jet. These properties will be evaluated in this sec

tion.

(1) Pumping Capacity

The pumping capacity is the net flow of fluid out of the im

peller. Consider a cylinderical surface of radius r (r larger than 

D/2) and of infinite length, surrounding the impeller. Then the net 

amount of fluid that flows out of this surface can be obtained by 

integrating the velocity normal to the surface. Hence Q the pumping 

capacity or the volume of fluid flowing out of the cylinderical 

surface of radius r is

Q = T 2irrv dz  ̂ j .oo r

Since v is an even function and a function of z only,

00

(B-27)

00

(B-28)
o

Substituting for v̂. from B-22 and z from B-2 gives,



295

Q = 4ttA (~f (r2-a2)^ J*"(l-tanh2(|))d(|) (B-29)

which integrates to,

Q = 4irA(£)̂ (r2-a2)*tanh (|) (B-30)

Equation B-30 gives the flow out of the tangential jet for a given

value of r between the limits + 71, since the lower limit of B-29 is 

zero. For 7] = 00 we have the total pumping capacity of the jet which 

is

Q = 4ttA(§)£ (r2-a2)^ (B-31)

From B-31 it is seen that for r, considered far from the source of 

the jet, Q is approximately proportional to r.

(2) Half Width of the Tangential Jet

The width of the jet is determined by the boundary of the jet.

In order to determine the jet boundaries consider Equation B-24.

From the properties of hyperbolic tangents it is seen from B-24

that v rapidly goes to zero for large 7]. It can be verified from
2a table of hyperbolic tangents that when 7] = 6, tanh (71/2) = 0.99102

and hence from B-24,v /(v ) is equal to 0.00998. As in the caser r max n
of boundary layers we can define the boundary of the jet as the

point where v /(v ) is less than 0.01. From the above discussion r r'max
this is obviously given by

7] = ± 6
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Substituting for 7] from B-2 and rearranging

* = “  (B-33)
The above value of z is the half width of the jet and to avoid con

fusion is called b̂ , hence

b* " T  (B'34)

From the above discussion it follows that the boundary of the 
jet is given by

2 = bi

It should be noted that b^ as defined by Equation B-34 is not the

same as that defined by 11-12. In Section 4.11 it is shown that by

defining k' by Equation IV-44, Equation 11-12 and B-34 are identical

for values of r of the order of r or larger.o



APPENDIX C

NON-LINEAR LEAST SQUARE FIT OF EXPERIMENTAL VELOCITY PROFILE

In this appendix the procedure that will be used to obtain the 

best values of the parameters of Equation 11-13 from experimental 

data will be developed. The best fit of experimental velocity 

profile data will be considered one in which the least square 

criteria is satisfied. If q^ is the experimentally determined 
velocities and £ is the corresponding velocity obtained from 

Equation II-10> the sam of squares, SS of the deviation between q̂  

and q̂, is given by

In equation C-2 it is understood that the summation of i is 

from 1 to n, where n is the number of experimental observations or 

data points. The least square criteria requires that the parameters

C-2 is non-linear with four parameters, one of which has a constraint.

SS = 2 (q\ - q ) -• _ 1 1
2

i=l (C-l)

Substituting for q^ from Equation 11-10:

1 - tanh

(C-2)

a, A, a and zq be chosen such that SS has a minimum value. Equation
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The constraint is

- D/2 < a < D/2 (C-3)

An optimization technique know as JPattern Search was used to 

obtain the parameters of Equation C-2 subject to constraint C-3.

The constraint feature of Pattern Search was not needed since the 

parameter a was evaluated from the weighted average angle 0^ as . 

described in Chapter IV, Section 4.1. Wilde has given an excellent 

account of how pattern search works. His comment that D. Himmelblau, 
of the University of.Texas, found Pattern Search as an excellent 

least-square minimization technique is confirmed from the innumerable 

runs that were made using this method.
fThe least square criteria equation C-2 raises the power of the 

parameters to at the most two. This is equivalent to generating a 

surface in multidimension coordinates. Pattern Search treats the par-
•*4ameters of the model as an n-dimensional vector P that moves from 

point to point on this least square surface by perturbing P till a 
minimum is reached. Since in multidimension surfaces several local 

minimas may•exist, the minimum value obtained by this method (or by 

any optimization method) will depend on the initial value of P selected.

Briefly, Pattern Search starts with an arbitrary point P^.

The first subscript refers to the point under consideration, the 

second subscrip to the dimension of the vector P. Let Ap^ be the 

amount by which each vector component of P (orparameter) will be 

perturbed. Consider perturbing P^ by Ap̂ . The sum of the square SS 
(also known as the criteria function) is calculated. If SS decreases 

then this new value of P^ = P ^  + Ap^ is accepted. If SS does not
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decrease, P^ is perturbed in the negative direction or P ^  = P^

- Ap̂ . If perturbing P ^  does not give a decrease in SS, P^ is 
left unchanged and the next parameter is perturbed. When all parame

ters are perturbed point p2  ̂is reached. The above logic is easily 

generalized and the algorithim for the i-th parameter is

P11+ iPl /ss(Pu + &pt) < SS <PU ) \

P2i = Pli‘ Api if SS(Pli " Api) < SS<Pli>

Pli : \SS(Pli). < Min [SS(Pli+ Api)jSS(Pli"A?i)]/

(C-4)

At Point P£^ the algorithim C-4 is not repeated but an accelera

tion step is taken. This is based on the reasoning that the point 

P£^ is in the direction of a trend or pattern. The point P ^  is 

obtained by moving a linear distance equal to P ^  P2., in the direction 

P ^  to I*2i' Vectorially this is given as

P31 = P2i + P (P2t - Pu ) (0-5)

The factor F as indicated above is unity. However if a con

straint on P is violated, then F is reduced by a suitable amount. In 

our program this amount is in steps of 0.1. The minimum value of F 

is of course zero (i.e. acceleration step is omitted).

In Figure C-l, the above reasoning is illustrated for the two 

dimensional or two parameter case. P ^  is perturbed by <-Ap̂  to 

give a decrease in the criteria function SS. A further decrease in
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Figure C-l. Pattern Search in Two Dimension.
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SS is obtained by perturbing P^ by Ap2* We thus arrive at P2.
The acceleration step is then taken to arrive at P̂ . The procedure 

is then repeated until no futher decrease in SS is observed.

If the initial step size Ap^ are large, the above prodedure 

will quickly bring the search in the region of the minimum. However 

for a more precise evaluation of the minimum, the pattern search • 

prodedure is repeated with a smaller step size. In the program used 

by us, the initial step size is decreased by a factor of 10, four 

times. The number of times is purely arbitrary. In spite of this 

excessive reduction, the running time for fitting a single velocity 

profile in no case exceeded 30.0 seconds on the IBM 7040 Computer.

This figure does not include the compiling time. The time is also 

dependant on the initial value selected. After some experience it is 
not too difficult to select an initial value close to the desired 

optimum.

In Figure C-2 is presented a flow diagram of the Pattern Search 

subroutine. The flow diagram outlines a general flow of information. 

In the program itself several other steps are included so as to make 

the program work under all possible conditions. The Pattern Search 

subroutine was written as a general optimization program and to do 

this it requires two other subroutines that depend on the problem 

being solved. These sub-programs are PROC in which the criteria func

tion, C-2, is specified and BOUNDS in which the constraints, if any 

are specified. To illustrate the general nature of the program, it 

could have been used to evaluate the four parameters using some other 

criteria. For example to minimize the absolute value of the deviation 

(q̂  - q̂ ). The details of the actual program used for evaluating the
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parameters and other pertinent information from experimental data 

is treated in Chapter IV.



YESNO

YES
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Step Equation

Oi Initial Point

Is constraint 
satisfied, use 
BOUNDS
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changing factor F of C-5 
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Patterns with new step
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P.. using Equation C-4, 
Constraints checked by 
Subroutine BOUNPS, Criteria 
Function C-2 evaluated 
by subroutine PROC

Figure C-2. Flow Diagram for Pattern Search Subroutine.



APPENDIX D

TWO DIMENSIONAL POTENTIAL FLOW IN r-z PLANE

In this appendix the stream function for two dimensional potential

flow in cylinderical coordinates for the r-z plane will be derived.

In potential flow the following assumptions hold which are: viscous

forces are not important, and the fiow is irrotational. In the stirred 

tank the above conditions are approximately true, except in the region 

of the impeller and at the walls of the tank. In addition the flow-

in the stirred tank is in steady state.

The continuity equation thus reduces to,

V • %  0 (D-l) 
Neglecting the viscous forces in Equation A-4, the equation of

motion reduces to

(V-v) V = - - 7 P + - g (D-2)P P
In potential flow a potential function 0 is defined as,

V = V0 (D-3)

The existence of 0 stems from the condition of irrotationality 

Combining D-l and D-3 results in the Laplace equation

V20 - 0 (D-4)

The problem reduces to finding a suitable function- 0 which satisfies

Equation D-4 and the boundary conditions. The velocity field can



then be evaluated from D-3, and pressure field from D-2.

In the present case it is more convenient to use the stream func

tion \|f than the potential function 0. These are related by the fol

lowing equations (46) in cylindrical coordinates.

filoISfc (D-5)dZ r Sr  ̂ '

M  _ I M.a7 - 7  az (D 6)
The stream function is a more useful quantity since it can be used 

to obtain the streamlines directly. The relationship between velo

city and streamlines in the r-z plane is

v =i | i  (D-7)z r or

v = - 1 (D-8)r r az
In the literature several solutions to the potential function 

are available. One such solution in terms of the stream function 

i|t is (45)

\|f = r2Z ' (D-9)

Equation D-9 was chosen because it represents stagnation flow in 

cylinderical coordinates. This is evident when the streamlines are 

drawn for Equation D-9 as in Figure II-3 (a) that Equation D-9 sat

isfies the boundary conditions in Region II of Figure II-l.

Since a streamline is a line across which no flow takes place, 

it can thus be replaced by a solid boundary. In Figure II-3(b) is 

shown the streamlines for Equation D-9 with OR now a solid boundary.



The flow is now seen to take place in a corner and could thus 

represent the flow in Regions III and IV of Figure II-l.



APPENDIX E

DESCRIPTION OF PROGRAM PLOTER USED FOR PLOTTING STREAMLINES

This appendix presents the flow diagram for the computer program 

PLOTTER. The program is written in FORTRAN IV compatible with the 

IBM Systems/360. Originally the program was written for the IBM 7040 

computer and was converted to the IBM Systems/360 with minor additions. 

The additions are print statements which are not compatible with the 

IBM 7040 machine.

Figure E-l shows a flow diagram for the main program PLOTER,

Figure E-2 is the flow diagram for the subroutine STREAM and Figure 

E-3 is the flow diagram for the subroutine GOLD. In List E-l is a 

printout of the entire program with a sample output. The program con

tains a print control variable LPRINT. A value of LPRINT = 1 gives 

detailed printout. In the program given in List E-l, LPRINT = 0 

which gives a minimum printout. The symbols used in the program are 

explained in comment cards at the beginning of the main program and 

each subprogram.

Golden Section Search. Golden section is a one dimensional 

search procedure and is used to locate the start of the stream

line in Region I. For a detailed analysis of the theory the reader 

is referred to Wilde (42). The method is well suited for locating 

single roots of an equation in a known interval. It can also be used
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for locating maxima and minima of functions that have a unique optimia 

in a given interval. The subroutine GOLD has been written to locate 

roots in a given interval.

To obtain an idea of how the method works, consider Figure E-4 (a).

In the Figure XI and X2 are the boundaries of the given interval.

The points DGl and DG2 are located by the following equations:

DGl = XI + (X2-X1)/l.618032 (E-l)

DG2 = XI + (DG/-X1)/l.618034 (E-2)

In Equation E-l and E-2, the constant 1.618034 is the Golden sec

tion ratio.

The value of the function of DGl and DG2 are f(DGl) and f(DG2).

These values are compared with kQQ the desired root. Since both
these values are larger than kQ it is obvious that the root does

not lie in the interval between X2 and DGl. This interval is then

eliminated by shifting X2 to DGl as shown in Figure E-4 (b). The

crossed out section indicates intervals eliminated.

New values of DGl and DG2 are calculated using Equations E-l

and E-2. These points are shown in Figure E-4 (b). The quantities

of f(DGl) and f(DG2) are then computed. These values are compared

with kQ and found to be on either side of it. It follows then that o
the root lies within the interval DGl and DG2. In two iterations the 

original interval XI, X2, of Figure E-4 (a) have been reduced to 

DGl, DG2 of Figure E-4 (b). By repeating the above procedure the 

final interval can be made as small as desired. In our program the 

final interval is reduced to 0.001 of (X2-X1) the original interval
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in seven iterations. The subroutine GOLD is written in a general 

manner to cover all possible cases including if the function Q = f(r) 

is decreasing in the interval XI to X2 rather than increasing as 

shown in Figure E-l. With slight modifications it could be used to 

locate an extremum for a unimodal function.

Evaluation of Velocity Profiles. In Chapter IV velocity pro

files from the theoretical solution were needed for the purpose of 

comparison with the experimentally determined profile. These are also 

obtained from the program PLOTER. Small modifications were made in 

the subroutine STREAM to permit calculating and storing the values 

of v and at constant z. These values are stored in the arrays VR,

SY, VZ, RRX, RVZ. The subroutine SPRINT permits printing the re

sults in a suitable tabular form. This could not be done at the mo

ment of calculation since subrouitne STREAM evaluates one streamline 

at a time. The fixed point variable JGAMMA controls operation or 

deletion of velocity profile calculations. To delete this option 

JGAMMA is set equal to zero as shown in sample list in Table E-l.

Sample Printout from PLOTER. At the end of the program is 

given the input data necessary for plotting Figure II-7 (a). It 

should be noted that the parameter LIV controls truncation of 

Region IV. This is because two different calculation procedures are 

needed to obtain Figure II-7 md Figures II-8 through 11-11. To 

obtain Figure II-7 put LIV equal to zero, otherwise equal to one.

Also given in the listing is the sample printout. This printout is 

the minimum desirable information. If LPRINT, print control parameter 

is put equal to 1 a detailed printout of practically every step in
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the program will be given. This was found useful in debugging.

It should be noted that Figure E-3 showing the flow diagram of sub

routine STREAM does not include the details of branching to obtain 

Figure II-7 as opposed to Figures II-8 through 11-11. It also does 

not include the details of the output to program SPRINT for velocity 

profile data from the streamlines. Both these changes are minor 

and can be better seen in the program listing itself where it is 

clearly pointed out by comment statements.

The printout gives first the print control, a value of less 

than 5 means program should be recalled for another plot. Next, 

the input parameters and data are printed. This is followed by a 

list of important variables that give information about the flow 

such as Reynolds number RE, eddy viscosity EDVIS etc. Next is given 

TF, TB etc. defined in Figure II-6 which are overall scaled dimensions 

of the quadrant being plotted. This is followed by the iteration 

sequence that determines y, and discussed in Section 2.4. A starting 

value of y equal to 1.87 is selected. With this value of y, the y 

for each streamline is then calculated and listed. The numbers below 

y are the number of points evaluated for each streamline required 

for plotting. The average value of y for all the streamlines is 

then taken and called new value of y which is 1.048. This value is 

used as a new starting value to calculate another average value of

y. In two iteration the average value of y has converged to 1.01
\(within 1% of the previous value) and is used for plotting the stream

lines in Region V.
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The next series of print statements Is for plotting In the quadrant 

above the impeller centerline. The iteration sequence for y is given 

and it should be noted that since the quadrant dimension are different , 

(see Figure 11-7 (a)), the final value of y -is also different.
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END

PLOT STREAMLINES BELOW 
IMPELLER CENTERLINE:

PLOT STREAMLINES ABOVE 
IMPELLER CENTERLINE 
Input: GAMMA, JJ

CALL STREAM: 
obtains array PX, PY 
which has all information 
for plotting one stream
line

Draw four profiles of tangential jet, first profile at im
peller periphery. The rest spaced equally at a distance 
1/4 (r -D/2) appart.

Overall scale of plot set by FAC
Draw X and Y axis
Draw Tank outline
Draw Impeller outline
Write label of appropriate quantities

PRELIMINARY CALCULATIONS:
(1) Set up boundary layers by calculating TF
(2) NP, counts the number of streamlines that are 

within the impeller discharge

FK3, FAC, XN2,’XN3, XN4,’gA0MA, FZO. \t.T. * SIGMA, A, *AA. 
(For interpreting above symbol see comment cards at 
the beginning of the program.)

CALCULATE: (1) Scale factors for plot DX, DY
(2) r , extent of tangential jet
(3) Angle of discharge, 0
(4) €j eddy viscosity ^
(5) Reynodls number
(6) Discharge flow from impeller cu ft/min
(7) Dimensional quantities TE, TL, TB of Figure 11-6̂

Figure E-l. Flow Diagram for Main Program PLOTER.



NOYES

YESNO

Continued 1

XT = D/2

XT = r

Start STREAM

XT = XT + 0.005

N = (XO-XT)/0.005

Y(I) = YN

Find r from sub
routine GOLD.

Start Region II 
XN = X(N)
YN = Y(N)

N = (TF*XN4-YN)/0.01 
CK = (T/2-XN)2/YN

Last point in Region I 
X(N), Y(N)

Calculate YT from Equations 11-24 and 11-25

Store XT(I), YT(I), in 
array PX(I), PY(I), I =
1, NN, X(l) = XHOLD, Y(l) = 
YHOLD



Continued 1

NO YES

NO YES

X(I) = XN

Y(I) - Y(I) + 0.01 
X(I) » T/2 - (CK/Y(I))

X(I) = X(I1 - 0.01 
X(I) = TB - CK/(T/2-X(I>)

Start Region III 
NN = NN + N 
XN = X(N)
YN = Y(N)

N = (XN-XO*XNF)/0.01 
CK = (T/2-XN)2*(TB-YN)

Store X(I), Y(I) in array 
PX(I), PY(I), I = NN,
(NN + N)

Store X(I), Y(I) in array 
PX(I), PY(I), I = NN, (NN +

Start Region IV 
NN = NN + N 
XN = X(N)
YN = Y(N)

Continued 2 (2



Continued from 2 (2

N = XO*XNF*XN3/0.01 
CK = (TB-YN)*(XN)2

YESNO

NOYES

Y(I) = YT

N = (TB+TB*FZO-YHOLD-YT)/O.01

X(I) = X(I) - 0.01 
Y(I) = TB - CK/S(I)

Start Zone V 
NN = NN + N 
XN = X(N)
YN = Y(N)

XT' = tb+tb*fzo-yn
ZO = y^XN/ZT 2 o
CC = (1+1/4Z0 )/(YT*ZO. )

I '

Store X(I), Y(I), in array 
PX(I), PY(I), I = NN, (NN + N)

Use XHOLD, YHOLD to calculate 
Y store y, and average over 
all streamlines to give new 
value of y

Continued 3 (3
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Continued

NO YES

Store X(I), Y(I) in array 
PX(I), PY(I), I = NN, (N + NN)

YT = YT + 0.01
Y(I) = Y(I) - 0.01
X(I) - YT/Y *(l/(XT*CC-0.25))

Figure E-2. Flow Diagram for Subroutine STREAM.
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NOYES

NO YES

YESNO

NO ' YES
NOYES

YESNO

YES NO

START GOLD

Is R1 > R2

XI = DG2 
X2 = DGl

Is Rl < F 
and R2 > F

Is Rl > F 
and R2 < F

Is Rl > F 
and R2 > F

Is Rl < F 
and R2 < F

INPUT: XI, X2, F, Fint

From Equation 11-20 calculate: 
Rl = Q(DGl)

_______R2 = Q(DG2)__________

Calculate Golden Section Points 
DGl = XI + (X2 - Xl)/1.618034 
DG2 = XI + (DGl - XI)/l.618034



Continued from 1

NO YES

NO YES

X2 = DGlXI = DG2

X2 = DGl DG2

Is (XI - X2) < FINT

(XI + X2)/2 + 0.01

Figure E-3. Flow Diagram for Subroutine GOLD.
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kQ,o

// Htit+HHtttt X2DG2 DGlXI

(a) First Iteration for Golden Section Search

kQ,o

xi dg: X2

(b) Second Iteration for Golden Section Search

Figure E-4. Illustration of Golden Section 
Search Procedure
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FORTRAN LIST OF PROGRAM PLOTER, WITH SUPPORTING SUBROUTINES STREAM, GOLD AND SPRINT, AND SAMPLE OUTPUT

MAIN PROGRAM PLOTTER

PLOT■ALL PROPERTIES MEASURED AT 25 OEG. C PLOTPLOTPLOTK - JOB CONTROL, .LT. 5 FOR MULTIPLE JOBS PLOTRHO - SPECIFIC GRAVITY PLOTRPM - REVOLUTIONS PER MINUTE PLOTD - IMPELLER DIAMETER, IN. PLOTPOISE - VISCOSITY, CENT IPOISES PLOTT - TANK DIAMETER, TAKEN AS I. FT. PLOTQO - VALUE OF STREAMLINE, FT**3/MIN. PLOTPLOTPLOTYL - LENGTH OF Y-AXIS PLOTWB, ML - WIDTH AND LENGTH OF IMPELLER BLADE, RATIO OF D PLOTFK2 - HEIGHT OF IMPELLER FROM TANK BOTTOM, RATIO OF T PLOTFK3 - SCALE FACTOR OF JET PROFILE PLOTFAC - SCALE FACTOR OVERALL PLOT PLOTPLOTPLOTXN2 - BOUNDARY LAYER THICKNESS, RATIO OF TB PLOTXN3 - EXTENT OF ZONE IV, RATIO OF XO PLOTXNF - EXTENT OF ZONE III RATIO OF RATIO OF XO PLOTXN4 - EXTENT OF ZONE II, RATIO OF XO PLOTGAMMA - JET EXPANSION FACTOR OF CIRCULAR JET, ZONE V PLOTFZO - DISPLACEMENT OF ORIGIN OF CIRCULAR JET, RATIO OF TB PLOTJJ, LPRINT - CONTROLS PRINTOUT PLOTPLOTPLOTSIGMA, A, AA - TANGENTIAL JET PARAMETERS PLOTPLOTPLOTDX - SCALE FACTOR FDR X-AXIS PLOTDY - SCALE FACTOR FOR Y-AXIS PLOT

1
2345
6789
10II121314151617181920
21
22232425262728293031323334
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rrr
rrrr
rr.r
C

A02

UC

TP, TL - HEIGHT OF LIOUIO BFl.OW AND ABOVF PPPIIFO crNTERLiNF, ratio of t
TF - HEIGHT ABOVE OR BFI OW IMPFI.IFR r.FNTBOI IMF ryr.I I.IHING 

BGIJNDAPY LAYER 
FOVIS - KINFMATIC. FDOV VISCOSITY, f t **’/m ;m ,
0 - TOTAI FLOW AT IMPCLI FR PFPTPHFPY, FT««»»/M TM.tf = tn. - yn
X A , YA - ARRAYS THAT STDRPS COORn INIATFR OF JCT VFI. OF. ITY 
X3 - CONTROLS PRONTOHT OF MHLTJPLF PLOTS

OIMEMSIOMRUFISCOCl , XA 11 00),YAI 100),TT(5),FTA(AO),JPAT In( 40J OIMcnsipmsAIA),SMA> ,SC (A).SOI A),SF(A),SFIA),SGIA),SH(A) OIMFMSIONSII A),SJ(A),PX(30C),PY(300)DIMrNSION SY(20,7) ,RRX(2C,7),V7(23,3J,VRI20,3),AV7I20,3)COMMON PX, P Y, XM,00, 0, n, T , TF, XN?,XNF, TO, S IRMA, GAMMA ,XN3, DITC, XHO| nCOMMON TGAM,XNA,A,AA.F70
C O M M O N  SY,RRX,V?,VR,RV7COMMON CONST,NPP,NP,NN,LPRINT,JGAMMA

PLOT 
"T 

0| OT 
PLOT PLOT 
P| 0 T 
P (/ 1T  

PROFJI.FPl 0 T 
D | . O T  
PLOT PLOT 
“1 OT PLOT 
PLOT 
P| OT 
PLOT 
PLOT 0T 
PLOTOATASA,SR,SC,SO,SF,SF,SG,SH,SI,SJ/'IMPR', HLER', • 01 A*,• =•,'PE*,D10T

F',MOW •, • AT «.
' ',' a','FDnv*,» VIS'.'COSI’, • TY=•,

I »,«MP=»,•STRF' ,'AML I•,•M F •,• = «,'SIGM*,•A»,= i,*AA',' ' ,' :','DISC','HARO',

9
100

11A 
109 
20A 
AOO

AOl

1* •2*0,3' 'A'E AN'.'GLE'/X3 = 0.Y3=0.RFA0I5,100)K,RH0,RPM,n,POISF,T,0O FnpMAT(I?,6F10.2)REA0(5,100)N0P1 OT,PPTPLT 
WRITE(ft,!IA)KF0PMATIIH1,'PRINT CONTROL3•»T20,12)READ(5,109)YL,WR,WL,FK1,fk?,FK3,FAC F0RMATI7F10.2)PEAn(5,20A)XN2,XN3,XNF,XNA,GAMMA,F7 0,JJ FORMAT ( 6F1 0, 2, 12)'WR I TF I 6 , AOO ) RH0,RPM,0,P01SF,T,Q0F0RMATI20X,* INPUT PARAMFTERS»//20X, ‘FLUTO ANO TANK CONSTANTS'/120X,*RHO ='»F5.A»I0X,»RPM =•,F6,2,9X,•0 3»,FS.2/220X,'POT SF 3»,FS.A,10X,'TANK OIA =•,F5.2,ftX,'STREAM LINF INC =', 
3F5.2//)WRITE(ft»A0i)YL»WB»WL»FKi,FK2,FK3,FAC»XN2 FORMAT(20X,'IMPELLER ANO BOUNDARY PARAMETERS'//120X,'LENGTH OF X AXIS3' *F5,2»TS0» 'WIDTH OF IMPFLI.FP BLADE =',FS.2/PLOT 220X,•LFNGTH OF IMP BLADF 3» ,F5 ,?,T50,•FLUID DEPTH RATIO =• PLOT3,FS.2/20X,'IMPELLER DEPTH 3',F5.?,T50,'SCALE FACTOP JFT PROFILF a'PLOTP|.nT 3» ,F5.2,T50,'BOUNDARY I. AVER THICKNPLOT

PLOTPLOTPLOTPLOTPLOTPLOTPLOTPLOT
PLOTPLOTPLOTPLOTPLOTPLOTPl.OTPLOTPLOTPLOTPLOTPLOTPLOTPLOT

A,F5.2/20X,'SCALE FACTOR OF 5FSS RATIO 3' ,F5.2) WRTTFIA»A0?)XN3»XNF,XNA F0RMAT120X,'EXTENT OF ZONE 1 '.F5.2/20X,'EXTENT OF ZONE PEAD(5,110)SIGMA,A,AA FORMAT!3F10,2)D9YT3D/12.

IV =• ,FS.2,T50,'EXTENT II =',F5.2) OF ZONE III 3
PLOTPLOTPLOTPLOT°LOTPLOTPLOT

3S 
'6 
37 39 
39 A" A1 A?
A 3  AA AS A ft A 7 AO A9 SG 
91 S? 
S3 
SA SS SA 
S 7 SB
5960 61 
67 
63 AA65
6667686970717273 7A757677787980 81 82 83 8A 
RS 96 87
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n=D«YT P| TT 00
XO=T*SlGMA/I17.+?.*SIGMA) P| "T 06
xm=xd 0| IT nn

X=ORYT/?, n| IT o 1
TPMp-sX+UcJ-AA**? P| ,'T 0?
rnSOHT=snPT(TPMp)/x 0| OT 06
PT=ARrnS(rosPHI 1MRC./3. 1.414 P|.0T 9'.
rnVTS=A*ITFMP*X**2) / ( SOR T1 S IGM A** 3*X ) *TF mp*#o . 76*2 I r»| OT 66
TF=T/?.-xn PI. OT 64
t l = i f k i - f k ?)*t PLOT 97
TR = FK ?*T PLOT OP
HY = FK 1 * T/Yl. P| riT 96
XI= T/(?.*6Y) PL°T 1 Ofi
OX = DY PI.OT ) 0 1PH0=RH0*62.43 P| 3T 10?V=P01SF*6.72*0.0C6/RHP PLOT I 6 3
PF=RPM*D**?/V PLOT 1 o*
0= 12. 8663 706* A* SORT ID/!? .*SIGMA ) )*( fO/?. ) **? -AA* *?)**0.75 PI.OT 105OPT) WRITE (6,3)n,PT,AA,SIGMA,A,RPM,FOVTS,RF,0 PLOT 1063 FORMAT!1HO,6HO =,F10.8,/1H0 , 6HANGLF=,F1 P . 8,/1H0,6HAA =, PLOT 1 071F10.5,/1H0,6HSIGMA=, FI0.8,/1HO,6HA = , p10.8 , /1H0,6HRPM = ,ric • S°LOT IOR
2,/lH0,6HF0VTS=,Fl0.8,/lH0,6HPF =,F20.8,/1H0,6H0 =,F?0.R///) PI.OT 109
IF!00 .GT.0.1)G0T044 PLOT no
TF10.LT.1. JG0TO40 PLOT illIF!O.LT.8. IG0T041 PLOT 112
TFI0.LT.10. I50T042 PLOT ! 1 ?■
on=io. PLOT 114G0TO44 PI OT 1184D 00=1. PLOT 116G0T044 PLOT 11741 00=2. PLOT 11RG0T044 PLOT 119

4? 00 = 5. PLOT 12044 CONTINUF PLOT 121C PI.OT 12?C------START OF CALCULATION FOR /ONE II PI OT 123
c X0= X CQOROINATF OF FLOW CIRCULATION POINT PLOT 124
c Y0= Y COOPDINATF OF FLOW CIRCULATION POINT PLOT 128
c PLOT 126
c PLOT 127
r.— ----PLOTTING OF FLOW PROFILE AT SELECTED POINTS IN 70NE I PLOT 1 28
c PLOT 129

IF!NOPLOT.E0.1IGOT0408 PLOT 130
CALL FACTOR!FAC) PLOT 131907 CALL PIOTSIBUF, 8000) PLOT 132908 CALL PLOT!X3,Y3,-3) PLOT 133
X3*0. PLOT 134
Y3=0. PLOT 138

C PLOT 136
C------DRAW IMPFLLFR OUTLINF, AND X,Y AXIS PLOT 137
C NOTF, LENGTH/WIDTH/IMPFLLFR OIA = WL/WB/O = 4/8/20 PLOT 138C PLOT 139
909 CALL AXISIO.,0.,IH ,l,XL ,0.,0.,OX) PLOT 140



CMl AXIS(0.,-FK2*T/0V,1H ,1,VL,90. ,-rK2*T,f)Y1 PLOT 41o\r CALL PI DTIO.,-TB/0Y,3T PLOT 4 2
tall pi pt< xi. ,-tr/oy,?» P| OT 4?

1̂1 CALL PLOT ( XL , Tt/riV,2) PL*TT 4 4
CALL PIOTIO., TL/0Y.2) PI.OT 4Sr P| IT 4 4

C--- PRINTOUT ON PLOT PLOT 4 7r PI OT 4BTF (PPTPIT. LT. 1)C,PT0920 PLOT 40
«*12 AX = Xl>2.5 PLOT SO

RV*-TR/2. PLOT SI
°n CALL SYMBOl (AX,RY ,0.?,SA,C.,15) PLOT 52RV=ry-0.3 PLOT 50

CALL SYMBOL!AX.BY »0.2»SR»0.,15) PLOT 54
914 RY=RY-0.3 PI OT 55

CALL SYMBOL!AX,BY ,0.2,SC,0•,15) PLOT 56RY*RY-0.3 PLOT 57
CALL SYMBOL(AX,BY ,0,2,SO,0,, 1*>» PLOT SBBY=BY-0.3 PLOT 59

915 CALL SYMBOL!AX,BY .0.2,SF,0.,15) PLOT 40BY=BY-0.3 PLOT 41CAI I. SYMBOL! AX,BY ,0.2,SF,0..1ST PLOT 62
RY=BY-0.3 PLOT 63

916 CALI SYMBOL!AX,BY ,0.2,SG, 0•.1ST PLOT 64
BY=RY-0.3 PLOT 65
CALL SYMBOL!AX,BY ,0.2,SH,0..1ST PLOT 66
BV=BY-0.3 PLOT 67
CALL SYMBOL!AX,BY ,0.2,ST,0..1ST PLOT 6B
RY=BY-0.3 PLOT 69
CALL SYMBOL!AX,BY ,0.2,SJ,0.♦ 15 T PLOT 70
AX=AX+3.5 pt.nT 71

917 RY=—TR/2. PLOT 72CALL NUMBFR!AX,BY ,0*2,0,0.,4) PLOT 73BY=BY-0.3 PLOT 74
CALL NUMBER!AX,BY ,0* 2,RF,0.,41 PLOT 75
BY=BY-0.3 PLnr 76
CALL NUMBER!AX,BY ,0*2,RPM,0.,4» PLOT 77
RY=RY-0.3 PLOT 78CALL NUMBER!AX,BY ,0*2,EDVIS» 0.,A) PLOT 79919 BY=BY-0.3 PLOT BO
CALL NUMBER!AX,BY ,0.2,0 ,0.,41 PLOT B1BY=RY-0.3 PLOT 82CALI NUMBER!AX,BY ,0*2,00 ,0.,41 PLOT 83BY= BY-0.3 PLOT 84
CALL NUMBER!AX,BY ,0.2,SIGMA,0*,4t PLOT 85BY=BY-0.3 PLOT 86919 CALL NUMBER!AX,BY ,0.2,A ,0 . , 4» PLOT 87BY=RY-0.3 PLOT 88CALL NUMBER!AX,BY ,0.2,AA ,0.,4T PLOT 89
RY»RY-0.3 PLOT 90
CALL NUMBER!AX,BY ,0.2,PI ,0.,41 PLOT 41

920 CALL PLOT! 0/!2.*DX1,D/IWB*DY*2.»,31 PLOT 42
CALL PLOT!!D/2.-!VWL)/DX»!V(WB*0Y*2,1,21 PLOT 93
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R?1
r
r—  
r
r,or*o

rAti. PinT? (n/?.-n/wt.i/rix,-n/(w3*nY*?.i,?i 
r.ALi Pi.nT( n/(?.<<nKl ,-n/(w«#0Y*7.1,2)
TALI Pl"T( 0/( 7.*r>x), 0 / (WR*0Y*7. ), 71

15

14c .C--C
405

115

 no aw sfiectco profiles on x-AxtsSCALE POP PROFILE,FK3 = '.HMAX1, AT IMPpiLFR Tl", INCHFS 
p=n/?.VRMAX=A/2.*S0RT(SIGMA/P##3I MR**7-AA#*?I**0.?6 TFMPa(xn-R)/4.TTI1)=n/2.-TFMP IT" 14.1 = 1, 4 TT(J*11=TT(J)fTFMP XA (35 l = TT(J+ll/OX YA(’B)=0.PT a11)=n. nni5i=?,35VRR=A/?.*SORT( SIGMA/TT(.l+t 1 **71 *(TT(J + l 1 **?- A A*** 1 ♦’CO . 7 5KU=34*TKS=36-IFT A (t )=FTA!I-l 1+0. 2UP ATf 0(I 1 = 1,-(TANH(ETA(1)/?.)1**2XA( KU )=(TT(J+11-VRR/VRMAX*FK3*(1.-URATI0(Tlll/OX XA{ KB 1 = XA( KU 1YA( KU J*ETA(n*TT( J+ll/(SIGMAOOY)YA( KR >=-YA( KU 1 XA(70I=0.0 YA(70)=0.0 XA(71)=1,VA(71)=1.CALt IINF(XA,YA,69,l,0,CI CONTTNUF
■PRELIMINARY CALCULATIONS

113
27
26
1CC-
c

TF=TB
tb=tf*xm2WR I TF (6,11 51 TF » TB , TL , XOFORMAT!IX,'STREAMLINE PARAMFTFRS*//IX,'TF I»5X , •TL = 'F15.fl,5X,'XO =',F15.8///> IFIQ.LT.001G0T027 PN=0/0O NP=PNWR I TF (6» 113) NPFORMAT!IX,151GOT026NP=0
PEC=0.WRITE(6,I)GAMMAFORMAT!1H0,5X,7HGAMMA =,F?O.R>

= »F15.8,5X,»T8 = 'F15

-PLOT STREAM!. INFS BELOW IMPELLER CENTER-LINE

PLOT PI IT PI OT PI OT 
PI OT PI O T  PI O T  
01 O T  P| OT
PLOT oi OT PI OT PLOT "I OT PI OT °LOT PI. (IT PLOT PLOT "LOT PI. OT PI.OT PLOT PLOT PLOT PLOT PLOT PLOT PLOT PI.OT PLOT PLOT PLOT PI.OT PLOT PLOT PLOT PLOT , RPLOT PLOT PLOT PLOT PLOT PLOT PLOT PLOT PLOT PLOT PLOT PLOT 
PLOT PLOT PLOT

1 n/, 
195 1 n6 
i n rV)P
1 oo
>01
>03 >04 
705 
7 05 
>07 >0R
709
? 1 0
>11
>12
713
714 
215 
714 
717
2 IB 
719 
2?P 
221 
7 27 
270 
774
225
226 
227 
77R 
279 
700 
731 
23?
233
234
235 
736 
237 
738
239
240 
741 
247 
243 
744
245
246
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.1 = 0IF(JJ.FO.1)J=1 ,!GAMMA=J 
31  T r , A M = r .

I P R T N T = J  
PEC=0.NPP=0nni6i*i,20 CALL STRFAM IF! XHCILn.GF • XN)G0Tn?3 IF!J.EO.OIGOT016 IF!NN.GT.300JG0T021 PX (NN+11=0.PV (NN«-1! =0,PX!NN+2)=nx PV(MN+2)=0V 0013L=1,NN PYfL»=-PY(L>IF!N0PL0T.EQ.1)G0T016 CALL LINE!PX,PY,NN,l,0,0»CONTINUEIF(J.EO.l) GOTO 2*)TFIABSITGAM-GAMMAI.LE.IO.Ol*GAMMA))G0T030
gamma=tgam G0T03I J=IJGAMMA=J GAMMA*TGAM G0T031

13

1623

30

■STREAMLINES ABOVE IMPELLER CENTERLINECC----C29 REA015*371GAMMA,XN2,JJIF ( JG AMMA .EQ.IICALL SPRI NT 37 F0RMAT(2F10.2,I2)WRITE 16,36)36 FORMAT! IX,///IX,T15,'STREAMLINES ABOVE CFNTFR-LINE•,f t/)TB=TL*XN2WRITE 16,115)TF,TB,TL»XOWRITE(6*1)GAMMAJ=0IF!JJ.EQ.I) J = l JGAMMA*J 34 TGAM=0.LPRINT«J PEC =0 •NPP=000171=1,20CALL STREAMIF(XHOLO.GE.XNIG0T032IF!J.FQ.01G0T017IF!NN.GT.300»GOT02lPX!NN*1)=0.

P I / I T 3 4  7
P L n T ? 4 R
PI. I T 7 4 9
P|  HT ? r , n
PLOT ? 5 !
O|_0T 7 5 ?
PLOT ? r. i
P I . 0 T 7 4 4
P I O T ? 6 5
PI. n t 3 5 4
° L  o r ’ 5 7
PLOT 7 5 5
PLOT 7 5 9
PI OT 7 4 ^
PLOT 7 6 1
PLOT 7 6 ?
PLOT ? 6  3
PLOT 7 6 4
PL OT 7 6 5
PLOT 7 6 6
P t . n T 7 6 7
PLOT 7 4 3
PL OT ? 6 q
PLOT 2 T 0
PLOT 7 7 1
PLOT 7 7 ?
PLOT 2 7 3
PL OT 7 7 4
PLOT 7 7 5
PLOT 7 7 6
PL OT ? T 7
PLOT 7 7 8
PLOT 7 7 9
P L OT 2 3 0
PLOT 7 3 !
PI OT 2 3 2
PLOT 2 R 3
P LOT 7 8 4
P L O T 2 8 5
P LOT 7 8 6
P L OT 7 8 7
PLOT 2 8 8
PLOT 7.39
P L O T 7 9 0
P L n T 2 9 1
PLOT 2 9 2
PL OT 2 9 3
P LOT 2 9 4
P L OT 7 9 5
P i . n T 2 9 6
PLOT 7 9 7
PL OT 2 9 3
PLOT 7 9 9
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PY(NN+l)=n. nT 3Qn
PX(NN+2)®0X PL'3T 301PY(NN*2)»0Y 01 nT 309
IF(NOPLOT.FO.11G0TO17 PI OT 909
CALL LtNF(PX,PY,NN,1,0,0) PLOT 30417 CONTINUE PLOT on s

3? IF(J.FO.IIGPTOIO Pl.OT 306IF(ABSITGAM-GAMMA) . 1 E » (0 »Ol*GAMMA))G0T033 PLOT 307GAMMA=TGAM o|.m OOPG0T034 PLOT 30033 J = l PLOT 310JGAMMA-J PLOT 311CAMMAsTGAM PLOT 31?G0T034 PLOT 313?1 WRITF(6*12INN PLOT 31412 FORMAT(1HO,5X,29HNN IS GPFATER THAN 300, ANO =,141 PLOT 310
10 IF(JGAMMA.EQ.IICALLSPRINT PLOT 316Ic(NOPLOT,FO.O)CALL PLOT(0.,0.,-31 PLOT 317

X3-X3+XL+2.5 PLOT 3191 8 IF(K.L T.51G0T09 PLOT 310
22 IF(NOPLOT.EQ.OICALL PLOT 10.,0.,9991 PLOT o?0WRITE(6,I14IK PLOT 3? 1STOP PLOT 3??END PLnT 323
* ** * * * * * * * * * « * * % * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * ** ** * * *

SUBROUTINF STREAM
********************************************************************************

SUBROUTINE STREAM STRF 1
C - ST»E 2
C ST»F 3
C XO = XN - EXTFNT OF TANGFNTIAL JET, EQUATION 11-29 STRE 4
C PEC - FRACTION OF FLUID FLOWING IN T ANGFNTIAL J F T , RATIO OF Q STRE 5
r. XHOLD, YHOLO - COORIONATES OF START OF STRFAM LINE STRE 6
c TGAM - TEMPORARY STORAGE *0R EVA LUATING GAMMA STRE 7
c PX, PY - ARRAYS THAT HOLD COORDINATES OF ONF ENTIRF STREAMLINE STRF 8
c CK - VALUE OF PSI IN EQUATION 11-30 STRF 9
c 20 - SEE EQUATION 11-38 STRE 10
c JGAMMA CONTROLS VELOCITY PROF ILF ANALYSIS IN SFL FCTED 7 PLANES STRE 12
c JGAMMA* 0, DELETE ANALYSIS STRF 13
c STRE 14
c STRF 15

0 1 MFNSION P X (300)»P Y ( 3 0 0 1 STRE 16
DIMENSION SY(20,7) ,RRX(20 ,71, VZ ( 20,3 I,V R ( 2 0 , 3 1,R V 7 ( 2 0 ,3) STRE 17
COMMON PX,PY,XN,Q0, Q,0,T ,TF, XN2,X NF,TB ,SIG MA,GA MMA,X N3,P EC ,XHOLD STRE 18
COMMON TGAM,XN4,A,A A,FZO STRE 19
COMMON SY,PRX,VZ,VR,RVZ STRE 20
COM MON CON ST,N PP,NP»NN,LPRINT,JGAMMA ST»F 21
F ( R ) » Q* SQRTC SIGMA *R)/ (12. 566 3 7 0 6 * A*(R**2-AA**2)**0.?5) STRE 22
JGAMMA*0 STRF 23



on
oo

 
no

n
327

t tV«l ST’F 74
IPBJNT-O STPP ’5
IPIMPP.FO.0)77-2. ST’ F ’6
nn-n/?. STRF 77
jr.-o STRF ?fl
oo-on STRF 7q
XO-XN S T’ r
IF(NPP.GF.NP)RnTn?fl ST’ F 7)
NoPsNjPP+l S TP F 17
PEC-PEf+OO/Q ST3 F 3’
ox-pfc ST’F 14
XT-n/2,+0,01 STR F 35
DK-QX*FI XT) ST’ F 34
gotoio ST’F 37
NPP-NPP+l ST’ c 3R
PN*NPP ST’F 39
QX»00*PN ST’F 40
call GniDino.xn.ox,,o o i,r p ) STRF 41
XT-RR ST’F 4?
ox-ox/o ST’ E 43
DK»0X*F(XT) STRF 44
mP-XT+OK ST’F 45
ROT-XT-OK STPF 46
XHOLD-XT ST’F 47
IF(XHOLP.GF.XNIG0TQ16 STR F 4 8
YT-XT/SIGMA*ALOG(TQP/BOT) ST’F 40
VHOLD-YT ST’F 50
[F(t. PRINT.FO.l >WRITE(6, 100)XHOLO,YHOLO, 0< STRF 51
FORMAT!IX,7HXH0LD - ,F20.8,10X,THYHnLD =,F?C.fl,/ STRF 5?
1IX»7H0K -,F20.8) ST’ F 53
TEMP®(XN-XT)/.005 STRE 54
N-TFMP STRF 55
NN-N ST’ E 56
OOITJ«1,N STRF 57
XT-XT+.005 STRE 58
OK*QX*F(XT) STRE 59
TOP=XT+OK STRF 60
ROT-XT-OK < STRF 61
YT=XT/SIGMA*ALOG!TOP/BOT) STRF 62
PX!JI-XT STRE 63
PY(J)«YT ST’E 64
CONTINUE STRF 65

STRE 66
---- PLOT STRFAM LINES OF ZONE II STRE 67

ST’F 68
X-XT ST’F 69
Y®YT ST’ F 70
TF*T/2.-XN STRF 71
CK-!T/?.-X)**2*Y STRE 72

STRE 77
---- CALCULATE, R AND STREAM FUNCTION IN SELFCTEO 7 PLANES STRF 74

TO EVALUATF VELOCITY PROFILFS STRF 75
STRE 76



328

IF< JGAMMA.E0.01GPT031 STRF 77
SCALFP=ll.5/T STRF 78
TINC=TB/(12.*XN2) STR c 70
TRR»0.6*TB/XN?-6.*TINr STRF on
T00»00/2.*NPP STR R 81
OP30JKal,7 STRE 8?
tpr»tpr+tinc S TR c 88
TFMt>xTPP*XN?*6./TB STRF 86
!F(LPPlNT.F0.1)WPfTF(606)TFMP STR F 3 8

606 F0PMAT(20Xt,TRP»*Fl5.2) STRF 86
IF!TRP.GT.iTB*XN6)1G0T031 STRF 87
PRX!NPP»JK)*SOPTITK/TRR)*SCAL FR STRF 88

30 SY!NPP * JK1xTOO STRF 30
31 IF(UPRINT.F0.1IWP!TF<6,l06irK STRF 00
106 FORMAT!IX,6HCK »,F?0.8,//) STRF 01

TFMDa(TB*XN6-Y)/0.0l STRF 07
NaTFMP STRF O’
non J = l,N STRF 06
Y*Y*O.Ol STRF 08
X«T/?.-!CK/Y)**0.5 STRF 06
JN*J+NM STRF 07
PX!JN1=X STRF 08
PY!JN)*Y STRF oo

11 CONTINUE STRF 1 00
c STRE loi
c------- PLOT STRFAM LINFS OF ZONF III, TAKFN AS MIRROR IMAGE OF STRE 10?
r. 70NF II STRE 103
c STRF 106NN“NN*-N STRF 105

xo*xn*xnf STRF 106
XR=T/2.-X STRE 107
CK=XR**2*!TB-Y> STRF 108

c STRF 100
c-------CONTINUE R ANO STRFAM FUNCTION CALCULATIONS IN SELECTFO 7 RLANFSTRF 110
c STRF 111

IF!JGAMMA.EO.01GDT035 STRF 112
JL = JK STRE 113
TRR*TRR-TINC STRF 1 16
0032JK*JL» 7 STRF 115
TRP*TRRVTINC STRF 1 16
TFMP*TRR*XN2*6./TB STRE 117
TFP»TB*XN2-TRR STRE 118
IF(LPRTNT.FQ.1|WRITF(606)TFMP STRF 119
RRX(NPP»JK)=SQRT(CK/TEP)*SCALFR STRE 120

32 SYINPP,JKI-TOO STRF 1?1
IF(l°RINT .EQ.O)G0T035 STRF 122
IPR*7 STRF 123
WRITE (6*6031 NPP STRF 126

603 FOPMATJ1X/19X»I3/I STRF 125
WRITF! IPR » 600)(SY(NPP,JK)»JK=1»7) STRF 126

600 FORMAT!IX.7F10.2) STRF 127
WR ITF! IPR ,6011 !RRXCNPPfJKl».IK=l»71 STRE 128

601 FORMAT!IX.TF10.51 STRF 129

\



■*5

12C
c.--
cC

60

61
62

21CC—C
109
120

105

ir(lPf»TNT.FQ.nWPTTF»6,106)0*
TCMP=(X-X0)/0.01N=TFMPoni?j=i,N
YR=yR«.p,0]
X*X-0.01Y=tr-ck/( XR**.?IJN«=J«-NNPX< JN)=XPY!JN)=YCONTINUF
 Pl.OT STREAM LINES nF 70NF IVTO DRAW 2ONE IV AS IN FIGURF I 1-5, PUT LIV=»l, OTHERWISE LTV = 0
nn=nn+nXO=XN*XNFYR=TR-YCK=YR*X**?!F(LPRINT,F0,nWRITF(6,106)r.KTFMP=X0*XN3/0.01IFILIV.EO.OIGOT060IFCYR,GT.(XN3*TB) K.0T0120TEMP=!XN3#TB-YRl/0.0lN=TEMPfl021J = l,NIFILIV.E0.0IG0TO61YRsYRfO.OlY*Y-0.01X*SQRT!CK/YR»
GnT062X=X-0.01Y=TR-CK/!X**2»JNaJ+NN PX!JN1*X PYIJN)=Y CONTINUE
 CONTINUATION OF TONE IV, TREATFO AS CIRCULAR JET
IF(LPRINT.F0.1)WRITF(6,109H PXIKI ,PY!KI ,K=1,JN)
F0RHAT(lX//lH0fT5t’X(Il',T20,•Y(I)«/I X,(2F15.9 I INN=NN+N
ZF=TB*FZOXT=TB-Y+ZF
ZO=«GAMMA*X/XT
lF!ZZ.GT.ZO)ZZ*ZnCC»! 1 .*0. 25+Z0**2) /1 XT*Z(1**21TCaTB-YHflLO+ZFIF 1 LPR INT. EQ. 11 WR I TE(6,105 )Z.n,TC,CCFORMAT!IX,6HZ0 »,F20.8,10X,AHTC * ,F20.8,10X,AHCC =,F20.8IIF(NPP.LT.NP)G0T029IF!JGAMMA.EQ.IIGOT033



330

4?

?ns
c
r,—  
r. 
c 
r
33

411

501
29

25

113
104
16

if( (Tor.r.) .LF.o.?5)nom4o 
T F M P * T r  / X H 0 L 0 * S 0 B T  ( I .  /  ( T O P . C - O .  7 5  11 
T O A M s TC AM f T FM »WR I TF ( 6» 205) TEMP rn»MAT(1X,7HGA*MA «,F20.R)GHTn29
  CAICUIATE VFLPCITY PROFILFS IN REGION V IN SFLFCTFO 7 PLANFS(l.-FCONST) OFTFRMINFS FPACTinM OF MnMFNTIIM IN TANGFNT 1 Al.JET THAT HAS BEEN 01SSIPATE0
TFINPP.FO.1»FZ0*A I (2.*GAMMA)FC0NST=.4EZ 0=Ezn*FC0NSTT!NC = 2.*TINCZX=0.5*TB/XN2«-7F-2*TINCTFMP=ZX0034JK = lt 3
tfmp=tfmp+tincZX=TFMPPV7(NPP»JKI*7X/GAMMA*S0RT(I. /(7X*CC-0.25) 1CSY*SAMMA*RVZ!NPP.JK)/7XRV7(NPP,JK)=11.50/2.-RVZ(NPP,JK)*SCALFPCTEMP=F7n/(l.+0.25*CSY**2>**2ZX=7X*6./TB*XN2ZX=ZX/12.VZ(NPP,JK1=2.*GAMMA**?*CTFMP/7XVR(NPP,JK)»CTFMP/?X*(CSY-0.25*CSY**3>*r,AMMATF(t.PPINT.EQ.0)G0TO29WRITE(6»4111E70FORMAT!20X »•E70 *',F15.8)IPR=6WRITE!IPR,501) !RVZ(NPP.JK»fVZ(NPP,JK)tVP(NPP,JK) , JK=1,3) FORMAT!1X»3F12.5)TEMP=(TC-XT)/0.01N=TEMPDn25J=ltNY=Y-0.01XT=XT+0.01YT*XT/GAMMA*SQRT(1./(XT*CC-0.25UX*YTJN=J*NNPX!JN)*XPY!JN1*YCONTINUENN*NN*NWRITE(6 * 113) NN FORMAT!IX, 15)IF!LPRINT.EO.l)WRITE(6,l04)(PX!JI,PY(JI,J=l,NN)FORMAT!IX,//// (IX,6F15*4)IG0T027N«NPP-NPIFINP.FO.OIN-N-l

5 TP F 1 PR
rtp r 1 R4STPF IRS
stp.f IRAST’P 1 R7STRF 1 R RSTPF J ROS TP c noSTPF m
SHE n ?STPF ) QR
STPFS TP F n sSTPF 1 96
stpt 1 97STRF 19RSTRF 1 Qf)
STPF 700STP F 701STRF 20RSTRF 703STRE 204STRF 70SSTRF ?P6STPF 737STRF 70RSTPF 209STRF 210STRF 711STRF 712STRF 213STRF 714STRF 715STRE 216STRE 217STRF 218STRE 219STRE 220STRF 721STRE 722STRF 723STRE 224STRF 725STRE 226STRF 277STRF 228STRE 229STRE 230STRE 731STRE 232STRF 233STRE 734STRE 735
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TGAM=TGAM/FLOAT(N) STRF 736TF(7Z.LT.l.)GAMMA=TGAM STRr *37
W»ITFI6.26JTGAM STRF ?3«

26 PORMATIIH0,20HNEW VAIUF OF GAMMA «,F20.8| S TR r ?3Q
GOTO?? STRP ?'*049 tfmp=tc*cc ST«F 241WR I TFI 6,10fl|TEMP STRP ?u?

10a FQRMAT(IHOf•TC*CC =• .T15 ,F15.81 STR F ?4*
CALL PI OT(0.,0.,999) STRr 744
STOP STRP 245

?7 RFTHRN STRF 246
FND str r 24 7

Jje * * * * * *** 1)1 * * * * *** * * ** * ** * * * * * ** * *1(1 * * * 1(1********* * * * * l**#* * * *** * ** * ** * ** **** s)c * * ** * *
SUBPOUMNF gdi n

* ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *#* *** *****

SUPROUTINF G0LD(X1,X2,F,FINT,XT> GOLD I
r. GOLD 2
C THIS SUBROUTINF EVALUATFS A ROOT OF AN FOUATTON USING GOLD 3
c GOLOFN SECTION GDLD 4
c S = FOLIATION WHOSE ROOT IS OFSIREO GOLD 8
r XI = INITIAL VALUE OF INTERVAL GOLD 6
c X2 = FINAL VALUE OF INTERVAL GOLD 7
c F = VALUE OF S AT DESIRED ROOT GOLO 8
c FT NT * INTERVAL OF UNCFRTAINITY GOLD 9
c GOLD 10

01MFNSION PXC300I» PYI3001 GOLD 11DIMENSION SV(20,7),RRX(20,7),V7(20,31,VRI 20,3) ,RV7 ( 20,3) GOLO 12COMMON PX,PY»XN»QO»Q»D»T»TF, XN2 »X NF ,TB* S IGMA,GAMMA ,XN 3,P FC «XHOL 0 GnLD 13COMMON TGAM,XN4,A,AA,FZ0 GOLD 14
COMMON SY,RRX,VZ,VR.RVZ GOLD 15COMMON CONST*NPP,NP,NN,LPRI NT,JGAMMA GOLD 14S(P1=12.5663706*A*SQRT(R/SIGMA)*IR**2-AA**2>**0.25 GOLD 17
1=0 GOLD 18

8 1 = 1 + 1 GOLD 19
0G1=X1+1X2-X1)/l.618034 GOLD 20DG2=Xl+IDGl-Xl)/l.618034 GOLD 21
R1=S(OGl) GOLD 22R2=S(DG2) GOLD 23
IFIT.NF.DG0T01 GOLD 24
K=2 GOLD 25
IF(Rl.GT.R2>K=l GOLD 26

1 IFCR1.LE.F.AN0.R2.LE.FIG0T02 GOLD 27
IFIRI.LE.F.AND.R2.GT.FIG0T03 GOLD 28IF(R1.GT.F.ANO.R2.LE.F)GOT03 GOLD 29
IF(R1.GT.F.AN0.R2.GT.F)G0T04 GOLD 30

2 IFIK.EQ.2IG0T05 GOLD 316 X1»0G? GOLO 32GOTO? GOLD 33
3 Xl=DG2 GOLD 34

X2-0G1 GOLD 35
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r , nr n7  oni  n 36
4  T r t K . F o .  ? ) r , n T0 6  oni„n n5 xr=ogi ooi n on

Rnm? g ol" 39
7 TFST=X2- X1 oni  r> 4 0

!«MI P R I N T . F Q . l ) W R I T F ( 6 , 9 1 X 1 , X2 , TEST OH . "  41
9 FOPMl\T( 1 X , 3 F 1 5 . 8 )  GOl.n 4 ?

if(tfst.ge.fintigotob onto '»**VT = tX2«-Xm?. + 0.01 Ont. n 44RETURN GOL" 45
FNjn Gnl. o 45

4 4 4  4  ft 4 4  *  * * * * *  * > * * * * 4  *  * * * * * * * * *  ft 44444444444444444444 A * # #  A  4 4 4 4 4 4 4 * 4  *  *  * * * * * *  * 4  4*444 *

SURPOUT INF SPRINT
4 <i <i 4 4  ft 44 ft 4 4 444  <i 4 4 4 4 4 4 4  * * $ 4 4 4 4  i(i * ft 44 ft <t 4tifc ft * * * ft if 4 ft A 4 4 * 4 444  4 4 4 4 4 4 * 4 4 * >!t 4 * ft ft ft* ft ftftft* 4

SUBROUTINF SPRINT SPR I 101 MENS ION PX(300),PY(3001 SPR I ?
niMENS ION SY( 20,71 ,RRX(20,7),VZ(20 ,3 > , VR ( 20 , 3) ,R V7 < 20 , 3 )» VT(20 » 3)SPR I 7
COMMON PX, P Y, XN, 00, 0,D,T,TF,XN2,XNF,TB, SIGMA, GAMMA ,XN3, °Fr. ,XH010 SPR I 4
COMMON TGAM,XN4,A,AA,FZO SPR I 5
COMMON SY,RRX,VZ,VR,RVZ SPR I 6COMMON CONST,NPP,NP,NN,LPRINT,JGAMMA SPR 1 7

c SPR I R
c --------SUMMARY OF PROFILE ANALYSIS IN PFGION V SPR I q
c SPR I 10
407 LTEMP=NPP-1 SPR I 1100606LQ=1,3 SPR I 12D0406LP=1,LTEMP SPR I 13
406 VT(LP,L0»=S0RT(VZ(LP,L0)**24VR(LP,L0)**2) SPR I 14

WRITE(6,4031 (RVZ(I,1),VZ(I,11,VR(I,1),VT(1,11,1=1,LTFMP ) SPR I 15WRITE(6,4041<RVZ(I,2),VZ(1,2),VR(1,2),VT( 1,2>♦1 = 1, LTEMP 1 SPR I 16
WRITF(6,4P5)(RVZ(I,3),VZ(I ,3),VR( !,.3) ,VT( I,3),T = l,LTFMPl SPR I 17

403 FORMAT!1H1//30X,'VELOCITY PROFILE IN REGION V AT Z= 2 IN.• / SPR I 18
l/35X,'R',8X,'VZ',RX,'VR',8X,•V'/(28X, 4F10.3II SPR I 19

404 FORMAT!IX //30X,'VELOCITY PROFILE IN REGION V AT Z= 3 IN.• // SPR I 20
1(28X,4F10,31) SPR I 21

405 FORMAT(IX //30X,'VELOCITY PROFILF IN REGION V AT Z= 4 IN.• // SPR I 22
1(28X,4F10.3I) SPR I 23WRITE(6,401)(( SY(I,J),J=1,71,I=1,LTFMP1 SPR I 24WRITE(6,402I((PRX(I,JI,J=1,7),I=1,LTEMP| SPR I 25

401 FORMAT(1H1,30X,'STRFAM FUNCTION MATRIX*//(20X,7F10.3)) SPR I 26
402 F0RMAT(1X7//30X,'CORESPONOING RADIAL MATRIX*,//(20X,7F10.3)) SPR I 27

WRITE(6,400) SPR I 28
400 FORMAT!1H1) SPR I 29

RETURN SPR I 30
END SPR I 31

4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

INPUT DATA FOP FIGURE 11-5 C AI
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* $ $ # * * * * * * * * * * * * * # * * * * * * * 41* * * #•* i|i # * * * * ** * * * 4 * * ■» # *#** * * * * * * * * ** * * * * * ** * * * * * * * * *
10. “90708 SCO. 3. 0.0937 1. 3.
10. 5.C 4.0 1. 0.4 1.0 0.50.9 0.3 1. 0.5 1.87 0.0 012.621 19.273 0.1009
?>5 1. 0
# * <t 4 4i ** * * * * *  * * * « * * 4c * * * id * * * * * <c *  i)i * *  *  *  *  * t> * * 4 4  4  * * * 4 4 * * * 4 4 * 4 4  * 4 4  4 * 4 A A A A * A * A * A * A * A * A A

INPUT OATA FOB FIGURE 11-5(0!
« 44« 44 * 4 4 * 4 44 i(i * * i(i ft * * $ 4c * * * * 4 4 * * * 4 4 i)t 4i * * 4 * * 4 * A * * * 4 41(1 * 4 44* * A * i)i * id A i)f A i)t * * * 4 A i(i * 4 * * ik * * * A *

90.99700 500. 3. 0.0937 1. 3.2.10. 5.0 4.0 1. 0.4 1.0 0.50.9 0.5 1. 0.5 1.57 0.0 0I?.421 19.273 0.10092.5 1. 0
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SAMPLE OUTPUT
PR f NT CONTROL a 9

INPUT P A R A M F T E R S

F LUID ANn T A N K  C O N S T A N T S
PHD a. 09 7 1  R P M  a S O O . O O  0 a 3.00
P OISF » . R 9 3 7  TANK O M  = 0. 9 6  S T R F A N  L I N F  INC a S . 00

IMPFLLEP AND B O U N D A R Y  P A R A M F T E R S

L F N G T H  OF X A X T S « 1 0 . 0 0  
L F N G T H  OF IMP Rl.AOF a 6 . 0 0  
IMP FI LER D F ° T H  = 0.5 2  
SCALF F A C T O R  OF PLOT a 0 , 7 0  
EXTFNT OF ZONE IV * 0 . 1 0  
EXT E N T  OF 7 ONF II a 0 . 5 5

W I D T H  OF IMPFLt ER Rl AOE = 5.00 
FI.UIO D E P T H  RATIO = 1.06 
S C A L F  F A C T O R  JET R B O F U F  a 0.10 
B O U N D A R Y  L A Y F R  T H I C K N E S S  RATIO = 0.90 
E X T E N T  OF ZONE III = 0 . 9 0

0 a 0 . 7 5 0 0 0

ANGI E = 6 6 . 5 7 7 6 7

AA a 0 . 11670

SIO M A =  11.19200 

A a 28.23859

RPM a 50 0 . 0 0 0 0 0

F O V I S a  1.76260 

RE a 5 3 9 8 3 . 5 2 3 6 3 7 5 0

0 a 8 . 3 5 9 5 1 2 3 3

(a) Streamlines Above Impeller Centerline 
S T R E A M L I N E  P A R A M E T E R S

TF » 0 . 5 0 0 8 3 1 9 0  TB = 0 . 6 5 0 7 6 8 6 8  TL = 0 . 6 9 9 6 8 7 8 2  XO = 0 . 3 1 2 6 8 0 2 7

1
G A M M A  a 1 . 8 6 9 9 9 9 8 9

G A M M A at 0 . 8 2 8  81 755
119

G A M M A at 1 . 0 9 9 2 3 3 6 3
112

G A M M A a 1 . 0 7 1 1 2 5 9 8
101

G A M M A m 1 . 0 6 6 2 3 8 6 0
87

G A M M A m 1 . 0 6 6 3 6 3 9 8
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72 GAMM4 «51
NFW VALUEGAMMA 3
119 GAMMA « 112 GAMMA « 101 GAMMA *87 GAMMA - 72 GAMMA ■51

1.17552225

OF GAMMA ■• 0.82009001
1.09507275
1.06200027
1.04611969
1.00335789
1.04719353

NEW VAIUF OF GAMMA bGAMMA b 0.82801771119GAMMA b 1.09466076112GAMMA b 1.0611038?101GAMMA b 1.0441770687GAMMA b 0.9995320472GAMMA b 1.0365190551
NEW VALUE OF GAMMA b

1
119

2
112

3
101

4
87

5
72

1.04771614

1.01363850

1.01066780

6
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SI
NFW VALUE OF GAMMA = 0.0
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VELOCITY
R4.921 4. 548 4.261 3. 868 3.481 2.783

VELOCITY
4.74?4.3003.9683.5273.1122.415

VELOCITY
4.5904.0883.7153.2272.7772.043

PROFILE IN
V794.28951.67628.17914.7627.5433.275

PROFILF IN
64.71136.60120.74811.3816.1913.078

PROFILE IN
49.23528.275 16.271 9. 144 5.113 2.687

REGION V AT
VR18,68314.0959.0715.3752.8731.064

RFGION V AT
10.5578.3175.6093.6252.1841.171

PFGION V AT
6.9845.6153.8662.591
1.6320.972

7= 2 IN. 
V96.12253.56329.79415.7108.0723.443

7- 3 IN.
65.567 37.534 21.49311.944 6.565 3.293

I- 4 IN.
49.72828.82816.7249.5045.3672.857
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STREAM FUNCTION MATRIX
2.500 2.500 2.500 2.500 2.500 2.500 2.500
5.000 5.000 5.000 5,000 5.000 5.000 5.000
7.500 7.500 7.500 7.500 7.500 7.500 7.500
10.000 10.000 10.000 10.000 10.000 10.000 10.000
12.500 12.500 12.500 12.500 12.500 12.500 12.500
15.000 15.000 15.000 15.000 15.000 15.000 15.000

CORFSPONDING RADIAL MATRIX
0.540 0.468 0.418 0.457 0.5 35 0.672 1.039
0.705 0.680 0.608 0.666 0.779 0.980 1 .515
0.96 3 0.834 0.746 0.816 0.955 1.200 1.355
1.155 I.000 0.895 0.968 1.132 1.423 2.199
1.399 1.212 1.084 1.182 1.382 1.738 2.686
1.821 1.577 1.410 1.533 1.793 2.255 3.485

i
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(b) S T R E A M l I N F S  A B O V E  C F N T F P - L I N F

S T R F A M L I N E  P A R A M F T E R S

TF = 0 . 5 0 0 B 3 1 9 0  TR = 0 . 4 9 9 4 8 7 8 ?  Tl « 0 . 4 9 9 4 8 7 0 ?  XO  = 0 . 3 1 2 4 8 0 2 7

r,A«MA
G A M M A126

2 . 5 0 0 0 0 0 0 0  
0 . 8 6 6 5 3 0 4 2

G A M M A E 1 . 1 5 5 7 1 3 0 8
120

G A M M A S 1 . 1 3 2 0 8 7 7 1
1 09

G A M M A S 1 . 0 7 7 2 5 2 3 9
97

G A M M A s 1 . 1 2 1 7 7 3 7 2
80

G A M M A s 1 . 2 2 0 3 5 5 0 3
60

N E W  V A L U E OF G A M M A  =
G A M M A s 0 . 8 6 5 7 4 7 8 1

126
G A M M A s 1 . 1 5 1 1 8 2 1 7

120
G A M M A = 1 . 1 2 2 0 2 6 4 4

109
G A M M A 8 1 . 0 5 8 2 9 6 2 0

97
G A M M A 8 1 . 0 7 4 7 6 4 2 5

80
G A M M A 8 1 . 0 8 9 3 3 1 6 3

6 0

1 . 0 9 5 6 1 8 2 5

N E W  V A L U E  OF  G A M M A I . 0 6 0 2 2 4 5 3
G A M M A

126
G A M M A120
G A M M A

109
G A M M A

97
G A M M A80
G A M M A

0 . 8 6 5 6 8 2 0 1  

1 . 1 5 0 8 0 3 5 7  

1 . 1 2 1 1 9 2 9 3

1 . 0 5 6 7 4 8 3 9

1 . 0 7 1 0 7 8 3 0

1 . 0 8 0 1 5 0 6 0
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60
NEW VALUE OF GAMMA 

126 

120 

109 

97 

90 

60
NEW VALUE OF GAMMA

I.05760B60
1

2

3

4

5

6

0.0
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VELOCITY
R4.9654.6074.327

4.0393.5482.961

PROF ILF IN
V? 98.77254.112 29.664 15.973 7.751 3.495

RFGION V
VP.18.59714.0829.0745.4412.8201.107

AT 7= 2 IN. 
V100.507 55.915 31 .''21 16.875 8.243 3.666

VELOCITY
4.7954.3714.0483.7233.1952.609

PROFILE IN
67.76338.31821.69712.1606.4083.256

RFGION V
10.5038.3065.6143.5912.1781.182

AT 7= 3 IN.
68.57339.20822.41112.6796.7683.464

VELOCITY
4.6524.1693.8063.4462.8722.255

PROFILE IN
51.54929.59817.0179.7155.3092.833

REGION V
6.9475.6073.8712.5441.6360.975

AT Z= 4 IN.
52.01530.12517.45210.0425.5552.996



STREAM FUNCTION MATRIX
2.500 2.500 2.500 2.500 2.500 2.500 2.5005.000 5.000 5.000 5.000 5.000 5.000 5.0007.500 7.500 7.500 7.500 7.500 7.500 7.50010.000 10.000 10.000 10.000 10.000 10.000 10.00012.500 12.500 12.500 12.500 12.500 12.500 12.50015.000 15.000 15.000 15.000 15.000 15.000 15.000

CORESPDNDING RADIAL MATRIX
0.5410*7860.9651.1571.4011.823

0.4690.6810.835
1.0021.2131.579

0.4190.6090.7470.8961.0851.412

0.3830.5560.6820.8180.9911.289

0.3880.5660.6930.8231.0041.303

0.4340.6330.7750.920
1.1221.456

0.501 0.730 0.895 1 .062 1 .296 
1.68?
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APPENDIX F

LISTING And description OF COMPUTER programs 
This Appendix contains a listing of all the programs used in 

Chapter IV. The listing consists of the FORTRAN IV source list- 

compatible with a IBM 360/65 computer. At the end of the source 

list is given sets of imput data read into the program and a sample 

output. Each set of data is for one pass through the program and is 

in the order called for by the source ..list. For example in list 

F~1 is .presented the program. FLOWANL. Two types of. .initial input 

data is shown for two modes of operation. Next-is given data sets 

at constant impeller speed. Each data set contains a number of 

velocity profiles all taken at the same impeller speed.

In presenting the source list, subroutines are sometimes used 

in more than one program. In such cases, the listing of the subroutines 

is given only in the first program that it appears. The subroutine 

CURVEF performs a polynomial fit and is obtained from the LSU 

Computer Center Share Library. A similar program is assumed readily 

available (see for example IBM Scientific Subroutine Package) and is 

hence not listed.

A flow diagram of the flow of information in the computer is. 

also provided were it is considered necessary. In other programs 

the comment cards in the listing are descriptive of the calculations 

performed, hence flow diagrams were not needed. The flow diagrams 

are closely associated with the comment cards that are liberally



distributed throughout the program. In the listing) only those 

statements with the first four letters of the program name followed 

by a serial number are a part of the program. Other statements are 

there to help make the listing more readable.

Program FLOWANL: This program is given in List F-l and the 

flow diagram in Figure F-l. The program output is in two modes 

(a) To obtain a detail printout of complete profile analysis, and 

to print out a summary of . the important pieces of information of 

all profiles run at constant impeller speed (b) To printout only 

the summary of- the profile analysis at constant impeller speed,

FLOWANL reads in the raw data, converts this data into q versus 

z, (where z = 0 is the impeller centerline), performs a nonlinear 

least square fit on q using the Tangential jet model and prints, the 

result in desired format. The nonlinear fit is done by pattern 

search program subroutine PATTERN, with its supporting subroutines 

PROC and BOUNDS. The flow diagram and theoretical treatment of 

subroutine PATTERN is given in Appendix C. The flow diagram for 

FLOWANL is given in Figure F-.l.

In Figure F-2 is given the flow diagram for subroutine YAW, 

which analyses the information from manometer D. The flow diagram 

is a direct application of Equations IV-31, IV-32 and IV-28(b). 
Subroutine BOUNDS is self explanatory. Subroutine PROC is again 

straight forward although it might appear complex. It calculates a 

criteria for minimization which is Equation C-2. It has two addi

tional features (1) Allows keeping a and a constant though the varia 

ble PI whose value is controlled by FLOWANL (2) Gives a printout if 

desired of every 30th evaluation of the criteria function. The



second feature permits following the search procedure as it proceeds 

to locate the minimum of the-sum of squares.-

Subroutine OMEGA is a Lagrange interpolation Program. It was 

obtained from the Share Library; a listing is given since one was 

available. A flow diagram will not be given as this is a library 

program and not written by the author. The program is designed to 

handle unequal step size and the number of points desired for inter

polation is specified by NPTS. In the present case NPTS =3, 

resulting in the three closest points being used for interpolation.

It was found that use of this program is equivalent to drawing a 

smooth curve through the data and interpolating with the help of 

this curve.

The flow diagram for subroutine AVG is given in Table F-3. The 

subroutine is designed to take-a one dimensional array and calculate 

an average value and variance, From the variance it calculates a 

0.96 confidence limit for the average using a t-test.

Program VELPRO. This program calculates velocity profiles from 

the theoretical model in Regions II and III as explained in Section 

4. Figure F-4 gives the flow diagram for VELPRO. Supportin sub

routines are POLY and CURVEF. Subroutine POLY is a service program 

that was written to throw out points whose diviation from the re

gression line is larger than three times the standard error. This 

has no effect on the imput data to VELPRO, since the data correlates 

very well. It calls LSU Share Library program CURVEF that performs 

the polynomial fit and prints out detail results useful in debugging.



Program TANLANL and YAWANL. Programs TANKANL and YAWANL

calculate the component velocities v , va, and v from the manometerr o z
readings recorded by the three dimensional pitot tube. The resulting 

analysis of the data it is recalled, is dependent on the flow geometry. 

The flow diagram is identical for both programs. The difference lies 

in the final equations used to calculate v , v , and va. TANKANL
V Z w

computes component velocities from data obtained from Ports 1, 2, 3. 

YAWANL analyses data obtained in the neighborhood'of the impeller. 

Program COOPER and NIELCUT. Program COOPER analyses Cooper's

(8) data, while Program NIELCUT analyses Nielson's (21) and Cutter's

(9) data. The flow diagram is identical to FLOWANL hence no flow 

diagram is given. The difference lies in reading th input data 

and initial calculation of q = f(z). In the case of NIELCUT the 

least square anlysis is performed on v = f(z). This causes a change 

in the criteria function hence subroutine PROC is different and was 

rewritten. The comment statements in the program closely follows the 

flow diagram of Figure F-l and notes the differences as they occur.

Program GRAPH. This program correlates the parameters of the 

tangential jet .model. The main program is mainly data processing. 

Provision exists for getting correlations at constant impeller 

diameter or lumping all the data together. The regression is 

done by subroutine SOLVE. Subroutine SOLVE is designed to obtain 

three types of plots.

(1) Log-log

(2) Semilog

(3) Rectangular

No flow diagram is given forGRAPH or SOLVE since the program



is not complicated and is mainly used £or processing the data,. The

reason for including a listing is to serve as a sample calculation

so that the results quoted could be checked if desired.

The following log-log correlations are obtained from GRAPH,

and quoted in Chapter IV 
3(1) ND versus A

(2) ND"* / ((D/2)^ - â )4 versus A

(3) N„ versus ARe
3(4) ND versus Q

(5) N^e versus Q

Program RESULT: Like-Program..GRAPH, RESULT processes data.
It calculates experimental and calculated values of impeller dis

charge -Q and eddy viscosity c. Again a listing is given to serve 

as sample calculations.
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START

If PAR £ 0

Read input data

All piarameters1 free     \_______

Call OMEGA to 
obtain BCALC

a and a fixed 
by PIN

Calculate weighted average 
angle from Equation IV- 2

Call YAW to analyse 
for reading from 
Manometer D

Calculate quantities for 
Table G-l and store results

If complete printout desired, 
print details

Call PATERN to obtain 
parameters by least 
square fit

Convert input data inlto pressure drops 
and Vernier stand reading into corfer - 
sponding z, where z - 0 is the impeller 
center line

and Vernier stand reading

(a) Convert all manometer differentials 
into inches of manometer fluid (b) Cal
culate q using Equatijon III-4, manometer 
densities taken from Section 3.5 of 
Chapter III__________________________
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YES - 

©

NO

YES

NO

END

Print Summary

Is another data 
set to be analysed

Test if another profile 
’ is to be analysed

Figure F-l. Flow Diagram For Program FLOWANL.



START

Print Results

Set up function statements 
for v and v

Calculate Aq 
and Aq

from Equation IV-28(b) 
cal c froS Equation IV-31

Calculate pressure drop from Equation 
IV-26 (P̂  controls which pm to be used, 
since two types of manometer fluid was 
used)

Figure F-2. Flow Diagram For Program YAW,



Store t values from t-table

Input x

Calculate Average
_  1 x = —  x .

Calculate variance

N-l

Confidence Limit 

0.95,N

Figure F-3. Flow Diagram for Subroutine AVG.



START

K = 2 Selects z-plane corresponding

Calculate \]t (RR(I)) from CO, store $ 
in QQ and corresponding z of each pro
file in ZZ.

max

Repeats till all r 
values are exhausted

Store coefficients of Polynomial in » 
CO and coefficients of polynomial de
rivative in DR for each profile______

Call POLY and obtain coefficients of 
polynomial of ty = f(r) at constant z 
for each profile

Read i|r and corresponding r at constant 
z.
matrix QQ RR, rowwise

Store \|f and r for each profile in

Use DR to calculate v at r given in RR 
(z constant) from Equation IV-20 • Stqre 
results for Port 1 in VI, Port 2 in V2 
and Port 3 in V3.

Call POLY obtain coefficients of 
polynomial \|r = f(z) at constant r, 
store coefficients in CZ and co
efficients of polynomial deriviative 
in DZ ___________



YES

If all ports calculated

Repeats calcu
lation for next 
Port

Use DZ to calculate v at RR(I)
(z constant) from Equation IV-21 
Store results for Port 1 in VI etc.

Figure F-4. Flow Diagram For Program VELPRO.



YES

END

START

If RATIO £ + 0.8

Print Results

Read another 
data point

Read Manometer data and donvert 
Manometer readings into pressure drops

RATIO = (PA-Pc)/(P,-P0)

Calculate

Call OMEGA to interpolate and 
find (P -P )/P.-p ) correspond-

YAWANL
Use Equation”IV-27(a) 
through IV-27(c) to' 
compute,velocities

’ TANKANL
Use Equation IV-17through 
IV-19 to complete component 
velocities v ,v , and v

Figyre F-5: Flow Diagram for Program TANKANL and YAWANL
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’ LIST F-l
FORTRAN LISTING PROGRAM FLOWANL WITH SUPPORTING SUBROUTINES YAW, AVG, PROC, BOUNDS, OMEGA 
AND PATERN. THIS LISTING ALSO GIVES RAW DATA WHICH IS THE INPUT TO THE PROGRAM AND A 

DETAILED SAMPLE OUTPUT FOR RUN NUMBER 29.

MAIN PROGRAM FLOWANL
************************************************************************ ********

c FLOW 1c------KK * Of GIVES PRINT AT EVERY 30TH POINT FROM SUBROUTINE PROC FLOW 2c KK .GT. 30* NO PRINT FROM SUBROUTINE PROC FLOW 3c LPRINT* 1* SKIPS PRINT FOR INDIVIDUAL PROFILES FLOW 4c ANY OTHER VALUE GIVES COMPLETE PRINT FLOW 5c KVR» 0* PRINTS RADIAL VELOCITY PROFILE ANALYSIS FLOW 6c PAR .GT. 0* SIGMA AND AA FIXED BY PIN!I) FLOW 7c PAR .LE. 0 ALL PARAMETERS FREE FLOW 8c DX - THE DISTANCE BETWEEN MANOMETER HOLES P4 ANO P5 FLOW 9c RHOM* DENSITY CORRECTION FACTOR FOR OBTAINING VELOCITY FROM FLOW 10c MANOMETER READING FLOW 11c FLOW 12DI MENS IONXI20) * YI20I ,YC (20) * PC6 ! * STEP! 6) , PINI61» YR (20) , PHI 50) FLOW 13DIMENS IONXRI20).SIGMA(20)»Al20),AAI20)* SOI 20),GF(20)*Q(20) FLOW 14DIMENSIONTC15.15).ANG(20).PA(50)*PB(50)«PC(50)*PD(50)*PE I 50) FLOW 15DIMENSION RPMI50).DAI3)*D(50*50)»PF(50).011 20).XNGI20)»PG(50) FLOW 16COMMONDIA*X,Y.YC.XX,N*KK,P1*P2*P3»P4 FLOW 17READ!5»42)LPRINT*KK»KVR»DX»PAR*WT *RHOM FLOW 1842 FORMAT1312,5F10.2) FLOW 19
DX-DX/12. FLOW 20c FLOW 21c------READ INITIAL VALUES OF PARAMETER AND STEP SIZE FLOW 22c PIN STORES INITIAL VALUES OF PARAMETER FOR ANALYSIS OF MULTIPLEFLOW 23c FLOW PROFILES FLOW 24c KGROUP .LT. 5 REPEATS THE PROGRAM FOR A NOTHER DATA SET FLOW 25c K .LT. 5 REPEATS PROGRAM FOR ANOTHER PROFILE WHICH IS A FLOW 26c PART OF A DATA SET FLOW 27c NP* NO OF FREE PARAMETERS FLOW 28c N* NO OF DATA POINTS IN A FLOW PROFILE FLOW 29c DA* DATE ON WHICH FLOW PROFILE DATA WAS TAKEN FLOW 30c FAC* I* MANOMETER B AND READINGS ARE IN INCHES FLOW 31c FAC* 2.54* MANOMETER B ANO D READINGS ARE IN CMS FLOW 32c FLOW 33READI5.16)IP INI I).STEP!I).1*1,4) FLOW 3416 FORMATI2F10.2) FLOW 35
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70 RF AM 5,15)KGR0UP cl.OWM=0 pi., nw7 RFAD! 5,15)K»NP FLOW15 rnPMAT(?T2) Ft OW00471=1,N» FLOWA7 P m  = PtN(Il pi. OW
RFAM5,100)N,DA,FAC FLOW

100 FnRMAT(I2,3A4,F10.2) cLOWREAM 5,102)1,10(1,J)»J = 1»10) FLnW
102 FORMAT!I7,10F7»2) FLOW
r. FI OW
c------PRINT RAW OATA FOR A PROFILE cLOW
c FLOWIF(LPR!NT,EQ,l)GOTOA3 FLOWWR ITF (6, 1011OA rLOWtoi FORMAT!IHl, 30X,8HRAW OATA, 10X,3A4,///) FLOW

WRITF(6,103) L,(011,J) , J=1,10) FLOW10? FORMAT!21X,10HRUN NUMBER ,29X,1H=, 12/1H0,20X,8HIMPFLLFR, FLOW19H niAMFTER,22X,lH=,F5.2/lH0,20X,30HIMPELLEP HT OF TANK BOTTOM FLOW2,9X,1H=,F5.2/1H0,20X,22HLEVFL OF WATER IN TANK,17X,1H=, F5.2/1 HO, FLOW320X,36HHEIGHT OF PITOT TU8F OFF TANK BOTTOM,3X,IH=,F5.2/1H0,?0X, FLOW4•VERNIER STANO READING' ,18X, • = • ,F5.3/ 1H0,?0X, 'ZERO ERROR FOR • , FLOW5*ANGLE'19X,•=•,F5.2/1H0,20X,,0IST PROBE TO AX IS*,T61,• = •,F5.2/ FLOW6IHO,20X,•RPM SETTING',T6l,'=',F6.2/IHO,20X,’FLUID TFMP',T6 1 ,• = ', FLOW7F5.2,' OEG F'/1H0,20X,'ANGULAR POSITION FROM RAFFLF•,T61,•=', FLOW
8F5.2, • OEG'///) cLOW

A8 XO=D(1,7) FLOW00*0(1,1) cLOW
OIA=OD/12. FLOW
XX*X0/12. FLOW
ANGPO=D(I,10) FLOW

C flowC------CANGLE* CORRECTION FACTOR FOR OBTAINING TRUE ANGLF flow
C REFL* CORRECTION FACTOR FOR OBTAINING I COORDINATE FLOW
c ANGPO= RADIAL ANGLF WITH RESPECT TO BAFFLF AT WHICH PROFILE FLOW
c WAS MEASURED FLOW
c FLOW

CANGLE=D(1,6) FLOWREFL*0(l,5)+D(l,A)-0(l,2) FLOWREV=D(1,8) FLOWRFAD(5,104)((D(I,J),J=1,10),I=1,N) FLOW104 FORMAT!10F7.2) PLOWIF(LPRINT,EQ.i)G0T0A9 FLOWWRITE(6,105)((D(I,J),J=l,10),I=1,N) FLOW105 FORMAT!2AX,11HPU)-P(ATM),5X,9HP(1)-PC 2),AX,9HP(2)-P(3),3X, PLOW19HP!A)-P(5)» 5X »1HH,AX,5HANGLE,/ 2AX,1IHL EFT RIGHT,AX, PLOW211HLEFT RIGHT ,2X,10HLEFT RIGHT,3X,10HLEFT RIGHT,/// FLOW3C20X,2F7.2,F8.2,F7.2,IX,2F5.2,AF7.2)) FLOW
C FLOWC------CALCULATE Y(I) IN FT/MIN FORM EQUATION II1-3 FLOWC CALCULATE X(I ),FT FLOW
C NOTE, X,Y ARE DUMMY NAMES FOR Z ANO 0 FLOWC CONVERT ALL MANOMETER READINGS TO INCHES OF MANOMETER FLUID FLOW

36373830AOA1A3A3AA45A6A7ASA9SOSI53
S 3
5A5S565758SO60616?636A6566676869707173737A757677787980Si82838A85868788

/
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r. FLOW 89
49 001061=1,N FlOW or>

X(!)= (RFFL-D(1,9))/12. cnw 91
0( I? 10)=D(It 101 -C.ANGl E FlOW 9?
0FLZ=0(T,41-0(1,3) CLDW 93
IF(FAC.FQ.l.)G0T0106 FLOW 94
0ELZ=DELZ/FAC FLOW 95
01 l,3)=D(I,3)/FAC rmw 96
01T,41=0(1,4J/FAC FLOW 97
D(I,71=0(1,71/FAC FLOW 98
0(1,81=0(1,81/FAC FLOW 99

106 Y(I)=SQRT(2.*32.174*0ELZ* RHOM /12.1*60. FLOW 100
r, FLOW 101r.-----CALCULATE WEIGHTED AVERAGE ANGLE AND AVERAGE ANGLE FLOW 102
c WT = RATIO OF VELOCITIES FOR WHICH WEIGHT IS ZERO, FLOW 103
c CHOSEN AS 0.7 FlOW 104c YM = AVERAGE VALUE OF Y FLnw 105
c FLOW 106

YM=0. FLOW 107
ANGLE=0. FLOW 108
NK=N/2 FLOW 109
ANGL=0. FLOW 110
ymm=o. FLOW 111M=M*1 FLOW 112
00221=1,N FLOW 113
IF((Y(I1/Y(NK11.LT.WT 1G0T034 FLOW 114
ANGL=ANGL+0(1,101*Y(11 FLOW 115
YMM=YMM+Y(I 1 FLOW 116

34 ANGLE=ANGLE+D(1,101 FLOW 117
22 YM=YM+Y(I 1 FLOW 119

ANGLE =ANGLE/FL 0AT(N 1 FLOW 119
YM=YM/FLOAT(N) FLOW 120
ANGL=ANGL/YMM FLOW 121

c FLOW 122c-----LOGIC BRANCH FOR ONE OIMENSIONAL SEARCH ON PARAMFTER P(2! FLOW 123
c OTHER PARAMETERS FIXED THROUGH PIN FLOW 124
c . '* FLOW 125

IF(PAR!51,5l,52 FLOW 126
52 P1*PIN(11 FLOW 127

P2*PIN(21 FLOW 128
P3=PIN(3» FLOW 129
P4=PIN(41 FLOW 130G0T053 FLOW 131

51 P1=0. FLOW 132
P3= XX*S1N(ANGL *3..1416/180.1 FLOW 133
IF(P3 .GT•(01 A/2.1JGOT060 FLOW 134

C FLOW 135c------CALCULATE SUM OF SQUARES ABOUT MEAN FLOW 136
C FLOW 137
53 SSM=0. FLOW 138

00121=1,N FLOW 139
12 SSM=SSM+(Y(I)-YM)**2 FLOW 140

B=0. FLOW 141
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14?14314A
14514614714P
140150151152153154155156157158159160161162163164165166167168169
170171172173174175176177178179
1R0181182183184185186187188189190191192193194

IP(KK.GT.30)G0T046 KK=0WRITF I 6, 19)FORMAT!1H1,6X,4HP!I), 9X,4HP!2), 9X,4HP!3), BX,4HP<4),18X* 10HSIJM SO RFG.//)
 0.ALI. PATTERN SFARCH SUBROUTINE
CALL PATFRN!NP,P,STFP,4,0,COST)IF(PAP)58,58,59 PI l) = Pl P( 3) = P3
 CALCULATE CORPFLATION COEFFICIENT R

calculatf half width of jet bhalfCALCULATE VELOCITY AT BHALF, UHAl.FCALL OMEGA TO FIND HALF WIDTH CORRESPONOING TO JHALF BY THUFF PniNT LAGRANGF INTFPPOLATIONCORRECT FOR DISPLACEMENT OF ORIGIN BY SUBPACT1NG PI4)
R=SQRT11.-COST/SSMI BHALF=I.762747*XX/P Cl)IFIB.EO.O.)B=BHALFUHALF = P(2)*SQRTIP(1)/XX)/I(XX**2-PI3)**2)**0.25*4. )CALL OMEGA!UHALF,Y,X,N,25,RCALC)BCALC=BCALC-P!4)BXX=6.*XX/P!1)*12.IFILPRINT.FQ.1)GOT030
 PRINT COMPLETE ANALYSIS OF A PROFILE
WRITEI6,18)00,XDFORMAT! 1H1,20X,4HD = ,F10.5’»/IH0,20X,4HR =,F10.5,/)WRITF!6,2)(XII),Y!I),D!I,10),1=1,N)FORMAT!1H0,27X,1HZ,BX,1H0,6X,5HANGLE/! 20X,3F10.5)) WR1TE!6,17)(I,P(I),I=1,NP)FORMAT!IHO,30X10HPARAMETERS,/< 20X , 12,F20.8))WR ITE!6,25)ANGLE,ANGL»WTFORMAT!1X,//20X,'AVG ANGLE =•,F15.8/20X,'WT AVG ANGLE=*,F15.8, 15X,'VELOCITY FACTOR=*,F5.2)WRITE 16,13)!Y!I),YC!I),I = 1,N)FORMAT!IHO,32X,IHO,19X,2HQC/I20X,2F20.8))WRITF!6,14)C0ST,RFORMAT!IHO,20X,27HSUM OF SQUARES OF IQ-QCALC),F20.8,/IHO,20X, 127HGOOONESS OF FIT ,F?0.8)WRITE(6,31)RHALF,BCALC,UHALFFORMAT!IHO,20X,7HBHALF =,F20.8,10X,7HBCALC =, F20.8,tIHO,30X, 17HUHALF *,F20.8)WRITEC6,4l)X0,BXXFORMAT!1H0,20X,25HHALF WIDTH OF JET AT XD =,F4.2,IH,,4X,F10.?, 12X,6HINCHES,//)

STORE IMPORTANT RFSULTS OF A PROFILE ANALYSIS FOR SUMMARY
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r FI.OW 105
30 ANG(M)=SQPT(XX**2-P(3)**2)/XX TLOW 1 06PAIM) =AP.C0S( ANG(M) )*180./3.1416 ci nw 10733 Q(M)=4.*3.1416*P(2) *(XX**2-P<3)**2) **0. 25*S0RT( XX/P( 11 > CLOW 1 QRXP (MJ=xn FLOW 1 09SIGMA(M)=:P< 1) ri nw 300A(M)=P(?1 FLOW 201AAI M)=P(3) Finw 20?

soimj=cost CLOW 20’
gf(mi=r FI OW 204PB(M)=P(4) CLOW ’05
PC(M)=8HALF FI.OW 206
RPM(M)=REV*DIA**3 FLOW 207
PD(M)=BCALC CLOW 208
PF(M)=ANGLE FLOW 209PEIM)=UHALF FLOW 210XNG(M) =ANGP0 cl. OW 211XT=DIA/2. CLOW 212TEMP=4.*3.1416*P(2)*(XT**2-P(3)**2)**O.25*S0RT(XT/P( 1)) CLOW 213Ql(M)=TFMP FLOW 214P4=K FLOW 215

G CLOW 216C------CALL YAW TO ANALYSE FOR OATA FROM MANOMETER 0 FLOW 217
C FLOW 218

IFILPRINT.EQ.l)G0T062 FLOW 219CALL YAW(D,P,DX) FLOW 220
C FLOW 221C------ANALYSE DIFFERENCE IN CALCULATED AND TRUF RADIAL VELOCITY FLOW 22?
C FLOW 2’362 VRMAX=P<2»/2.*SQRT(P(1)/XX**3)*IXX**2-P(3)**2>**0.25 FLOW 224

TFMP=P(11/(2.*XX1 FLOW 225
00631=1,N FLOW 226
ALP=011,101*3.1416/180. FLOW 227
Y(I)=Y(Il*COS(ALP) FLOW 228

63 YRII)=VRMAX*(1.-(TANH(TEMP*< XI II-PI41 )) )**2! FLOW 229
CALL AVGIY ,N,YM ,BR,BB) FLOW 230
SSM=0. FLOW 231
SSR=0. . FLOW 23200641=1,N FLOW 233
SSR=SSR+( YR(I)-YU) )**2 FLOW 234

64 SSM»SSM+(Y(I)-YM>**2 FLOW 235
COST=SSR FLOW 236IFC SSR.GT.SSMIG0T06 8 FLOW 237
R=SQRT(l.-SSR/SSM) FLOW 238G0T069 FLOW 239

68 R=0 • FLOW 240
WRITE(6»67|SSR»SSM FLOW 24167 F0RMAT(1H0,20X,'SSR =•.F15.8/20X,*SSM =',F15.8/) FLOW 242

60 PG(MI=R FLOW 243
PHIM)*SSR CLOW 2441FIKVR.E0.11G0T044 FlOW 245
WRITE(6,65) FLOW 246

65 F0RMATIIH1,/////,30X,'RADIAL VELOCITY ANALYSIS'//) FLOW 247
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SUBROUTINE YAW(D,P,DXI YAWYAW 12
----WS AND YCAL ARE FUNCTION STATEMENTS THAT CAI.CULATFS THE YAW 3

VELOCITY COMPONENTS V(7) AND V(R) YAW 4
DllSQF DELTA V(9)**2 FXPFRIMFNTAI YAW 9
DUSOC DELTA V(R I**2 CALCULATED, OBTAINFD BY CALCULATING YAW 6
TWO VALUFS D«= V(R) SEPARATED A DISTANCE nx APPAPT YAW 7
n»A5= CORRECTION FACTOR FOR MANOMETER D V AW YAW 89

DIMENS10NX(20I,Y(20),YC<20),P( 6 I,DI50,501 ,WCALC< 20) VAW 10
DIMENSION XDUI20),YCF(20I YAW 11
COMMONDIA,X»Y,YCiXX*NtKK»Pl»P2»P3»P4 YAW 12
EE(A!=P1/XX*IA-CC) VAW 13
WS(A,BI=-P2*TT**.25/(2.*SQRT(P1/XX**3II* ((TT*XX**2)*A/TT- YAW 14
1B*(l.-A**2II VAW 15
YCALIA)=P2*SQPT(Pl/XX)*tl.-A**2l/ITT**.25*2.) • VAW 16
P1=PI1) YAW IT
P2=P(?) YAW IB
CC=P<4) YAW 19
TT=XX**2-P13)**2 YAW 20
DP45=l./2.54 VAW 21
LPRINT=1 YAW 22
WRITE(6,5) YAW 23
FORMAT(IHl»//////̂ /26X » 9HP111-P(21» 3X »9HP(41-PI 51»3X.8H0E! tl**2, VAW 24
14X,8HDFL U**2,8X,2HV2,/52X.3HEXP, 9X,4HCALC, 8X,4HCALC, YAW 25
24X,•DIEF OF U**2',//> VAW 26
IFIP4.GE.2..AND.P4.LE.9.IG0T09 YAW 27
RH0M=0.19579 YAW 28
G0TO8 YAW 29
RH0Ma0.0953 VAW 30
D011=1,N YAW 31
DELP=D(I,4)“D(I,3) YAW 32
DEL=D(1,71-0(1,8I-DP45 YAW 33
TEMP=X(II YAW 34
ETA=EF(TEMP) YAW 35
T=TANH(ETA/2.I YAW 36
WCALCIIJ=WS(T,ETA| YAW 37
TEMP=X(II-DX/2. YAW 38
E1 = EE(TEMP 1 VAW 39
TA-TANHIF1/2.I YAW 40
YCA*YC Al. I TAI YAW 41
TEMP=X(II+DX/2. YAW 42
E2=EFITEMP) YAW 43
TB-TANHIF2/2.1 YAW 44
YCB*YCAL(TB) YAW 45
0USQE=2.*32.174*DEL*RH0M/12. YAW 46
0USQC=(YCB**2-YCA**2m600. YAW 47
CFDD=DUSQC/DUSQE YAW 48
DUSQE=DUSQE*0. 5217 YAW 49
CFD=DUSOC-DUSOF YAW 50
IFILPRINT.EO.il G0T013 YAW 51
XDUCI I=DUSQE VAW 52
YCFII )=CFDD YAW 53
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SUBROUTINE PROCIP,COST» PROC 10IMENSI0NX(?0),Y(20),YC(201,P(6» PROC 2COMMONOIAt X, Y»YC,XY,N,KK,P1,P2,P3,P4 PROC 3IF(P117,7,B nORC 4R P( 1I=P17 PI3>=P3 PROC 6C0ST=0. PROC 7
0011=1,N proc B
ETA=P(11*(X(I»-P(4) 1/XX PROC 9T=1.-(TANH(ETA/2.))**2 PROC 10YC(I1=P(21*SQRT(P(1)/XXl*T/( XX**2-P(31**2)**0.2S/2. PROC Itr.nST=COST + (YCII )-Y( 111**2 proc 1.21 CONTINUE proc 1 3IF(KK .GT•301G0T05 PROC 14IF (KK «NE.01 G0T04 PROC 13WRITE(6,21P(11,P(2),P(31,P(4l,COST PROC 162 F0RMAT(1X,5(1PF15.71I PROC 17

4 KK=KK+1 PROC IBIF(KK.IE•301 GOTO5 PROC 19KK=0 PROC 20•5 RETURN pRnc 21END PROC 22
********************************************************************************

SUBROUTINE BOUNDS
********************************************************************************

SUBROUTINE BOUNDS(P,I> BOUN 1DIMENSION P(6!,X(201,Y(201,YC(201 BOUN 2COMMONOIA,X,Y,YC,XX,N,KK,P1,P2,P3,P4 BOUN 30=01A BOUN 4TF(P(11.LT.O.IGOT02 BOUN 5
IF(PI31.LT.(-0/2.1.OR.P(31.GT.D/2.1G0T02 BOUN 61=0 BOUN 7
G0T03 ’ BOUN B
1 = 1 BOUN 9
RETURN BOUN 10END BOUN 11

********************************************************************************

SUBROUTINE OMEGA
********************************************************************************

SUBROUTINE OMEGA (VAR,X,F,IMAX,NAME,SOM1 OMEG IC OMFG 2C-------THIS PROGROM PERFORMS LAGRANGF INTERPOLATION WITH NON-EQUAL OMFG 3C STEP SI7E BETWEEN POINTS OMEG 4
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************************************************a****###*************a#**##***
SUBROUTINE PATEPNINP.P,STEP,NRD,IO,COST) p a t f PATTERN SEARCH PROGR AMMFO BY C. F. MOORF, LSD PATE

NP« NUMBER (IF PARAMETERS °ATF
P» INTTIAL VA PATF
P* INITIAL VFCTnR OF PARAMETERS, MUST BE WITHIN STABLE RFGION 0ATF
STFP« INITIAL STEP SIZE D ATE
NRD = NUMBER OF TIMES H PATF
NRO« NUMBER OF TIMFS THF STFP StZF IS REDUCED BY A FACTOR patf

OF TEN PATE10= PRINT CONTROL PATF10= 0 NO PRINT OUTPUT PATT10= 1 ONI Y THE ANSWER IS PRINTED °ATE10= 2 PRINT OUTPUT FOR EACH ITERATION °ATp
10= 3 PRINT OUTPUT FOR FACH TRIAL STEP 0 ATF
COST® VALUE OF CRITFPION FUNCTION PATFDIMENSION P(NP),STEP(NP),B1(1000),B2(1000),T<1000),S(1000) p a t fC---STARTING POINT ° A T FL= 1 PATFICK=2 PATF

ITTER-0 PATE005 1=1,NP PATF
B K M - P U )  p ^TE
B 2 I I )*P( I ) PATFT(II*P(n PATE5 S( IJ-STEPC X PATEC---INITIAL ROUNDARY CHFCK AND COST FVALUATION PATFCALL BOUNDS(P,IOUT) PATEIF(IOUT.LE.O)GOTOiO PATEIFII0.LE.0IG0T06 PATEWRITE16,1005) PATEWRITEI6,1000)<J,P(J) ,J=1,NP) PATF6 RETURN PATE10 CALL PROCIP,C1) dATEIFII0.LE«0)G0T011 °ATEWR1TE(6,1001)ITTER,C1 pATFWRITE(6,1000)IJ,P(J),J=l,NP) . PATEC------BEGINNING OF PATTERN SEARCH STRATEGY PATF11 D099 INRD=l,NRD PATEDO12 1*1,NP PATF12 SU) = SfI)/lO. PATEIFCIO.LE.0)GOTO20 PATFWRITEI6,10031 °ATEWRITE(6,1000)(J,SIJ),J=1,NP1 PATE20 IFAIL«0.0 PATEC---PRETURBATION ABOUT T PATED030 1=1,NP PATEIC*0 PATE21 PIII-TUHSm PATFIC-lC + 1 pateCALL BOUNDS(P,IOUT) °ATEIF<I0UT.GT.0)GOT023 °ATE

**
1
2345
67BQ
ID
11121714151 617IBIP?P212?2724252627
■>9
2930713233343536373B3940414243444546474R495051
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•* AT E 103

CONTINUE 
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46 0047 1=1,NP PATF 105
47 Bim=B2m RATE 106

G0T020 0 ATF 107
90 0091 1=1,NP PATF 10891 T(n«R2(I ) PATF J no
99 CONTINUE PATE 110

00100 1=1,NP PATF 111100 P( I ) = T (I) PATF ! 12
COST=C1 PATF 113IF! IO.LE.O)RETURN PATE 114

WRITF!6,1004)L»C1 PATF 115
WRITE(6,1000)!J,PIJI,J=l,NPI PATF 116

RETURN PATF 117
1000 FORMAT!10X,5(I7.E13.6)/) PATF 1181001 FORMAT!/71X14HITTER ATI ON NO. «15/5 X,5HC0ST= ,E15.6,?0X, PATF 119

1 10HPARAMFTFRS J PATE 120100? FORMAT!10X3HN0.,14, 8X5HC0ST=,E15.6) PATE 1211003 FORMAT!/IX2BHSTEP SI7E FOR EACH PARAMETER ) PATF 122
1004 FORMAT!1H113HANSWERS AFTER ,I 3,2X,2 3HFUNCTIONAL EVALUATIONS // PATF 123I 5X5HC0ST=,E15.6,20X,19H0PTIMAL PARAMETERS ) PATE 124
1005 FORMAT!1H135HINITIAL PARAMETERS OUT OF BOUNDS 1 PATE 125END PATF 126

********************************************************************************
INPUT OATA

************ft*******************************************************************

********************************************************************************
CONTROL PARAMETERS TO OBTAIN CONDENSED TABLES OFAPPENDIX G

********************************************************************************
140 1 0.1015 1. 0.5 0.1957911.121 0.518. 0.50.1147 0.010.001 0.0001
********************************************************************************

CONTROL PARAMETERS TO OBTAIN DETAIL PRINTOUT OFSECTION 4.4
********************************************************************************
240 2 0.1015 0. 0.5 0.19579
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11.121 0.818. 0.50.1147 0.010.001 0.0001
********************************************************************************

VELOCITY PROFILES MFASURFO AT 243 RPM TANK OIAMFTER= 12.25 IN.
********************************************************************************
1I 411N0V 22, 1968 I 3.000> 1.' 3.000 12.000 3.250 13.950 16.8002.5 . 243. T5.65.75 -8.95 .2 .8 0. 0. .3 -.1 14.68 58.65.8 -8.95 0. .9 0. 0. .4 -.2 14.6 56.65.8 -9. -.04 1.25 0. 0. .65 -.55 14.49 54.5.95 -8.9 -.95 1.7 0. 0. .65 -.6 14.38 51.6. -8.9 -1.35 2.1 0. 0. .5 -.4 14.3 49.26. -8.9 -1.45 2.3 0. 0. .05 . 1 14.2 47.
6. -8.9 -1.4 2.25 0. 0. -.35 .55 14.1 67.
5.95 -8.85 -.95 1.8 0. 0. -.65 .9 14. 49.5.9 -8.85 -. 3 1.15 0. 0. -.6 .8 13.9 52.5.85 -8.85 .05 .8 0. 0. -.45 .7 13.8 54.8
5.75 -8.9 .03 .55 0. 0. -.15 .32 13.7 62.41 4 11 DEC 9, 1968 9 3.000 1.3.000 12.000 3.250 13.950 16.8002.5 243. 74.55.5 -9.3 .2 .65 0. 0. 1 .4 -.2 14.7 60.65.5 -9.3 0. .85 0. 0. 1.7 -.5 14.6 58.5.5 -9.35 -.4 1.2 0. • 0. 1.8 -.65 14.5 56.5.6 -9.4 -.9 1.7 0. 0. 1.75 -.6 14.4 52.85.6 -9.45 -1.35 2.1 0. 0. 1.1 .1 14.3 49.6
5.65 -9.45 -1.4 2.2 0. 0. . 4 .9 14.2 48.5.6 -9.4 -1.3 2.1 0. 0. -.3 1.65 14.1 47.85.6 -9.4 -.8 1.6 0. 0. -.6 1.95 14. 49.85.5 -9.3 -.35 1.25 0. 0. -.4 1.8 13.9 53.5.5 -9.3 .05 .8 0. 0. .0 1.3 13.8 56.5.5 -9.3 .3 .6 0. 0. .45 .85 13.7 62.2I 4 12N0V 26, 1968 2 3.000 1.3.000i 12.000 3.250 13.950 16.8002.5 243. 76.45.8 -8.95 .2 .7 0. 0. .25 -.1 14.68 60.8
5.8 -8.96 .05 .85 0. 0. .4 -.25 14.6 59.25.8 -9. -.3 1.2 0. 0. .65 -.05 14.5 59.85.85 -9. -.8 1.65 0. 0. .8 -.75 14.4 54.45.85 -9.1 -1.2 2. 0. 0. .5 -.4 14.3 51.5.9 -9. -1.4 2.2 0. 0. . 15 0. 14.2 48.85.9 -9. -1.35 2.2 0. 0. -.25 .4 14.1 48.65.85 -9. -.95 1.8 0. 0. -.55 .75 14. 49.65.8 -9. -.4 1.35 0. 0. -.6 .8 13.9 51.8
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5.8 -9. -.1 .95 0. 0. -.5 .7 13.8 55.8
5.75 -9.95 .2 .7 0. 0. -.25 .45 13.7 60.
5.7 1 4 13DfrC

-8.95 
3, 1968

.35
1.

.55 0. 0. -.05 .25 13.4 63.2

8 3.000 3.000 12.noo 3.250 13.950 16.i3003. 243. 74.5
5.5 -9.25 .3 .55 0. 0. 1.25 -.1 14.3 46.6
5.5 -9.25 .2 .65 0. 0. 1.3 -.1 14.7 46.2
5.5 -9.3 .05 .75 0. 0. 1.4 -.2 14.6 45.8
5.5 -9.25 -.2 1. 0. 0. 1.5 -.3 14.5 45.25.55 -9.3 -.45 1.25 0. 0. 1.55 -.35 14.4 44.
5.55 -9.3 -.55 1.35 0. 0. 1.45 -.25 14.3 43.5.6 -9.35 -.65 1.4 0. 0. 1.2 0. 14.2 43.
5.5 -9.35 -.6 1.4 0. 0. .8 .5 14. 1 42.45.5 -9.35 -.525 1.3 0. 0. .35 1. 14. 43.5.55 -9.35 -.3 1.1 0. 0. .25 l.l- 13.9 44.45.5 -9.3 -.1 .9 0. 0. .25 1.1 13.8 46.
5.5 -9.3 0. 15 .7 0. 0. .3 1. 13.7 48.8
5.5 1 4 13N0V

-9.3 
27, 1968

.3
1.

.6 0. 0. .45 .9 13.6 50.8

3 3.000i 3.000i 12.000 3.250 13.950 16.8003. 243. 78.5.7 -9. .3 .6 0. 0. . 1 .05 14.8 52.5.7 -9. .2 .8 0. 0. . 15 0. 14.7 50.4
5.75 -9. .05 .85 0. 0. .25 -.1 14.6 48.4
5.8 -9. -.2 l.l 0. 0. .3 -.15 14.5 46.8
5.8 -9. -.4 1.3 0. 0. . 3 -.1 14.4 45.8
5.8 -9.05 -.6 1.45 0. 0. .2 -.05 14.3 44.5.81 -9.01 -.6 1.5 0. 0. .05 .15 14.2 43.4
5.8 -9. -.65 1.5 0. 0. -.1 .3 14.1 42.6
5.8 -9. -.55 1.4 0. 0. -.3 .5 14. 43.8
5.75 -9. -.3 1.2 0. 0. -.35 .55 13.9 44.6
5.75 -9. -.1 1. 0. • 0. -.3 .5 13.8 46.6
5.75 -9. .15 .75 0. 0. -.25 .4 13.7 48.2
5.75 1 4130 EC

-8.95 
3, 1968

.3
1.

.6 0. 0. -.1 .3 13.6 50.4

7 3.000 3.000i 12.000 3.250 13.950 16.8003.5 243. 75.5
5.6 -9.1 .25 .6 0. 0. . 15 -.05 14.8 37.4
5.55 -9.2 .175 .7 0. 0. . 15 -.05 14.7 37.6
5.55 -9.2 .1 .75 0. 0. . 175 -.1 14.6 37.6
5.6 -9.2 -.05 .9 0. 0. .2 -.1 14.5 38.4
5.6 -9.24 -.15 1.05 0. 0. .2 -.1 14.4 38.4
5.6 -9.2 -.3 1.15 0. 0. . 15 -.05 14.3 37.8
5.6 -9.2 -.35 1.2 0. 0. . 15 -.05 14.2 37.4
5.6 -9.2 -.35 1.2 0. 0. .05 .05 14.1 37.4
5.6 -9.25 -.3 1.125 0. 0. -.05 .15 14. 37.6
5.6 -9.25 -.15 1. 0. 0. -.1 .2 13.9 38.8
5.6 -9.25 -.075 .9 0. 0. -.15 .25 13.8 38.8
5.55 -9.25 .1 .75 0. 0. -.15 .25 13.7 40.4
5.55 1 4 14NOV

-9.25 
28, 1968

.25
1.

.65 0. 0. -.1 .25 13.6 42.6

44.1

5.5

44.1
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VFLCIGITY PROFILES MFASUREO AT 250 PPM TANK DIAMETER* 12.25 IN.
«*************************************’)m*#**#*#* ********** *************** **#***>(<
12 411JAN 24, 1969 2.5425 3.000 6.000 12.000 3.250 13.950 27.2002.5 250. 76.
4.2 -11.2 -.05 1.1 0. 0. -.5 1.15 10.7 71.44.22 -11.27 -.6 1.2 0. 0. -1.9 3.25 10.8 68.
4.3 -11.31 -1.4 2. 0. 0. -4. 5.5 10.9 66.4.31 -11.4 -3.1 3.4 0. 0. -4.5 6.05 11. 62.8
4.35 -11.46 -4.4 4.9 0. 0. -2.9 4.1 11.1 59.9
4.4 -11.5 -5. 5.45 0. 0. 1. .2 11.2 58.44.4 -11.48 -4.8 5.2 0. 0. 4.12 -3.2 11.3 59.2
4.3 -11.4 -3.6 4.1 0. 0. 5.8 -5.1 11.4 62.
3.75 -12.1 -1.3 2. 0. 0. 4.8 -4.2 11.5 67.63.72 -12.08 -.6 1.2 0. 0. 3.3 -2.4 11.6 70.4
3.7 -12.03 -.5 l.l 0. 0. 2. -1. 11.7 73.2
2 4 14JAN 17, 1969 2.54 22 3.000 6.000 12.000 3.250 13.950 27.2002.5 250. 75.6
4.2 -11.2 -.35 .9 0. 0. -.1 1.2 10.5 95.4
4.25 -11.17 -.2 0.8 0. 0. -.2 1.5 10.6 72.24.3 -11.8 -.2 .95 0. 0. -l.l 2.4 10.7 72.
4.3 -11.2 -.6 1.25 0. 0. -2.9 4.3 10.8 70.8
4.4 -11.23 -2.1 2.8 0. 0. -4.95 6.5 10.9 66.4
4.45 -11.3 -3.9 4.5 0. 0. -4.45 6.1 ll. 63.
4.45 -11.48 -5.2 5.7 0. 0. -1.8 3.2 11.1 59.8
4.5 -11.4 -5.55 6.05 0. 0. 2.2 -1.1 11.2 59.2
4.45 -11.35 -5.05 5.55 0. . 0. 5.4 -4.6 11.3 61.8
4.35 -11.3 -2.95 3.45 0. 0. 6.3 -5.8 11.4 64.6
4.3 -11.25 -1.6 2.1 0. 0. 5.1 -4.3 11.5 68.8
4.25 -11.2 -.85 1.4 0. 0. 3.5 -2.55 11.6 71.
4.25 -11.2 -.6 1.15 0. 0. 2. -l.l 11.7 72.
4.25 -11.2 -.5 1.1 0. 0. 1.25 -.3 11.9 72.
2 4 12MAR 24, 1969 2.54 24 3.000 6.000 12.000 3.250 13.950 27.2003.0 250. 77.5
2.95 -13.17 -.8 1.25 0. 0. -1.2 2.35 10.7 58.43.01 -13.1 -.9 1.45 0. 0. -2.05 3.3 10.8 55.3.09 -13.14 -1.4 1.9 0. 0. -2.3 3.6 10.9 54.2
3.1 -13.16 -1.9 2.5 0. 0. -1.9 3.15 11. 53.4
3.12 -13.18 -2.2 2.65 0. 0. -1. 2.2 11.1 52.2
3.15 -13.18 -2.55 3.1 0. 0. 1.3 -.4 11.2 52.2
3.1 -13.15 -2.45 3. 0. 0. 2.6 -1.8 11.3 52.8
3.1 -13.15 -2.15 2.7 0. 0. 3.35 -2.6 11.4 53.6
3.05 -13.1 -1.7 2.2 0. 0. 3.35 -2.6 11.5 54.6
3.05 -13.1 -1.25 1.8 0. 0. 2.85 -2.1 11.6 55.
3.05 -13.05 -.9 1.5 0. 0. 2.1 -1.3 11.7 55.
3.02 -13.05 -.75 1.4 0. 0. 1.3 -.4 11.8 55.
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9 4
13J4N 22, 1969 2.5423 3.OOO 6.000 12.000 3.250 13.950 27.2003.0 250. 76.4.27 - 1.2 -.45 1.05 0. 0. -.1 1.4 10.6 63.9
4.2R - 1.2 -.45 1.2 0. 0. -1. 2.45 10.7 60.
4.29 - 1.23 -.6 1.4 0. 0. -1.5 2.7 10.8 58.4
4.31 - 1.28 -1.4 2.1 0. 0. -1.75 3.1 10.9 53.
4.37 - 1.3 -2.1 2.7 0. 0. -1.2 2.58 11 . 54.84.39 - 1.3 -2.53 3.3 0. 0. -.15 1.45 11 .1 53.84.39 - 1.3 -2.6 3.28 0. 0. 1.45 -.3 11.2 53.3
4.35 - 1.3 -2.6 3.2 0. 0. 3. -1.9 11.3 54.
4.35 - 1.3 -2.3 2.85 0. 0. 3.1 -2.7 11.4 55.4
4.32 - 1.25 -1.6 2.3 0. 0. 3.1 -2.7 11.5 56.64.25 - 1.2 -1. 1.7 0. 0. 3.2 -2.8 11.6 59.4.25 - 1.2 -.7 1.9 0. 0. 2.4 -1.3 • 11.7 60.64.2 - 1.2 -.5 1.05 0. 0. 1.3 -.3 11.8 63.4
♦*♦*******♦♦♦*♦*♦♦♦********************ft****************************************

VELDC!TY PROFILES MEASURFD AT 333.3 PPM TANK DIAMETER= 12.25 IN.
*************************************************************************** *****
12 4I3MAR 6, 1969 2.5427 3.000 6.1OOO 12.000 3.250 13.950 27.2002.5 333.33 75.
3.2 -12.8 -.4 1. 0. 0. 2.7 -1.9 11.7 72.43.25 -12.8 -.6 1.3 0. 0. 5.3 -4.65 11.6 69.43.3 -12.9 -2.7 3.1 0. 0. 8.1 -7.7 11.5 65.3
3.35 -12.95 -5.3 5.7 0. ’ 0. 10.3 -10. 11.4 .62.2
3.55 -13. 1 -8.3 8.6 0. 0. 8.4 -8. 11.3 60.3.6 -13.2 -9.4 9.75 0. 0. 3.5 -2.7 11.2 58.6
3.5 -13.1 -9.1 9.4 0. 0. -4.1 5.5 11 .1 60.
3.45 -13.05 -6.8 7.25 0. 0. -8.15 9.8 11. 62.4
3.35 -12.95 -3.7 4.1 0. 0. -8.7 10.2 10.9 65.
3.25 -12.9 -1.8 2.3 0. 0. -5.7 7.3 10.8 68.
3.2 -12.85 -1. 1.5 0. 0. -2.8 4.1 10.7 68.8
3.2 -12.8 -.7 1.25 0. 0. -.7 1.9 10.6 70.43.2 -12.8 -.6 1.15 0. 0. .3 .8 10.5 70.4
2 413MAR 8, 1969 2.5428 3.000 6.000 12.000 3.250 13.950 27.2002.5 333.33 76.
3.1 -12.85 -.3 .8 0. 0. -.8 1.7 10.6 68.23.12 -12.85 -.4 .9 0. 0. -3. 4. 15 10.7 68.23.2 -12.9 -2. 2.6 0. 0. -6.55 8.1 10.8 67.
3.45 -13. -4.75 5.2 0. 0. -9.8 11.6 10.9 64.8
3.5 -13.15 -8. 8.4 0. 0. -7.5 9.3 11. 61.6
3.55 -13.2 -9.8 10.2 0. 0. -1.9 3.5 11.1 59.2
3.55 -13.25 -9.9 10.4 0. 0. 5.3 -4.5 11.2 58.3.45 -13.15 -8.1 8.6 0. 0. 10.5 -10. 11.3 60.43.3 -13.05 -5.2 5.6 0. 0. 10.4 -10.2 11.4 62.8
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3,15 -12.95 -1.95 2.4 0. 0. 7.1 -6.7 11.5 67.6
3.1 r12.9 -.6 1.1 0. 0. 3.7 -3. 11.6 6 8.43.1 -12.9 -.7 1.15 0. 0. 1.9 -1. 1 1.7 68.63.1 -12.9 -.5 1.1 0. 0. 0.6 .45 !?• 68.62 4 12MAR 15,1969 2.54 26 3.000 6.000 12.000 3.250 13.950 27.2 3.0 333.33 77.
2.95 -13.1 -.6 1.1 0. 0. -1.2 2.4 10.6 60.?3.0 -13.15 -.7 1.25 0. 0. -2.35 3.65 10.7 59.
3.0 -13.15 -1.7 2.2 o. 0. -4. 5.45 10.8 5 5.43.1 -13.2 -3.1 3.6 0. 0. -4.0 6.3 10.9 55.3.15 -13.26 -4.2 4.6 0. 0. -4. 5.4 11. 54.3.2 -13.3 -5.1 5.5 0. 0. -1.5 2.7 11.1 52.63.15 -13.3 -5.25 5.6 0. 0. 1.25 -.4 11.2 52.23.15 -13.3 -5.1 5.45 0. 0. 4.0 -3.3 • 11.3 53.3.1 -13.25 -4.2 4.6 0. 0. 5.6 -5.05 11.4 63.43.05 -13.2 -2.9 3.35 0. 0. 5.7 -5.25 11.5 55.3.05 -13.15 -1.85 2.4 0. 0. 4.95 -4.35 11.6 57.42.95 -13.15 -.8 1.2 0. 0. 2.9 -2.45 11.7 59.89 4 14MAR 10, 1969 2.54 29 3.000 6.00Cl 12.000 3.250 13.950 27.2003. 333.33 75.3.1 -12.9 -.4 .95 0. 0. .4 1.6 10.5 62.43.1 -12.9 -.4 1. 0. 0. -1.6 2.85 10.6 60.3.15 -12.95 -1.05 1.6 0. 0. -3.3 4.7 10.7 57.23.2 -13. -1.7 2.7 0. 0. -3.9 5.3 10.3 56.63.25 -13.05 -3.7 4.2 0. 0. -4.4 5. R 10.9 55.23.3 -13.1 -4.8 5.2 0. 0. -3.1 4.4 11. 53.83.3 -13.15 -5.5 5.9 0. 0. -.15 1.3 11.1 53.63.3 -13.1 -5.55 5.9 0. 0. 3. -2.2 11.2 53.3.25 -13.05 -5. 5.4 0. 0. 5.1 -4.5 11.3 53.8
3.25 -13.05 -4. 4.4 0. ' 0. 5.8 -5.25 11.4 54.6
3.2 -13. -2.45 2.9 0. 0. 5.5 -4.9 11.5 57.3.12 -12.94 -1.5 2. 0. 0. 4.2 -3.6 11.6 58.83.1 -12.96 -0.65 1.05 0. 0. 2.5 -1.85 11.7 60.3.05 -12.95 -.6 1. 0. 0. 1.45 -.6 11.8 60.
********************************************************************************

VELOCITY PROFILES MEASURED AT 400 RPM TANK 01AMETRR= 12.25 IN.
********************************************************************************
12 412MAR 12, 1969 2.5432 3.000 6.000 12.000 3.250 13.950 27.2002.5 400. 78.3.05 -13. -.6 1.2 0. 0. 4. -3.2 11.7 68.43.1 -13.03 -1.4 2. 0. 0. 7. -6.4 11.6 67.43.18 -13.1 -4.5 5. 0. 0. 12.7 -12.55 11.5 66.3.4 -13.4 -9.1 9.65 0. 0. 16.85 -17. 11 .4 62.63.55 -13.45 -12.8 13.25 0. 0. 13.1 -13. 11 .3 60.
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3.5*5 -13.5 -14.5 14.8 0. 0. 5. -4.2 11.2 58.6
3.5 -13.5 -13.5 13.7 0. 0. -5.3 6.75 U .1 60.63.4*5 -13.41 -10.4 10.6 0. 0. -13. 14.7 11. 63.6
3.3 -13.26 -6. 6.3 0. 0. -13.3 15. 10.9 66.6
3.15 -13.1 -2.5 3. 0. 0. -8. 9.6 10.9 69. 8
3.05 -13,06 -1.1 1.55 0. 0. -3.5 4.B5 10.7 69.
3.0 3 -13. - • 8 1.3 0. 0. -1.3 2.6 10.6 69. 8
2 4 12MAR lit 1464 2.54 31 3.000 6.00Ci 12.000 3.250 13.950 27.2002.5 400. 78.
3.05 -12.4 -.55 l.l 0. 0. . 1 1. 10.5 67.H
3.05 -12.95 -.6 1,15 0. 0. -1.3 2.5 10.6 67.6
3.1 -13. -•R 1.35 0. 0. -4. 5.4 10.7 68.23.15 -13.05 -2.75 3.8 0. 0. -9.5 11.2 10.8 68.63.35 -13.25 -7.7 8.1 0. 0. -14.2 15.9 • 10.9 66.
3.5 -13.4 -12.05 12.2 0. 0. -12. 13.6 11 . 62.43.6 -13.5 -14.7 15. 0. 0. -3.3 4.75 11.1 59.4
3.6 -13.52 -14.9 15.15 0. 0. 7.4 -7. 11.2 58.8
3.45 -13.35 -12. 12.35 0. 0. 14.7 -14.6 11.3 60.
3.32 -13.25 -7.6 7.95 0. 0. 16.2 -16.3 11.4 63.6
3.15 -13.05 -3.7 4.1 0. 0. 11.8 -11.5 11.5 67.6
3.1 -13. -1.55 2.2 0. 0. 6.6 -6. 11.6 68.4
2 4 15MAR 13, 1969 2.54 33 3.000 6.000I 12.000 3.250 13.950 27.2003.0 400. 78.
3.05 -13. -.5 l.l 0. 0. -.9 2.2 10.5 62.
3.1 -13.05 -.6 1.2 0. 0. -1.9 3.3 10.6 59.6
3.1 -13.05 -1.2 1.8 0. 0. -4. 5.5 10.7 58.2
3.15 -13.1 -2.5 3.05 0. O'. -5. 7 7.3 10.8 55.6
3.25 -13.2 -4.8 5.3 0. 0. -6.7 8.3 10.9 54.6
3.32 -13.3 -6.7 7.2 0. 0. -5.6 7.3 11. 54.2
3.35 -13.3 -8.1 8.5 0. ' 0. -2.5 4.1 11.1 53.4
3.4 -13.3 -8.2 8.75 0. 0. 2.35 -1.3 11.2 52.4
3.35 -13.3 -7.7 8.25 0. 0. 5.5 -4.75 11.3 52.4
3.3 -13.25 -6.6 7.1 0. 0. 7.25 -6.7 11.4 54.
3.1 -13.2 -4.2 4.7 0. 0. 7.7 -7.2 11.5 55.2
3.1 -13.1 -2.6 3.1 0. 0. 6.6 -6.3 11.6 56.4
3.1 -13.1 -1.5 2. 0. 0. 4.5 -3.8 11.7 58.4
3.02 -13.05 -.9 1.5 0. 0. 2. 7 -1.85 11.8 60.6
3.0 -13.05 -.8 1.3 0. 0. 1.4 -.5 11.9 65.8
4 4 15MAR 10, 1969 2.54 30 3.000 6.000i 12.000 3.250 13.950 27.2003. 400. 78.
3.05 -12.95 -.6 1. 0. 0. 1.9 -1.2 11.8 61.
3.06 -12.96 -.7 1.05 0. 0. 3.1 -2.6 11.7 60.
3.12 -13. -1.5 1.9 0. 0. 5.45 -5.1 11.6 58.
3.15 -13.05 -3.2 3.65 0. 0. 7. -6.7 11.5 55.6
3.25 -13.1 -4.7 4.95 0. 0. 7.6 -7.4 11.4 53.8
3.3 -13.2 -7.3 7.5 0. 0. 6.9 -6.65 11.3 53.8
3.4 -13.25 -8.3 8.5 0. 0. 4.7 -4.3 11.2 53.2
3.3 -13.25 -8.65 8.9 0. 0. -.4 1.5 11.1 .53.
3.4 -13.21 -8. 8.3 0. 0. -4.4 5.9 11. 53.6
3.3 -13.15 -6.1 6.5 0. 0. -6.4 8. 10.9 56.
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3.2 -13.05 -4.25 4.7 0. 0. -6.5 a. is 10.8 57.3.15 -13. -2.5 3.05 0. 0. -5.1 6.7 10.7 59.8
3.1 -12.95 -1.2 1.8 0. 0. -2.T 4.2 10. * 6 2.3.1 -12.R5 -.85 1.5 0. 0. -I. 2.3 10.5 64.23.05 -12.95 -.7 1.4 0. 0. 0. 1.3 10.4 71.
******** 41*41 * ******************** * i****#*****##*#*#*#* ****** ft# ft*#*#*##*##* ft*******

VELOCITY PROFILES MEASURED AT 500 R °M TANK DIAMETER* 12.25 IN.
********************************************************************************
12 A15DEC 5, 1968 1,10 3.000 3.000 12.000 3.250 13.950 16.800 2.530500.000 76.500 44.15.500 -9.300 0.200 0.650 0.000 0.000 1.150 0.290 14.900 58.9005.500 -9.300 0.100 0.800 0.000 0.000 1.250 -0.050 14.900 57.6005.500 -9.300 -0.250 1.150 0.000 0.000 2.250 -1.000 14.700 57.6005.600 -9.400 -1.050 1.900 0.000 0.000 4.200 -3.200 14.600 57.2005.700 -9.550 -2.550 3.350 0.000 0.000 6.450 -5.600 14.500 56.400
5.950 -9.750 -4.750 5.400 0.000 0.000 7.450 -6.690 14.400 53.6006,150 -9.950 -6.850 7.500 0.000 0.000 6.300 -5.500 14.300 50.0006.250-10.050 -7.950 8.600 0. 000 0.000 1.850 -0.700 14.200 48.0006.25 -10.05 -7.800 8.500 0.000 0.000 -0.400 1.800 14.150 47.8006.200-10.000 -7.250 7.900 0.000 0.000 -3.200 4.750 14.100 47.8006.000 -9.800 -5.450 6.100 0.000 o.oco -6.800 8.500 14.000 49.4005.800 -9.600 -3.250 4.000 0.000 0.000 -7.100 8.750 13.900 52.2005.650 -9.450 -1.500 2.250 0.000 0.000-5.150 6.800 13.900 56.0005.500 -9.350 -0.150 1.050 0.000 0.000 1.500 2.050 13.700 61.0005.500 -9.300 0.300 0.600 o. oo’o 0.000 0.450 1.900 13.600 69.200
2 4140EC 18, 1968 1.17 3.000 3.000 12.000 3.250 13.950 16.800 2.500500.000 76.750 5.5005.150 -9.800 -0.050 0.500 0.000 0.000 0.800 0.500 14.900 73.4005.200 -9.900 -0.200 0.650 0.000 0.000 1.600 -0.400 14.800 65.0005.200 -9.900 -0.500 0.900 0.000 0.000 2.300 -1.200 14.700 62.000-5.250 -9.950 -1.100 1.500 0.000 0.000 3.950 -3.000 14.600 61.4005.450-10.000 -2.600 2.950 0.000 0.000 6.700 -5.850 14.500 58.6005.600-10.200 -4.500 4.800 0.000 0.000 8.100 -7.300 14.400 55.2005.850-10.400 -6.750 7.000 0.000 0.000 6.950 -6.150 14.300 51.6005.900-10.600 -7.900 8.150 0.000 0.000 3.100 -2.050 14.200 48.600
5.900-10.600 -7.750 8.000 0.000 0.000 -2.200 3.700 14.100 45.6005.700-10.400 -5.950 6.200 0.000 0.000 -6.650 8.350 14.000 49.6005.550-10.200 -3.950 4.250 0.000 0.000 -7.200 8.900 13.900 52.4005.300 -9.950 -1.850 2.200 0.000 0.000 -5.000 6.650 13.800 56.6005.200 -9.850 -0.500 1.000 0.000 0.000 -2.150 3.700 13.700 61.6005.100 -9.800 0.000 0.400 0.000 0.000 -0.050 1.200 13.600 65.8002 412DEC 22, 1968 2.S418 3.000 6.000 12.000 3.250 13. 50 16.8002.5 500. 76.6 44.15.050 -9.900 0.254 1.143 0.000 0.000 4.445 -1.397 11.800 60.000
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5.4 -10.05 -3.100 3.350 0.000 0.000 3.900 -3.000 14.40C 45.4005.500-10.200 -4.150 4.300 0.000 0.000 3.400 -2.630 14.300 45.2005.600-10.200 -4.800 5.000 0.000 0.000 1.900 -0.800 14.200 43.2005.600-10.200 -4.900 5.100 0.000 0.000 -0.150 1.400 14.100 42.6005.500-10.200 -4.300 4. 500 0.000 0.000 -2.450 3.930 14.000 43.0005.45 -10.15 -3.550 3.700 0.000 0.000 -3.450 5.050 13.900 64.0005.350-10.000 -2.350 2.650 0.000 0.000 -3.550 5.030 13.800 45.6005.250 -9.900 -1.350 1.700 0.000 0.000 -2.700 4. 130 13.700 48.4005.150 -9.800 -0.600 0.950 0.000 0.000 -1.600 3.0"C 13.600 51.0005.150 -9.800 -0.200 0.550 0.000 0.000 -0.450 1.700 13.500 57.0002 4 17DCC 30, 194.85 A. Bf>4.R54.855.5.15.25.255.35.255.15.14.94.9 4.84.754.75 2 41AJAN

1968 2.54• 3.oorI 6.000' 12.000i 3.250 13.950 16.8003. 500. 76.-10.3 .15 1.8 0. 0. .45 1.6 12.1 55.-10.3 .1 1.9 0. 0. 1.3 .7 11.9 50.8-10.3 -. 15 2.15 0. 0. 4. -2.3 11.8 46.8-10.35 -1.4 3.2 0. 0. 6.6 -5.25 11 .7 46.2-10.4 -3.6 5.4 0. 0. 9.8 -8.2 11.6 43.2-10.6 -8.1 9.9 0. 0. 13. -11.1 11.5 43.6-10.7 -9.4 11.2 0. 0. 11.5 -10.4 11.4 40.6-10.75 -11.2 12.95 0. 0. 8.1 -6.85 11.3 39.
-10.85 -12. 75 14.5 0. 0. 3.3 -1.6 11.2 39.4-10.75 -12.3 14.05 0. 0. -3.5 5.8 11 .1 40.2-10.6 -10. 11.8 0. 0. -7.75 10.4 11. 41.-10.6 -7.6 9.45 0. 0. -9.8 12.6 10.9 42.6-10.45 -4.3 6.15 0. 0. -9. 1 11.7 10.8 42.2
-10.4 -2.1 4.1 0. 0. -6.8 9.9 10.7 45.2-10.4 -.45 1.85 0. 0. -3. 1 5.3 10.6 47.4-10.35 0.05 1.4 0. 0. -1.15 3.25 10.5 51.-10.35 .2 1.3 0. 0. .45 1.6 10.3 59.6

4.554.544.64.65 4.75 4.95.055.15.1 5.0 4.95 4.84.74.654.64.55 2 4170EC

7, 20 3
-10 
-10 
-10 
-10 
-10 
-10 
-1 1  
- 1 1  
- 1 1  
-11 
-1 1  
-1 0  
-10 
-10 
-10 
-10

1969 
.000 .65 ■ .7 ■ .75 ■ .75 - .85 - .9 ■ . I - . 1 ■ .15 - 
.1  ■ .05 - .9 ■ 
8 - 7 - 65 - 

• 6 ■

2.54
6.000.4.65

1.63.3 6.05 8.15 
12.13. 113.35 11.9 9.656.33.31.35 
.6 
.2

12.000 3.250 13.950 16.8003.
1.8
2.2.854.557.2
1 0 .13.14.2514.312.9510.757.354.52.5 1.91.5

0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.

0.0.0.0.
Q.0.0.0.0.0.0.0.0.0.0.0.

1.3 
3.9 6.7510.3 13.213.511.5 5.45 -2. -7. -II.1

.7-2.3-5.25-9.

500.11.9
11.811.7
11.6-12.05 11.5 -12.25 11.4 -10.3 11.3-3.84.29.613.9-10.75 13.55-7.7-4.3-2.3.7

10.15 
6.6 4.6 1 .3

1 1 . 2
1 1 . 1
11.010.9
10.810.7
10.610.510.3

77.5 49. 49.48.4 46. 44.42.441.441.41.442.44.646.448.252.2 56.8 
68.

44. 1

5.5

, 1968 1.12 3.000 3.000 12.0005.200 -9.600 -0.300 0.550 3.250 13.950 16.800 3.500500.000 77.000 44.1 0.000 0.000 0.750 0.300 15.000 36.400
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9 4
14MAP 17, 1969 2.5436 3.000 6.00C1 12.000 3.250 13.950 27.2 3. 550. 78.2.95 -13.15 -.9 1.45 0. 0. 2.1 -1.4 11.9 62.8
3.0 -13.2 -2. 2.6 0. 0. 6.9 -6.5 11.7 58.23.1 -13.3 -4. 4.5 0. 0. 9. -9.2 11.6 55.83.2 -13.45 -7.3 7.7 0. 0. 14. -14. 11.5 54.3.3 -13.5 -11.4 11.7 0. 0. 14.8 -14.8 11 .4 53.2
3.45 -13.65 -14.5 14.7 0. 0. It. -10.8 11.3 52.63.55 -13.8 -17.6 18. 0. 0. 3.8 -3.1 11.2 53.3.5 -13.8 -17.9 16. 0. 0. -3.6 5. 11.1 52.43.4 -13.7 -15.35 15.7 0. 0. -11.5 13.3 11. 53.23.4 -13.6 -11.4 11.6 0. c. -14.5 ,16.4 10.9 54.23.? -13.4 -6.6 7. 0. 0. -13.3 15. 1 10.8 57.43.0 -13.25 -4.1 4.6 0. 0. -10.2 11.9 • 10.7 60.2.95 -13.25 -1.6 2.1 0. 0. -4.6 5.9 10.6 60.62.9 -13.2 -.8 1.35 0. 0. -.8 2. 10.4 64.
********************************************************************************

VFLOCITY PROF ILFS MEASURED AT 333.3 RPM TANK DIAMFTER= 11.5 IN.
*** ft**********************#**************#***#**#****************#***#*#***.**.!.#*

2 411MAR 20, 1969 2.54 37 3.000 6.000i 12.000 6.0 14. 75 26.8 2.5 333.33 78.6 44.
2.12 -12.55 -1.05 .7 0. 0. -2.3 3.1 14.3 76.82.2 -12.65 -1.9 1.5 0. 0. -5.6 6.5 14.4 70.2.3 -12.7 -4.3 3.8 0. ' 0. -7.8 8.9 14.5 64.2.4 -12.8 -7.3 6.7 0. 0. -6.7 7.8 14.6 60.62.5 -12.75 -9.1 8.5 0. 0. -2.4 3.2 14.7 59.
2.5 -12.9 -9.1 8.6 0. 0. 3.4 -3.15 14.R 58.82.4 -12.85 -8.4 7.8 0. 0. 8.1 -8.2 14.9 61.22.25 -12.7 -5.6 5. 0. 0. 9.6 -9.8 15. 65.22.2 -12.7 -3.6 3.2 0. 0. 8.1 -8.2 15.1 69.22.15 -12.6 -2.1 1.7 0. 0. 5.6 -5.5 15.2 73.22.1 -12.6 -1. 1.15 0. 0. 3.3 -3.0 15.3 81.42 4 13MAR 23, 1969 2.54 40 3.000 6.000 12.000 6.0 14.75 26.8 2.5 333.33 75.75 5.52.02 -12.7 -1.1 .6 0. 0. 1.3 -1. 15.4 79.22.02 -12.7 -1.15 .65 0. 0. 2.6 -2.3 15.3 77.42.08 -12.75 -1.7 1.15 0. 0. 5.3 -5.3 15.2 70.62.15 -12.8 -3.2 2.6 0. 0. 7.6 -7.8 15.1 67.42.2 -12.9 -5.5 4.9 0. 0. 9. t5 -9.45 15. 64.2.35 -13. -7.7 7.05 0. 0. 7.75 -7.9 14.9 60.82.35 -13. -8.75 8.1 0. 0. 3.6 -3.4 14.8 59.2.35 -13. -8.65 8. 0. 0. -1.05 2.15 14.7 59.82.3 -12.9 -6.9 6.3 0. 0. -6.5 7.4 14.6 61.42.2 -12.85 -4.65 4.1 0. 0. -7.25 8.25 14.5 65.2
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2.1 -12.75 -2.65 2.25 0. 0. -5.25 6.1 14.4 68.2
2.05 -12.7 -1.6 1.15 0. 0. -2.45 3.2 14.3 72.4
2.03 -12.65 -1.1 .75 0. 0. -.7 1 .3 14.? 75.4
2 412M ap 21, 1969 2.54 38 3.000 6.000' 12.0001 6.0 14. 75 26.0 3. 333.33 78.
2.IS -12.6 -1.1 .9 0. 0. 3.4 -3. 15.3 60.4
2.IS -12.6 -1.5 1.2 0. 0. 4.4. -4. 15.2 59.6
2.2 -12.65 -2.7 2.235 0. 0. 5.3 -5. 1 15.1 56.62.2S -12.75 -3.7 3.25 0. 0. 4.9 -4.75 15. 55.42.27 -12.75 -4.6 4.OS 0. 0. 3.95 -3.6 14.9 54.4
2.3 -12.75 -4. 95 4.45 0. 0. 1.8 -1.35 14.0 54.42 .25 -12.77 -4. 85 4.4 0. 0. -1.15 1.9 14.7 53.6
2.25 -12.75 -4.45 3.95 0. 0. -3.15 3.95 14.6 55.4
2.2 -12.7 -3.55 3.1 0. 0. -3. 95 4.05 • 14.5 56.4
2.IS -12.65 -2.4 2. 0. 0. -3.7 4.55 14.4 58.
2.1 -12.6 -1.75 1.4 0. ' 0. -2.4 3.15 14.3 61.
2.1 -12.6 -1.3 .9 0. 0. -1.25 1.9 14.2 62.0<1 4 13MAR 22, 1969 39 3.000>2.54 i 6.0001 12.0001 6.0 14.75 26.8 3. 333.33 77.
2.05 -12.6 -1. .7 0. 0. -.9 1.6 14.2 62.6
2.1 -12.6 -1.1 .8 0. 0. -2. 2.0 14.3 58.6
2.1 -12.65 -1.6 1.2 0. 0. 3.1 -3.95 14.4 56.6
2.15 -12.7 -2.9 2.5 0. 0. -3.0 4.7 14.5 55.6
2.2 -12.7 -4. 3.55 0. 0. -3.5 6.3 14.6 53.B
2.2 -12.75 -4.7 4.25 0. 0. -1.6 2.3 14.7 53.4
2.25 -12.B -4.9 4.5 0. 0. .9 -.4 14.8 53.4
2.25 -12.0 -4.9 4.45 0. 0. 3. -2.7 14.9 53.8
2.2 -12.75 -4.8 4.3 0. 0. 4.8 -4.5 15. 55.2
2.16 -12.72 -3.1 2.65 0. 0. 4.8 -4.6 15.1 56.4
22.1 -12.66 -2.6 2.2 0. 0. 4.4 -4.7 15.2 58.6
2.1 -12.65 -2.2 1.75 0. 0. 3.5 -3.3 15.3 62.
2.05 -12.65 -1.65 1.3 0. 0. 2.4 -2.1 15.4 64.6

44 . I

I.5
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SAMPLE OUTPUT FOR RUN NUMBER 29 

PAW OATA MAR 10f 1969

RUN NIJMBFR 
IMPFLLFR DIAMETER 
TMPELLFR HT OF TANK BOTTOM 
LEVFl OF WATER IN TANK 
HFIGHT OF PI TOT TUBF OFF TANK BOTTOM 
VERNIER STAND READING 
ZERO ERROR FOR ANGLE 
DlST PROBE TO AXIS 
RPM SETTING 
FLUID TEMP
ANGULAR POSITION FROM BAFFLE

PID-Pf ATM) P(l)-P(21 PI21-PC31 PI41-PI51 H ANGLELEFT RIGHT LEFT RIGHT •LEFT RIGHT LEFT RIGHT

3.10 -12.90 -0.60 0.95 0.0 0.0 0.40 1.60 10.50 62.403.10 -12.90 -0.60 1.00 0.0 0.0 -1.60 2.85 10.60 60.003.15 -12.95 -1.05 1.60 0.0 0.0 -3.30 4.70 10.70 57.203.20 -13.00 -1.70 2.70 0.0 0.0 -3.90 5.30 10.80 56.603.25 -13.05 -3.70 6.20 0.0 0.0 -4.40 5.80 10.90 55.203.30 -13.10 -6.80 5.20 0.0 0.0 -3.10 4.40 11.03 53.803.30 -13.15 -5.50 5.90 0.0 0.0 -0.15 1.30 11.10 53.603.30 -13.10 -5.55 5.90 0.0 0.0 3.00 -2.20 11.20 53.003.25 -13.05 -5.00 5.60 0.0 0.0 5.10 -4.50 11.30 53.803.25 -13.05 -6.00 6.40 0.0 0.0 5.80 -5.25 11.40 54.603.20 -13.00 -2.65 2.90 0.0 0.0 5.50 -4.90 11.50 57.003.12 -12.96 -1.50 2.00 0.0 0.0 4.20 -3.60 11.60 58.803.10 -12.96 -0.65 1.05 0.0 0.0 2.50 -1.85 11.70 60.003.05 -12.95 -0.60 1.00 0.0 0.0 1.45 -0.60 11.80 60.00

= 29
= 3.00 
= 6.00 
= 1 2 . 0 0  

= 3.25 
= 13.95 
=27.20 
= 3.00 
=333.33 
=75.00 OFG F 
= 5.50 DEG
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P(l) P(2) P{ 31 P (A» SUM SQ RFfi

1.1191999F 01 
1.0791992F 01 
1.1591991F 01 
1.1261989E 01 
I.12B1989E 01 
1.12759R7E 01

I.8000000F 01 
1•8500000F 01 
I•8500000F 01 
1.8499984F 01 
1.8«54 9 9 73F 01
1.B544922F 01

1*15R7989F—01 
1•15B79R9F-01 
1•15B7989E—01 
1•I5879B9F—01 
1.1587989E-01 
1.1587989F-01

9. 9999RO3f:.-04 
2.9999O65F-03 
?.7999969E-03 
2 > 74999A3F-03 
2.74999A3F-03 
2 • 74299SOF-03

4.77O0601F 02 
2.9860718F 0? 
2.5867212F 0? 
2 .3848981F 0? 
2.3564R42F 02 
2.3563470F 02

The above la the value of the parameters c, A, a, and zq at every 30th evaluation of SS 
as defined by Equation C-2.
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«>m-Pi2i p(*»-p(5) dpi u**?
px»

0.5315 -0.8661 -0.23090.5512 -2.1457 -0.57201.0433 -3.5433 -0.94471.7323 -4.0157 -1.07063.1102 -4.4094 -1,17563.9370 -3.3465 -0.89224.4802 -0.9646 -0.25724.5079 1.6535 0.44084.0945 3.3858 0.90273.3071 3.9567 1.05492.1063 3.7008 0.98661.3780 2.677? 0.71370.6693 1.3189 0.35160.6299 0.4134 0.1102

DPI U**2 vz
r.Air. CALC oift of j*

-0.2475 -0.2032 -0.0165-0.4234 -0.1597 0.1487-0.6617 -0.1172 0.2329-0.9114 -0.0768 0.1592-1.0484 -0.0432 0.1271
-0.9140 -0.0197 -0.0218-0.4419 -0.0060 -0.1848
0.2228 0.0028 -0.21900.7881 0.0141 -0.1145
1.0399 0.0340 -0.01500.9791 0.0644 -0.00760.7505 0.1029 0.03680.4990 0.1452 0.14740.2998 0.I860 0.1896
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3 AO M L  VFLOr. fry ANAL VS IS

36.63440646 38.36560059 54.38?5073? 70.40476624 08.73130084 109.07333374 116.66134644 117.51817322111.23338318 99.25863647 77.42572021 61.46673534 42.27634021 41.01455688

Or3?.66087764 44.45713306 58.0063563175.3216705392.07572083106.40310660115.40379777116.3015441Q110.22555542
0 7 . 3 6 5 2 4 0 6 3
81.1176457664.358505?5 
49.11526489 36.39655200

SUM oc S0UA85S OF C 0—OCAt C > 214.25O04P46
OOOONFSS OF FIT 0.99151355
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1
2345
67
8
9

10
11
121314IS16171819
20
21
22232425262728293031323334

LIST F-2

FORTRAN LISTING FOR PROGRAM VELPRO, SUPPORTING SUBSTANCES ARE POLY AND CURVEF.

ALSO GIVEN ARE THE NECESSARY INPUT DATA AND SAMPLE OUTPUT.

MAIN PROGRAM VELPRO

DIMENSION RllO>.GI10),RRIlO,7),QQ(10*7),COEFS<lO)fCO(lO,6> DIMENSION DR!10.6)»ZZI10,7)*VR<10)»Z(101.CZI10,6),DZ<10,6) DIMENSION V1I10*4)»V2!10»4)»V3!10*4)COMMON COEFS.LPRINT
 L* ORDER OF POLYNOMIAL FITN« NUMBER OF PROFILES EXAMINEDM» NUMBER OF Z PLANES IN WHICH PROFILES ARE EXAMINEDQ« ARRAY HOLDS STREAM FUNCTION AT CONSTANT R OR ZR* ARRAY HOLOS R OR Z
LPRINT-0LPRINT-1READ (5* 1DKGR0UP FORMAT!I2.F10.2)SCALER-1./12.*SQRT!2.*3.1416)IFILPRINT.EQ.l)WRITE!6*100)SCALER FORMAT! IX ,10X*» SCALER »*,F10.4)F0RMAT!1H1»15!/)1 WRITEI6*101)
M»7N-6L«»3LL-L+1
 START CALCULATION OF STREAM FUNCTION AT CONSTANT Z
D06I-I.NREAD!5*1)!Q!K)«K*1«M)READI5*1)IRIK)rK-ltM)FORMAT!1X*TF10.2)

STORE STREAM FUNCTION IN QQ AND RADIUS IN RR
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R R9990
91
I pO'*
9*09
09
07
O R
no1 9 0101

1 C 7
1 03
1041051 Oft
107
10R
1 091 10111
112113114115116117
11«119
120121
12?
1 23
124
125126127
128129130
131
132133
134135136137
138139140

 STAPT CALCULATION OF STREAM FUNCTION AT CONSTANT oK, SFLFCTS ALTFRNATF ROW J, COUNTS COLUMNS IN SFI.FC.TFn ROWI, FVALUATFS NFW ELFMFNTS OF 7 ANO STPFAM FUNCTION PST STOPF POLYNOMIAL COFFFICIFNTS AT CONSTANT 7 IN C7 STPof OFP. IVATIVFS OF POLYNOMIAL AT CONSTANT 7 IN "7
0015K=2»Mt?009J =1»N RTFM=RR!K,J)77(M+l,J!=RTFM TFMP=1.0051=1,MOTEM=CO(I,11007KK=l,LOTFM=OTFM+CO(I»KK+ 1)♦RTFM#+KK0(I)=OTFM
TFMP=TFMP+0.5R(I)=TFMPQ0(I,J)*0(I)ZZ(T»J)=R(I)CALL POLY(R,0,L,M,0.51009KK = l,l.lLF=KK-1CZ(J,KKJ=COFFS(KK)!F(KK.GF. 2IDZC J*LF)=COFFS(KK)*l,F CONTINUEIFILPRINT.FO.1IG0TO32WRITE (6,22) ((QOU, J),J=1,N1 ,I = l,M)FORMAT!1X/3PX,' PSI MATRIX AT CONSTANT R•/(10X,6F10.4)) WRITE(6,23M(ZZU,J),J = 1,N) ,I = 1,M)FORMAT!1X/30X,'C0RESP0N0ING Z MATRIX •/(10X,6F 10 . 2 ) )WRITE(6,24)(ZZ(M+l,J),J*l,N)FORMAT!IX/30X,’CORESPONDTNG VALUFS OF R, WHFN CONSTANT’/1(10X,7F10.4))WRITE(6,3)((CZ(I,J),J = 1,1 L),I = 1,N) WRITF(6,4)((DZ!I,J),J=1,L),I=1,N)
—CALCULATE VR FUNCTION OF Z AT CONSTANT R KL SELFCTS POINTS IN DESIRED ROWI FVALUATES STREAM FUNCTION, FUNCTION OF 7 AT DESIRFD POINT
ZTEM=ZZ(K,1)0016KL=1,N R(KL)=ZZCM+1,KL)TEMP=0Z(KL,1)0018J*2,LTEMP»TEMP«-DZ(KL,J)*ZTEM**(J-l) VR(KL)=TEMP/(R(KL)*SCALER**2I IF(K-4)37,38*39 Vl(KL,3)=VR(KL)GOTOI6
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39 V?(K1..3I=VP(Kl ) rj. R 1 41
goto14 VEI. P 14?

39 V3(KL » 31=V°(KL) Vpl 0 143
I 4 CONTINUF VrL° 144IF!LPR!NT.F0.l)G0T019 VFLP 1 49

WRITF !4,19)<R<J).VRIJ),J=l,N) VCL P 1 4 4
1') F0RMAT120X,'VELOCITY PROFILE. VZ VERSUS R'/30X »'R•.IPX,• V P 1 7 7 Vcl P 1 4->

I!2PX.2F15.4)) VC| o 149
1? CONTINUE VFI P 1 49

00401*1,N vn p 1 So
VII1,4)=S0RT(V1<1,2)**?*VlIT,31**21 VO." 191
V2IT,4)=SORT(V2(T,21**?+V?!I.31**2) V CL° 1 9?

40 V3(I,4)=SQRT(V3(I,2)**2+V3(I,3)**?) Vr| o 143
WR 7TF(4,41)((VI!I,J),J = 1,4),I = 1,N) VFLP 1 94
WRITE(6,42J((V2(I,J),J=1,4),I=l,N) VFLR 1 99
WR(TF(6,43)((V3(I,J),J=l,4),I=l,N) VPI.R 1 94

41 FORMAT!1X/20X,'VELOCITY PROF ILF AT Z = 2 INS.'7 VFLP 1 971/18X, 'R'.RX,'VZ',9X,'VP',BX,'V'/l13X.4FI0.3II V FI. p 199
4? FORMAT!1X/20X,'VELOCITY PROFILE AT 7=3 INS.'7/110X.4F10.3)) VFI.P 199
43 FORMATUX/20X,'VELOCITY PROFILE AT 7=4 INS.*77!10X.4F10.3J) VEI P 140

IFIK5R0UP.l t .5IC0T012 VFLP 141STOP V CI.P 142
FNO V R  p 143

*************** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

SUBROUTINE POLY
********** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

SUBROUTINE POLYIX.Y.L.N.TOLI POLY 1
C POLY ?
C-- POLY 3
C N= NUMBER OF nATA POINTS POLY 4
C. TOl = MAXIMUM OESIRED STANDARD ERROR POLY 5
c SF= STANDARD ERR OR, SORT!SSR7DFG. frffDOM) POLY 6
c INDIK= 1, IF SE, FOR A POLYNOMIAL OF LOWER DF5REF IS LESS POLY 7
c THAN TOL • POLY 9
c POI Y 9

DIMENSION XI500)»Y(500).YCI500).COEFSIIO) POLY 10
COMMON COFES.LPRINT POLY 11

16 CALL CURVFF(N.TOL.L.X.Y.SE.YC.COFES,INDIK) POLY 12JJaO POLY 13
ERR0R=3.*SE POLY 14
YM=0 POLY 15
IP(LPR1NT.E0.11G0T044 POLY 16
WRITEI6.7) POLY 17

7 FORMAT!IH1, 'BEGIN POLYNOMIAL FIT'77) PPI.Y IB
WR!TF!6,4)SE,INDIK POI Y 194 FORMAT(1H0.7HSE =,F20.8,7/IX,7HINDIK =,IlO,/7//, POLY ?013X,1HI.10X »4HX(I 1,16X,5HY-0BS,17X.6HY-CALC) POLY 21WRITE(6,61) POLY 2?

61 FORMAT!IX///) POI Y 23
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A A notoi=i,N P0| V 24
jj=j j+1 POLY •>5
Y(JJ)=Y(I1 POI Y ?6
niFc=ABS<vm-YC(in POLY 27
1F(01FF.LT.FRRPP)GOTOIO POI Y ?R
J.I=JJ-1 P0|. Y
WPITF(6,S1I ,X(I ),Y( I ) ,Yr.(I) POLY 30

10 ym=y m+y i i ) POL v 31
TF< (JJ + |.) .GF.NIGOT015 POI Y 3 ?
IF(INDIK.FO.1>L = 3 PO| Y 3 3
N= J J P OI V 34
GOTO16 POI Y 35

IS IFfLPPJNT.FQ.l1G0T014 POI Y 36
WMTF (6,6?)N, JJ POI.Y 37

A? FORMAT!1HO,IOX,»NO OF nATA POINTS =•,13,10X,I? I t ) POL v 35
WRITE <6,51 (I ,X(n,Y(I1 ,YC(I) ,1 = 1 ,N> PHI. Y 30

5 FORMAT(1X,I3,3F?0.B1 POLY 40
14 YM=YM/FL0AT(N1 POLY 41

SSR=0. POLY 4 7
SSM=0. POLY 42
nnni=i,N POL V 44
S5R=SSR*(Y(I)-YC(I11**2 POLY 4 5

11 SSM=SSM+(Y!I)-YM)**2 POI.Y 46
COST=0. POI.Y 47
IF(SSR.DT.SSMIGOTOI? POLY 49
r.OST=SORT( l.-SSR/SSM) POI Y 44

12 IFILPRTNT.EO.11G0T063 POLY 50
WRITE(6,131VM»SSR,SSM,GOST POL Y 51

13 FORMAT!1H0,IX,5H YM =,F20.B,/2X,5HSSR =,F20.8,/?X POI Y 52
1,5HSSM =,F?0.8,/IX,'CORR COFF =',F14.3/1 POLY 53
LL=L*1 POL v 54
WRITF(6,6)(I»COFFS(11,I=l,LLl POL Y 55

6 FORMAT!1H0,10X ,6HC0FFS(,12,3HI =,F20.B) POLY 56
63 RETURN POLY 57

END POLY 59
* * * * * % * * 4> * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * # * * * * * * * * *

SUBROUTINE CURVFF 
THIS SUBROUTINE IS A PART OF LSU SHARE LIBPARY

***** * * 41 ** * * * *** *********** * ** 41 * * ** * * * ** * * * * *** * 41 * * ****** * ** * ***** * *** *** ****** *

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

INPUT DATA
PUNCHFD OUTPUT FROM SUBRnUTINF SPRINT OF PROGRAM FI OWANL 

FOR LISTING SEE LIST *=-1
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
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frfr « * frfrfrfr frfr fr'frfrfrfr frfr frfr* frfrfrfrfrfrfrfrfrfr frfr frfr frfr frfrfrfr* frfr frfr frfrfrfr* frfr frfrfrfrfrfrfrfrfrfr frfr frfrfrfr* frfr frfrfrfrfr****

S T P F A M P U N C r i n N  PSI VFRSIJS P POP MAT P J V  OF P O I N T S  t F f OI)P F TV-21 
RFI.DW TMPFI.LFR C F N T F R U N F

********************************** frfr frfrfrfrfr frfrfrfrfrfrfrfrfrfr*#* frfr frfr frfrfrfrfr frfrfrfr frfr frfr frfr.frfr frfr frfr*

?.5o 2.50 2.50 ?. 50 2.50 2.50 2.50o. 540?R 0.4679C 0,41850 0.45707 0.53453 0.67210 * .93801
5.00 5.00 5. CO 5.00 5.00 5.00 5.090.78518 0.67099 9.60820 0.66631 0.77923 3.97993 1.514547.50 7.50 7.50 7.50 7.50 7.50 7.50

0.96330 0.83424 0.74617 0•816 23 0.05455 1.200 3 8 1.P 55 31
10.00 10.00 10.00 1C. 00 10.00 10.00 i o.oo

1,155 ?7 1.00040 0.89487 0.06761 1.13150 1.42301 ?,100tV0
1 ? • 50 12.50 12.50 12.50 I?. 50 1?. 50 12.50t.3001? 1.21167 1.08375 I.18181 1.38209 1.7380? ?•6 R6? R
15.00 15.00 15.00 15.OC 15.00 15.00 15.00

I•820 58 1.57667 1.41021 1.53300 1.70289 3.25462 3. <'+8474
frfrfrfrfr*** **************** frfr frfr frfr*********frfrfrfrfrfrfrfr*frfrfrfr****** frfr* ************** frfrfrfrfr

STRFAMFIJNCTION °SI VFPSUS P FOP MATRIX OF PniNTS ( r I OIJR F IV-?*ABnVF IMPFLLFR CENTERLINE
frfrfrfrfrfrfrfr fr*fr*fr*frfr frfrfrfrfrfrfrfr frfrfrfrfrfrfrfr frfr frfrfrfrfr *frfr*frfrfrfr frfrfrfrfr frfr frfr frfr frfrfr frfrfrfrfrfrfr fr*frfrfr*fr frfrfrfrfr

2. 50 2.50 2.50 2.50 2.50 2.50 2.500.54101 0.46853 0.41006 0.38255 0.38820 0.43402 0.50116
5.00 5.00 5.00 5.00 5.00 5.00 5.00

0.78624 0.68090 0.60902 0.55595 0.56574 0.63252 0.730377.50 7.50 7.50 7.50 7.50 7.50 7.50
0.06450 0.83536 0.74717 0.68207 0.69314 0.77495 0.R9483
10.00 10.00 10.00 10.00 10.00 10.00 10.00

1. 15683 1.C01B4 0.89607 0.81800 0.82260 0.91969 1.06197
12.50 12.50 12.50 12.50 12.50 12.50 1 2.50

1.40100 1.21330 1.08521 0.99066 1.003R9 1.12238 1.29601
15.00 15.00 15.00 15.00 15.00 15.00 1.5.00

1.82302 1.57R70 1.41211 1.2R907 I.30266 1.45642 1.68172
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SAMPLE OUTPUT FOR PROGRAM VELPRO

VFLOCTTV PPOFILF AT Z =2 INS.
R VZ VP V0.5 74.3 • 8.3 74.7
0.7 67.2 10.3 68.0
0.0 62.2 11.7 63.31.0 56.8 12.9 58.3
1.2 50.2 14.0 52.11.6 39. 1 14.4 41.7

VELOCITY PROF ILF AT Z*3 INS.
0.5 76.2 -10.5 76.9
0.7 69.0 -10.8 69.8
0.8 63.9 -1 1.0 64.8
1.0 58.7 -11.3 59.8
1.2 51.4 -11.7 52.7
1.5 39.5 -11.0 41.2

VFLOCITV PROFILF AT Z=4 INS.
0.7 59. 1 -14.9 61.01.0 50.5 -29.2 58.31.2 45.5 -36.7 58.51.4 41.6 -42.2 59.31.7 38.4 -46.7 60.5
2.3 41.0 -47.7 62.9
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VEIOCITY PROFILE AT 7*2 INS.
R V7 VR V0.5 73.9 9.7 74.50.7 67. 1 12.5 68.30.8 6?, 2 14.2 63.81.0 57.0 15.6 59.0
1.7 50.2 16.7 52.9
1.6 38.5 16.5 41.9

VELOCITY PROFILE .AT 7*3 INS.
0.4 R8.9 1.9 R8.9
0.6 80.2 2.7 80.20.7 73.9 3.1 73.9O.R 67.1 3.5 67.21.0 58.7 3.8 5R.R1.3 44.3 3.9 44.5

VELOCITY PROFILE AT 7*4 INS.
0.4 79.6 -8.7 80.00.6 72.1 - 11.3 73.0O.R 66.7 - 12.8 6R.00.9 61.2 - 14.0 62.8
1.1 53.5 - 15.0 55.51.5 40.4 -14.9 43.1
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LIST F-3

FORTRAN LISTING FOR PROGRAM TANKANL WITH SUPPORTING SUBROUTINES OMEGA. ALSO GIVEN ARE THE

RAW DATA AND A SAMPLE OUTPUT FOR PORT 1.

MAIN PROGRAM TANKANL

C TANK
C ------- THIS PROGRAM ANALYSES VELOCITY PROFILE DATA OBTAINED WITH TANK
C A HORIZONTAL PASS OF THE PROBE. FOR RUN NO. 45, PRO BE WAS TANK
C REMOUNT ED AND A NEW MANOMETER WAS USED FOR MANOMETER 0. TANK
C MANOMETER A READINGS WERE OELETEO AS THEY SERVED NO USEFUL TANK
C PURPOSE TANK
C TANK

DIMENSION D EL P419),O E L P T ( 9 1,TH E T A (91,0(50,10),0AC4),P I 2 (50) TANK
OIMENSION P45(50) TANK

C TANK
C ------- DATA STATEMENT CONTAINS EXPERIMENTAL POINTS FROM FIGURE IV-4 TANK
C THETA, EXPERIMENTAL POINTS FROM CURVE C TANK
C DELPT, EXP ERIM ENTAL POINTS FROM CURVE B TANK
C 0ELP4, EXP ERIM ENTAL POINTS FROM CURVE A TANK
C TANK

DATA THE TA/- 40.,-30.,-20.,-I0.,0.,10.,20.,30.,40./, TANK1DELPT/1.25,1.21,1.185,1.185,1.15,1.1,1.07,1.1,1.215/, TANK
2DELP4/-.8,— .63»— .42 » —  .3»-.12,.04**26,.55,.93/ TANK
TEM P»2 . * 3 2 . 17*0.19579/(12.*2.54) TANK
T E - 3 . 1416/180. TANK

10 REA D(5«1)KK TANK
R E A D ( 5, 1)N*DA,NR,NP TANK
REFH-11.47 TANK
I F ! N R .G E.45I REFH- 12•1 TANK

1 FORMAT!I2»4A4»2I2) TANK
WRITE(6,20) TANK

20 FORMAT!IH1) TANK
WRITE(6,8)0A*NR*NP TANK

8 FOR MAT(20X,'RAW DATA' ,10X.4A4//20X,'RUN N U M B E R * ' ,13 , 5 X , •PORT • , TANK
I* N U M B E R - ' , 12//) TANK
RE A D ( 5 , 2 ) (!D(I»J)»J-l»10)*I*l»N) TANK

2 F O R MAT! 10F7.2) TANK
W R I T E (6,9)I!,(D!I,J),J-1,10),I-1«N) TANK

9 F0RMAT(20X,I2,3X,10F10.2) TANK

1
2J4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
2122
23
24
25
26
27
28
29
30
31
3233
34
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r TANK •">C — -----TRANSFORM RAW data into PRFSSURF DROPS VFPSIIS DISTANCF FR'JM TANK 36
c TANK WALL TANK 77

r>mi = i,M TANK 3R
P12(I)=0(1,41-011,3) TANK 39
P45 II1 =D!I*71-0!I* 8 1 TANK 40IF(NR .RE.45)PAS II>=°45l11*2.54 T AMK 4 1
IF(0( l,10).GT.90.)GOT011 TANK 4?
n ( i , i o i=  o n . i e n p o . TANK 43
GOT03 TANK 44

11 Dll.101*180.-Dll, 101 TANK 45
3 D(I,9)=D|I,9)-REFH TANK 46

WRITE (6, 4 MI ,D( I ,9) ,P12(I) ,P45C I 1 ,1=1 ,NI TANK 47
A FORMAT!1H1///33X,*T-R ’ , 7X,*0FL P12», 5X,'0EL P45 * f / {?0XI?,3X, TANK 4 8

13F12.4)) TANK 49
WRITF(6,?0I TANK 50WRITF<6,6) TANK 516 FORMAT!1X//*?6X,*T-R*,SX,•V*, 7X,»VR* , 6X,»V7', 4X,•VTHFTA•,3X, TANK 5?1 * PI TCH•» 3X»•YAW',3X,'CORRFC TED'/65X,'ANGLF',2X,'ANGLF*,3X, TANK 53
2'DEL P12V/I TANK 54

r. TANK 55
c—-----CALCULATE VELOCITY PROFILE USING EQUATIONS IV-15 TO IV-19 TANK 56
r. TANK 57

0051 = 1 ,N TANK 5RRAT I0=P45 ( 1)*0.0953 7/!P17! I) *0.19 5791 TANK 59
c TANK 69
c— -----CHFCK IF PRFSSURF RATIOS ARE OUT OF RANGF OF FIGURE IV-5 TANK 61
c TANK 62tF! RATIO. LT. !-.8) .OP.RATIO.GT. .81 C.OTOS TANK 63
c TANK 64
c— -----INTERPOLATE TD OBTAIN TRUE KINETIC HEAD, P!T)-P(S). TANK 65
c EQUIVALENT TO LOOKING UP FIGURE IV-4 TANK 66
c TANK 67CALL OMESA{RATI 0,DELP4* THETA »9» 9,ANGLE) TANK 68

TP=ANGLE*TE TANK 69
TY*0(I,10)*TF TANK 70CALL 0MEGA(AN5LE,THETA,DFLPT,9,9,DFLTA) TANK 71
DELTA*DELTA*P12(I) ’ TANK 72V*SQRTITEMP*0ELTA)*60. TANK 73
VR*V*SINCTP) TANK 74
VTF*V*COSI TP 1 TANK 75
VZ=VTE*COSITY) TANK 76VTHFT A=VTE*SINITY1 TANK 77WRITE 16,711,DII,9),V,VR,VZ,VTHETA, ANGLE,01I,10),DFLTA TANK 78

7 FORMATI20X,!2*8F8.3) TANK 79
5 CONTINUE TANK 80IFIKK .LT.5)GOT010 TANK 81
99 STOP TANK 82END TANK 83
ill ******************* **** *#**>******** *** ********* ***** ** *** ************* *********
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FOR LT^TING SFF LIST F-l

>(t i#c « $  ft 4c& 1(141411411)1 ft $ $ 4  4 4 #  ftftftftftftftftftftftftftftftftftftftftftftftft4<ftftft4<ft<!<ft>>,(ft'!<4<ft<<ftftftftft4ftftftftft4<ftft4'ftft

INPUT DATA
ftft* ftftftft* ftftftft* ftft* ftft* ft** ftftftftftftftftftft*4< ftftft* ft4< ftft# ftftftftftftftft ft ftftftftft ft ft ftftftftftftftftftftftftft ftftftftft ft ft ft

* ft ft ft ft ft ft ft ft <1* * 1)1 ft ft 1(1 ft ft******** ft nil# ftftftftftftft ft ftftftftft ftftftftftftft ft *<(4$$ ft ft ft ft Orff* ft ft ft ftftftft ftftftft ftftftftft ft ft
0(1PT NO. 1

ftftft ftftftftftftft* ftftftft ftftftftftft ftftftft ftftftftft ftftftftftft ftftftftft ftftftftft ft ft ftftftft ftftftftft ft ft ftftftftft !»*A ft ***<1 ftftft * ft ft ft* 
134MAY 14, 1969 45 I-.9 .6 -7.OR -5.87 12.7 146.-.9 .65 -6.85 -6. 1 IP.3 146.-.9 • .65 -6.61 -6.31 12.4 146.

-.R .45 -6.56 -6.4 12.5 1 58.R-.75 .5 -6.5 -6.46 12.55 157.6-.75 .4 -6.6 -6.48 12.6 157.6
-.7 .5 -6.39 -6.56 12.7 151.2-.7 .5 -6.32 -6.6 12.R 144.2
-0.6 .4 -6.35 -6.55 12.9 144.8-.6 -.4 -6.35 -6.55 13. 138.2-.6 .4 -6.4 -6.5 13. 1 132.5-.6 .4 -6.45 -6.45 13.2 124.-.55 .4 -6.56 -6.35 13.3 106.-.65 .35 -6.65 -6.3 13.4 105.4-.7 .3 -6.71 -6.24 13.5 99.
-.55 .25 -6.R -6. 15 13.6 94.-.55 .? -6.2R -6.11 13.7 89.4
-.2 0. -6.75 -6.15 13.9 2.-.2 0. -6.7R -6.15 14.1 2.-.4 .1 -6.R -6. 12 14.3 23.
-.5 .1 -6.82 -6.11 14.5 7.2-.5 .1 -6,85 -6. 1 14.7 12. fl-.45 .1 -6.85 -6. 1 14.9 17.4-.45 .1 -6.85 -6. 1 15.1 17.4-.45 .1 -6.82 -6.1 15.3 26.7
-.45 .05 -6.85 -6.1 15.5 21.6
-.55 .15 -6.9 -6.05 15.7 31.R-.55 .2 -6.9 -6.05 15.9 31.3
-.6 .35 -7.6 -5.3 16.1 31.4-.55 .3 -7.5 -5.4 16.3 33.R
-.55 -.3 -7.4 -5.5 16.5 39.
-.6 .3 -7.39 -5.51 16.7 39.
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-0.9'; 0.3 -7.4 -9.9 19.9 4.3.7
-0.99 0.3 -7.4 -9.9 17.1 43.7

ft ftftft ft ftftft ftftft ftftft ftftftftftftft ft* *4 ft ft ftftftftftftft 4*44* ft* 4ft ftftftftft ftftft 44*4 ft *4 ft ftftftft* ftftft ftftftftft 4*4 44*44
rort MO. 2

ft AAA ft Aft A a ft* ft Aft A* 4 ft Aft 4**4  4 44 ft 4444**4*4**  ft* A ft #4 ft Aft ft ft * ft ft* A ft ft ft ft ft ft ft ft ft Aft ft ft ft ft ftftft ft ft ft* ft ft A

I32A«»RIL 14. 1969 4? 26.1 -6.45 -1.75 1.4 -18. -18.3 11.55 160.6.1 -6.45 -1.8 1.4 -17.9 -1 8.5 11 .65 1 69.6.1 -6.45 -1.75 1.4 -17.65 -1 R. 8 11.7 160.
6.1 -6.45 -1.75 1.35 -17.5 -19.15 11.75 158.6
6.1 -6.45 -1.75 1.35 -17.4 -19.5 11 .8 155.6.08 -6.45 -1.8 1.4 -17.4 -19.8 11.9 148.4
6.05 -6.47 -1.9 1.4 -17.4 -19.7 12. 144.6
6.05 -6.42 -1.45 1.05 -18.95 -21. 12.1 144.6
6.05 -6.4 -1.55 1.15 -18.95 -21.2 12.2 135.6.05 -6.4 -1.5 1. 15 -19. -21.15 12.3 130.6.04 -6.4 -1.3 1. -19.6 -21.2 12.4 111.6.05 -6.4 -1.3 1. -19.6 -21.25 12.5 Ill .5.95 -6.5 -1.1 .8 -24.9 -25.3 12.6 82.5.95 -6.5 -1.1 .8 -25. -75.2 12.7 89.75.95 -6.5 -1.1 .8 -25.1 -25.1 12.3 48.5.95 -6.5 -l.l .75 -25. -25. 13. 73.45.95 -6.55 -1.15 .8 -25. -25. 13.2 18.85.95 -6.53 -1.15 .8 -24.9 -24.9 13.4 17.8
5.05 -6.55 -1.2 .85 -74.9 -25. 13.6 10.6
5.95 -6.55 -1.2 .8 -74.8 -75. 13.8 6.6
5.95 -6.55 -1.2 .8 -24.8 -25. 14. 6.6
6.0 -6.52 -1.4 1.1 -24.3 -24.4 14.2 8.66. -6.5 -1.2 .95 -24.3 -24.4 14.4 8.6
6. -6.51 -1.15 .9 -24.25 -24.35 14.6 8.6
6. -6.52 -1.15 .85 -74.25 -24.35 14.8 12.8
6. -6.55 -1.15 .85 -24.25 -24.35 15. 15.66. -6.55 -1.15 .85 -24.75 -24.35 15.3 27.7
6. -6.55 -1.15 0.85 -24.25 -24.35 15.6 22.2
6. -6.55 -1.55 .85 -24.25 -24.35 15.8 21.6
6. -6.55 -1.2 .9 -24.2 -24.35 16. 24.2
6. -6.55 -1.2 .9 -24.2 -24.3 16.2 26.6.09 -6.4 -1.45 1.2 -20. -21.1 16.4 26.
ft ft* ftftftftft ftftft * * * # 4 *  ftftft ft ftftft ft ftftftftftftft ft ft ftftftftft ft* ft ft ftftftftft * * *  * * *  ftftftftft ft* ft ftftftftft ft 4 * 4  ft ft ft* 44 ftftft

PORT NO. 3
ftftftft ftftftft ftftft ftftftftftftftftftftftftftftftft ************ ftftftftftftft* ft ftftftftftftft* ft* ftftft ftftftftft* ftftftft ft ft ftftftftftftft

928APRIL 14* 1969 43 3
5.95 -6.8 -1.85 1.6 -77.6 -27.2 11.5 159.8
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LIST F-4

FORTRAN LISTING FOR PROGRAM YAWANL WITH SUPPORTING SUBROUTINE OMEGA AND ILLUSTRATED WITH

SAMPLE OUTPUT FOR EXPERIMENTAL DATA FROM RUN NUMBER 29.

*** * % * * * * * * * * * * * * * ** * * * * * * 4c * 4c *41 * * * * 4t * * * *** * 4i * * * * * * * $ * * * * i(i <i * * Hi 41 * * * <1 * * # * * * 41 * * * * 1(1 *
MAIN PROGRAM YAWANL

* * * * * * * 4 ^ * * * * * * * 4 ^ * * 4 ^ * * 4 t * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * « * * * * * * * *

c YAWA I
c-- ----THIS PROGRAM ANALYSES VELOCITY PROFILE DATA'OBTAINED WITH YAWA 2
c A VERTICAL PASS OF THE PROBE IN THE REGION OF THE IMPELLER. YAWA 3
c INPUT DATA IS IDENTICAL IN FORMAT TO PROGRAM FLOWANL YAWA 4
c YAWA 5

DIMENSION DELP4I9)»DELPT(9),THETAI9),0150,10),DAI31,P12I50) YAWA 6
DIMENSION P45I50) YAWA 7

c YAWA 8
c-- ----DATA STATEMENT CONTAINS EXPERIMENTAL POINTS FROM FIGURE IV-5 YAWA 9
c THETA. EXPERIMENTAL POINTS FROM CURVE C YAWA 10
c DELPTt EXPERIMENTAL POINTS FROM CURVE B YAWA 11
c DELP4* EXPERIMENTAL POINTS FROM CURVE A YAWA 12
c YAWA 13DATA THETA/-40.,-30.,-20.,-10.,0.,10.,20.,30.,40./, YAWA 141DELPT/1.25,1.21,1.185,1.185, 1.15,1.1,1.07,1.1,1.215/, YAWA 152DELP4/—.8,—.63,-.42,—.3,—.12,.04,.26,.55,.93/ YAWA 16

DP45*-l./2.54 YAWA 17
TEMP*2.*32.17*0.19579/112.*2.541 YAWA 18
TE=3.1416/180. YAWA 19

10 READ(5,15|KK,LPRINT YAWA 20
15 F0RMATI2I2) YAWA 21READI5«100)N,DA(1),DA!2),DA(31,FAC YAWA 22100 FORMAT!12,3A4,F10.2) YAWA 23

READI5,102)L,(D(1,J),J-1,10) YAWA 24
102 FORMAT117,10F7.2) YAWA 25

WRITE16,401)L,DA YAWA 26401 FORMAT! 'l',10(/)«20X,'RUN N0=',I3,' TAKEN ON, ',3A4) YAWA 27ANGP0*D!1,10) YAWA 28CANGLE-D!1,6) YAWA 29REFL=D(1,5)+D!1,4)-D(1,2) YAWA 30
REV»D(1,8) YAWA 31WRITEI6,402)D!1,1),0(1,7),REV YAWA 32

402 FORMAT!1X//20X,'IMPELLER DIAMETER =•,F5.2/20X,'RADIAL DISTANCE', YAWA 331* *',F5.2/20X,'RPM',T39,1H*,F7.2//) YAWA 34
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REA0!5,l04H!DII,JI.J«l,10l,l=l,NI YAWA 35104 FORMAT(10F7.2) YAWA 36IF(LPRINT.EQ.4)G0T016 YAWA 37
WRITE(6,1051!IDlI,J),J=l,10l,l=l,N» YAWA 38

105 FORMAT(24X,11HPI11-PC ATM),5X *9HP!1)-PI2)»4X*9HPI2)-PI3)»3X. YAWA 39
19HP(4)-P( 5)« 5X, IHH»4X,5HANGLE,/ 24X,UHLEFT RIGHT,4X, YAWA 402UHLEFT RIGHT ,2X,10HLEFT R IGHT, 3X, 10HLEFT RIGHT,/// YAWA 413I20X,2F7.2,FB.2,F7.2,IX,2F5.2,4F7.2)> YAWA 42C YAWA 43

c-- ----TRANSFORM RAW DATA INTO PRESSURE DROPS VERSUS DISTANCE FROM YAWA 44
c TANK WALL YAWA 45
c YAWA 46
16 D0106IS1,N YAWA 47D(1, 9) = !REFL-D!1,91 ) YAWA 48D(1,101=0(1,10)-CANGLE YAWA 49

IFIFAC.NE.l.IGOTO107 YAWA 50Dll,3I=D!I,3)*2.54 YAWA 51DII,4)«D(I,4)*2.54 YAWA 52D!I»7I=D1I,71*2.54 YAWA 53D<I,8)*D( I ,81*2.54 YAWA 54107 P12!I)=D!I»4I-DI1,3) YAWA 55P451I)*D(I,71-DII,81-DP45 YAWA 56106 CONTINUE YAWA 57WRITE 16,4)11 »DI I ,9) ,P12( 11 , P45( I) ,1=1,N) YAWA 58
4 FORMAT!1X///33X,' Z ', 7X,'DEL P12', 5X,'DEL P45'//l20X12,3X, YAWA 5913F12.4)) YAWA 60WRITE(6,61 YAWA 616 FORMAT! 1X//,26X,' Z ',5X,'V', 7X,'VR', 6X,'VZ', 4X,'VTHETA*,3X, YAWA 621 'PITCH*,3X,•YAW* » 3X,'CORRECTED•/65X,'ANGLE',2X,•ANGLE',3X, YAWA 632'0EL P12'//) YAWA 64
C YAWA 65
c------CALCULATE VELOCITY PROFILE USING EQUATIONS IV-27(a) TO IV-27(c) YAWA 66
C YAWA 67

D05I«1,N YAWA 68RATI0-P45!I)*0.09537/IP12II)*0.195791 YAWA 69
C YAWA 70
c------CHECK IF PRESSURE RATIOS ARE OUT OF RANGE OF FIGURE IV-5 YAWA 71C YAWA 72IFIRATIO.LT.!—.81.OR.RATIO.GT.1.1 GOTO5 YAWA 73
C YAWA 74
c-- ----INTERPOLATE TO OBTAIN TRUE KINETIC HEAD, PITI-PISI. YAWA 75
c EQUIVALENT TO LOOKING UP FIGURE IV-4 ' YAWA 76
c YAWA 77CALL 0MEGA!RATI0,DELP4,THETA,9,9,ANGLEI YAWA 78

TP»ANGLE*TE YAWA 79
TY»D!It 101*TE YAWA 80CALL OMEGA!ANGLE,THETA,OELPT,9,9,DE LTA) YAWA 81
OELTA«DELT A*P1211) YAWA 82V»SQRTITEMP*DELTA1*60. YAWA 83VZ»V*SINITPI YAWA 84
VTE»V*C0S!TP1 YAWA 85
VR«VTE*C0SITY1 YAWA 86
VTHETA«VTE*SIN*TY) YAWA 87WRITE(6,711,Dll,91tV,VR,VZ,VTHETA,ANGLE,Dll,101,DELTA YAWA 88
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YAWA 89 YAWA 90 YAWA 91 YAWA 92 YAWA 93
;***************************

SUBROUTINE OMEGA FOR LISTING SEE LIST F-l

* * * * * if * * * * * * * * * * # * * * * * * * * *
INPUT DATASAME AS FOR PROGRAM FLOWANL, SEE LIST F-l

7 FORMAT!20X>I 2» 8F8.3)5 CONTINUEIF(KK.LT.5)G0T010 99 STOPEND



406

SAMPLE OUTPUT

RUN NO* 29 TAKEN 0N» MAR 10, 1969

IMPELLER DIAMETER * 3.00 RADIAL DISTANCE * 3.00RPM 2 333.33

Z DEL P12 OEL P45
1 0.7000 1.3500 -0.8063
2 0.6000 1.4000 -4.0563
3 0.5000 2.6500 -7.6063 .6 0.4000 4.4000 -8.80635 0.3000 7.9000 -9.80636 0.2000 10.0000 -7.10637 0.1000 11.4000 -1.05638 -0.0000 11.4500 5.59379 -0.1000 10.4000 9.993710 -0.2000 8.4000 11.4437
11 -0.3000 5.3500 10.793712 -0.4000 3.5000 8.193713 -0.5000 1.7000 4.743714 -0.6000 1.6000 2.4437

Z V < 30 < N VTHETA PITCH YAH CORRECTEDANGLE ANGLE DEL P12

1 0.700 48.762 39.316 -7.924 27.735 -9.352 35.200 1.598
5 0.300 119.048 92.240 -57.087 49.045 -28.654 28.000 9.526
6 0.200 133.006 115.627 -31.118 57.902 -13.530 26.600 11.890
7 0.100 138.389 123.566 10.976 61.339 4.549 26.400 12.872
8 -o.ooo 135.028 114.881 44.166 55.536 19.092 25.800 12.254
9 -0.100 129.508 102.825 59.565 51.491 27.383 26.600 .11.273
10 -0.200 118.794 88.091 65.322 45.662 33.358 27.400 9.485
11 -0.300 99.069 64.773 65.138 37.096 41.110 29.800 6.597
14 -0.600 52.396 35.836 30.460 23.095 35.544 32.800 1.845
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LIST F>-5

FORTRAN LISTING FOR PROGRAM COOPER WITH SUPPORTING SUBROUTINES PATERN, PROC,_,BOUNDS, AVG AND

OMEGA. ALSO GIVEN IS COOPER'S (8) VELOCITY PROFILE DATA.

********************************************************************************

MAIN PROGRAM COOPER
*****************************************

c ronp 1c------THIS PROGRAM ANA1YSES COOPFRS OATA C03P 2
c. K=l, PROCESSES COOPERS REGULAR DATA COOP 3
c K GT 5 NO RERUNS coop 4
c K=2, PROCESSES CUTTERS DATA FOR VARYING Bl ADE WIDTH COOP 5c LPPTNT * 1* SKIPS PRINT IN MAIN PROGROM, COOP 6c ANY OTHFR VALUE GIVES COMPLFTF PRINT cnno 7r. KK * 0, GIVES PRINT AT EVERY 30TH POINT FROM SUBROUTINE PROC COOP B
c KK .GT. 30, NO PRINT FROM SUBROUTINE ®ROC COOP 9
c KVP* 0, PRINTS RADIAL VELOCITY PROFILE ANALYSIS COOP 10
c PAR .GT. 0, SIGMA AND AA FIXED BY PINIII COOP 11f. PAR .LE. 0 ALL PARAMETERS FREF cnop 12
c COOP 13
c COOP 1401 MENS IONXI20)»Y!20),YC!20)»PI6)»STEPI6)»YR(20I COOP 1501 MENS ION XR(20),SIGMA1201,A(201,A A< 20),SO( 20),GF ( 20),0( 20) COOP 160IMENSI0NTH5, 15),ANG120),PA!501,PB!50),PC150),PD!50),PEI 50) . COOP 17

DIMENSION RPMI10I,PFI50)»P!N(6),RR(ID),PG(50),PHI50) COOP IBCDMMONOIA,X,Y.YC,XX,N,KK,P1,P2,P3,P4 coop 19READ! 5,55 )L PR I NT .LPllNCH, KK • KVR,WT,PAR COOP 20
■55 FORMAT!41?»2F10.2) COOP 21

M=0 COOP 22
c COOP 23
c------READ INITIAL VALUES OF PARAMETERS AND STEP SIZE , • COOP 24
c PIN STORES INITIAL VALUES OF PARAMETFR FOR ANALYSIS OF MULTIPLECOOP 25c FLOW PROFILES COOP 26
c COOP 27

READ!5,16)(PINII),STEP!I),1=1,4) COOP 28
16 FORMAT!2F10.2) COOP 297 READ!5,15)K,NP»KB COOP 30
15 FORMAT!312) coop 31

IF! KB. EO.DREAD 15,32)(RR(I),1 = 1,5) COOP 32READ!5,60)IP IN!I),I = 1,3) COOP 33
60 FORMAT!3F15.8) COOP 34
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RPAO! 5,3->1 !RPM< 11,1=1,51 COOP 35
3’ FORMAT! 5F 10.2) COOP 36

RFAD!5, 11 IN,NN,D,X0 COOP 37
11 rORMAT!?I?»?F10.2) coop 3R

niA=n/i?. COOP 30L = ? coop 40
c COOP 41
r.— ----RF AD VEtnClTY OF= I L F MATRIX rnnp 4’r. coop 43REAP! 5,61 (C T C f , J 1, >1 = 1 »'NN1 , 1 = I , Ml coop 44
6 FORMAT! 11F5.21 COOP 45

!F!lPRINT.FQ.llG0Tn54 COOP 46
W»TTF!6,3)!(T(I,J),J=1,NN1,I=1,N> COOP 473 FORMAT!1H1,10X,4HDATA,///!IX,11F6.111 COOP 4 5

54 ANGLF=P. COOP 40YMxf). COOP 50ANGL=0. COOP 51
YMM=0. COOP 5?M*M+1 coop 53
IFIKB.FO. 1 »X0=PR!L/21 COOP 54XXaXO/12. COOP 55

C coo° 56
r.— ----l.OGlf. BRANCH TO RFAO A VFLOCITY PROFILE FROM VELOCITY COOP 57
c PROFILF MATPIX, OELFTFS ZERO VAt UES WHEN SUCH VAI IKS OCCUR COOP 58r. COOP 59

IF(K.FQ.2.AND.M.GT.31G0TO4 2 COOP 60IFIK.FQ.31G0TO44 COOP 61
45 NI *0 COOP 62

NII “N cnop 63NT«D. COOP 64
G0Tn43 COOP 65

42 NI “1 COOP 66NI I=N-1 COOP 67
N=N-2 COOP 6B
NT“2. COOP 69
G0T043 COOP 70

44 IF!M—4142,45,46 COOP 71
46 NI*2 CHIP 7?

NI I“N-2 COOP 73
N«N-4 COOP 74
NT “4. COOP 75

43 NK»NII/2+l COOP 76
C COOP 77
c— —---Z COORDINATE* XIII, FT COOP 78
c RFSULTANT VELOCITY 0= YIT), FT/MIN COOP 79
c coop 80

nn22i«i,Nii COOP 81
KI-I+NI COOP 82
X(!)»T!K!,11/12. COOP 83Y(I)«T(KI*L1*5. COOP 84
ANGLE“ANGLE*T f KI,L+1) COOP 85

2? YM»YH+V(I 1 COOP 86
YM»YM/FLOAT!N) coop 87
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ANGLF = ANGLF/Ft. OAT(N) COOP 8RCOOP 89
----CALCULATF WEIGHTFO AVERAGE ANGIF ANn AVERAGF ANGI.c COOP 90wr= ratio nr velocities for which weight is /FRO cm p 91

CHOSEN AS 0.7 coop Qt

VM = AVEPAGE value OF v ronp 93
00341=1,Nil COOP 94
K1=1+NT COOP 95
if((Y( i )/y(nk) i .iT.wnonTrm COOP 96
ANGL a ANGt. «-T(KI,L + l)*Y(t) COOP 9 7
YMM=YMM+Y(I) COOP 98

*4 CONTIMUF COOP 99
ANGI=ANGL/VMM r.nop 1 00
Rf>M<M)=RPM(M)*niA**3 COOP 101C COOP 1 0?

C coop noC------LOGIC BRANCH FOR ONE OIMENSIONAt SEARCH ON PARAMETER P<2) coop 104
r OTHER PARAMETERS FIXFO THROUGH PIN C.oop 105
c coop 1 Of,

00471=1,NP COOP 107
47 PII)=PIN(I) COOP 1 08

IF(PAR 151,51,52 COOP 109
52 PI=PIN(1) COOP 1.10

P2=PIN(?» COOP 111
P3=P!N(3) COOP 1 12
P3 = XX*SIN(ANGL *3.1416/180.) COOP 11?
P4=PIN(4) COOP 114
G0T053 COOP 115

51 P1*0. COOP 116
P3= XX*SIN(ANGL *3.1416/180.) COOP 1 17

C COOP 1 18
C---- -------CALCULATF SUM OF SQUARES ABOUT MEAN COOP 119
C COOP 120
55 SSM=0. COOP 121

00121=1,N COOP 122
12 SSM*SSM«-(Y(I )-YM)**2 coop 129

B=0. COOP 124
C r.nop 125
C--------CALL PATTERN SEARCH SUBROUTINE COOP 126
C • COOP 127
29 TFIKK,GT.30)GOTO57 COOP 128

KK=0 COOP 129
WRITEI6,19) COOP 130

19 FORMAT!1H1,6X»4HP11), 9X,4HP(2), 9X,4HP(3), 8X,4HP14), COOP 131
18X,10HSUM SQ REG,//) COOP 132

57 CALL PATERN(NP,P,STEP,4,0,COST) COOP 133
IF!PAR 158,58,59 COOP 134

59 PIl)=Pl coop 135
58 PI 3) = P3 COOP 136

IF I COST.GT.SSM)G0T075 COOP 137
R*SORTIi.-COST/SSM) COOP 138
G0T074 coop 139

75 R=0. COOP 140
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c coop 247
c ----- ----- — CHFCK IF ANOTHER VELOCITY PROFILE MATRIX IS TO BF ANA). VSFO coop 248
c COOP 249

WRITE( 6 , 7 6 ) WT COOP 25D
76 FORMAT!1X/ / , 30X, , VF1OCITY FACTOR®• , F 5 . 2 1 c.nnp 251

I FIK. LT. 5) G0T07 COOP 252
WR ITE ( 6 ,  80 I COOP 250

80 FORMAT( IH1 I COOP •>54
R STOP COOP 255

FNO COOP 256

* * ** * * * * * * <i * * * * * * * * ** 1(1 # * ** * * * * *#* * * * * * * ** * A ** * * * * * * * * *  * *# * *  * ***  * ***** ** * * * * ****  *

THE FOLLOWING SUPPORTING SUBROUTINE APF I.ISFO IN COMMON WITH FLC1WANL, FOR LISTING SFF LIST F-l
SUBROUTINE PATFRN SUBROUTINE PR Of.SUBROUTINE BOUNDS SUBROUTINE AVG SUBROUTINE OMEGA

* * * <■ ** * * * * * * * * ft* * * * * * * * * * * * * * * $ * * * * * * * * * * * * * * * * 4c * * * 4c * * * * * * * * * * * * * * * * * * * * * * * * $ * i(i *
INPUT DATA

* * * * * * * * * * * * * * * * * * * * * * * * 4c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
PRELIMINARY DATA, CONTROLS MODE OF OPERATIONFOR INSTRUCTIONS SEE COMMENT CARDS AT THF BFGINING OF THE PROGRAM

********************************************************************************
I 140 10.5 0.15.26 .016.5 .10.125 0.001.05 .001

********************************************************************************
VELOCITY PROFILE DATA, 4 INCH TURBINF AT 200 RPM AND VARYING RADIAL DISTANCE R

********************************************************************************
1 4 12.0 2.5 3.0 4.0 5.012.36537 15. 0.1024479280. 280. 280. 280. 280.9114.0 280.
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0 . 4 14. 4 6 4 . 5 . 5 7 1 . 1 4 . 4 54 . 1 6 . 4 3 4 . 1 5 . 4 30
0 . 3 33 . 2 6 5 . 1 9 . 7 6 2 . 2 1 . 0 4 6 . 2 1 . fl 3 0 . 1 9 . 7 26

0 . 2 49 . 1 6 2 . 3 5 . 5 4 . 2 0 .  4 4 4 . 2 3 . 0 3 0 . 1 9 . 7 26
0 . 1 61 . 5 5 4 . 4 3 . 3 4 0 . 3 4 . 1 4 0 . 2 6 . 2 2 9 . 1 9 . 7 26
0 . 65 . 8 5 0 . 4 6 . 7 4 4 . 3 8 . 2 3 8 . 2 7 . 3 2 8 . 1 9 . 7 26
- 0 . 1 60 . 6 5 6 . 4 4 .  7 4 7 . 3 5 . 0 3 0 . 2 6 . 0 2 0 . 1 9 . 7 26
- 0 . 2 49 . 4 6 3 . 3 6 . 2 5 2 . 2 9 , 9 4 2 . 2 5 . 6 2 0 . 1 9 . 7 26
- 0 . 3 32. S 6fl. 2 1 . 0 6 0 . 2 0 . 4 4 6 . 2 2 . 5 2 0 . 1 9 . 7 26
- 0 . 4 IS . I 6 0 . 9 . 5 7 1 . 1 5 . 4 5 0 . 1 8 . Q 3 2 . 1 7 . 3 30

******************************************************* *************************
VELOCITY PROFILE DATA, 4 INCH TURBINE AT 100 RPM, VARYING 
SLADE WIDTHS

*#**#####******##*#***********##****#***#***##**#####*######*#*##*#****###*##*** 
2 4

1 2 . 3 6 5 3 7 1 5 . 0 . 1 0 2 4 9 7 9
100. 100 . 1 0 0 . 10 0 . 1 0 0 .

9 U 4 . 0 2 .
0 . 4  6 . 7 4 0 . 7 . 7 5 0 . 5 . 5 3 8 . 0 . 0. 0 . 0 .
0 . 3  1 6 . 4 4 0 . 1 6 . 4 3 6 . 1 2 . 2 3 8 . 9 . 5 6 2 . 1 0 . 9 72
0 . 2  2 2 . 5 44 . 1 9 . 7 4 2 . 1 8 . 9 3 9 . 1 6 . 4 5 6 . 1 6 . 4 62
0 . 1  2 3 . 8 4 5 . 2 2 . 5 4 1 . 2 3 . 2 4 0 . 2 1 . 2 52 . 2 0 . 4 54
0 .  2 4 . 4 4 5 . 2 3 . 2 4 0 . 2 3 . 8 3 9 . 2 1 . 0 4 9 . 2 1 . 0 50
- 0 . 1  2 4 . 4 4 5 . 2 1 . 8 4 2 . 2 3 . 8 4 0 . 2 1 . 8 5 2 . 2 1 . 1 53
- 0 . 2  2 2 . 5 4 4 . 1 9 . 7 4 2 . 2 0 . 4 4 0 . 1 7 . 3 5 6 . 1 6 . 4 62
- 0 . 3  18 . 1 4 0 . 1 5 . 4 3 6 . 1 2 . 2 3 8 . 1 0 . 9 6 2 . 1 0 . 9 72
- 0 . 4  6 . 7 4 0 . 5 . 5 5 0 . 5 . 5 3 8 . 0 . 0 . 0 . 0 .

*###*##*##***#****#*#**#*****#*♦***#****#**##*#*#******##**##*******#*#**** *****
VELOCITY PROFILE DATA, 4 INCH TURBINF AT 200 RPM, VARYING 
BLADE WIDTHS

******************************************************************************** 
3 4

1 2 . 3 6 5 3 7 15 . 0 . 1 0 2 4 9 7 9
20 0 . 2 0 0 . 2 0 0 . 2 0 0 . 2 0 0 .
1 1 1 1 4 . 0 2 .
0 . 5 0. 0 . 0 . 0 . 0 . 0 . 5 . 5 7 2 . 0 . 0 .
0 . 4 2 3 . 0 3 4 . 1 2 . 2 3 2 . 1 0 . 9 4 5 . 1 2 . 2 6 4 . 0 . 0 .
0 . 3 3 3 . 2 4 0 . 3 0 . 9 3 6 . 2 7 . 3 4 0 . 2 3 . 2 5 6 . 1 0 . 1 70
0 . 2 4 0 . 9 4 4 . 4 2 . 3 3 9 . 4 1 . 2 4 0 . 3 5 . 8 5 6 . 2 7 . 8 64
0 . 1 4 2 . 7 4 4 . 4 5 . 4 4 0 . 4 6 . 4 1 . 4 3 . 5 1 . 3 8 . 6 56
0 . 4 4 . 4 4 4 . 4 5 . 4 4 0 . 4 6 . 7 3 8 . 4 5 . 7 4 6 . 4 0 . 9 51
- 0 . 1 4 3 . 4 4 . 4 5 . 4 4 0 . 4 6 . 3 4 0 . 4 4 . 4 5 1 . 3 9 . 4 56
- 0 . 2 4 0 . 9 4 4 . 4 3 . 3 9 . 4 1 . 2 4 1 . 3 6 . 6 5 6 . 2 9 . 4 64
- 0 . 3 3 6 . 2 4 0 . 3 0 . 9 3 6 . 2 7 . 8 4 0 . 2 3 . 2 5 6 . 1 8 .  1 70
- 0 . 4 1 7 . 3 3 4 . 1 0 . 9 3 0 . 1 0 . 9 4 4 . 1 3 . 4 6 3 . 0 . 0 .
- 0 . 5 0 . 0 . 0 . 0 . 0 . 0 . 5 . 5 7 2 . 0 . 0 .
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#  #  * #  *  *  #  *  1(1* * #  *  #  #  *  *  *  #  *  A  *  *  *  A  #  #  #  *  *  *  *  #  *  *  #  *  #  *  *  *  *  #  #  *  #  *  # *  #  *  *  #  *  *  *  #  »Jt *  A  *  *  *  *  #  *  *  *  *  #  *  *  *  *  *  *  *  *  A *

VELOCITY PROFII.F OATA 3 INCH TIIPBINF IN WATEP
* * * * * * # * * * * * * * * * * * * * * * * * * # * * * * * * * * * * * * * * * * * * * * * * 4c * * * A * * * * * A >!> >y * * * A # * * * * * * * A * * * * sit *

14
1 2 . 3 6 5 3 7 15 . 0 . 1 0 2 4 9 7 9
2 0 0 . 30 0 . 4 0 0 . 5 0 0 . 6 0 0 .
1 3 1 13 . 1 . 5
. 3 7 . 7 61 . 1 4 . 4 6 7 . 9 . 5 6 5 . 5 . 5 6 0 . 1 8 . 1 66
. 25 1 5 . 4 66 . 2 2 . 5 6 8 . 2 5 . 6 7 2 . 2 1 . 2 5 8 . 3 4 . 5 71
. ? 2 0 .  4 64 . 27 .  3 66 . 3 5 . 4 7 0 . 3 7 . 4 6 2 . 4 6 . 7 69
. 15 2 5 . 62 . 3 8 . 6 6 3 . 4 4 . 4 66 . 5 2 .  1 58 . 6 2 . 3 6?
. 1 3 1 . 8 5 6 . 4 6 . 58 . 5 0 . 6 6 0 . 6 3 . 9 54 . 7 4 . 56
. 0 5 3 4 . 5 5 2 . 5 0 . 52 . 5 4 . 6 5 4 . 7 0 . 1 5 0 .  . 8 0 . 8 50
0 . 0 3 4 . 4 5 1 . 5 0 . 9 5 0 . 5 5 . 2 51 . 7 1 . 4 4 9 . 8 2 . 1 48
- . 0 5 3 4 . 5 5 1 . 5 0 . 3 5 2 . 54 .  1 5 5 . 6 9 . 3 5 1 . 8 0 . 3 50
- . 1 3 1 . 8 5 7 . 4 6 . 5 6 . 5 0 . 6 6 0 . 6 2 . 3 5 2 . 7 3 . 3 55
- . 1 5 2 8 . 9 6 0 . 3 8 . 6 6 1 . 4 5 . 7 6 5 . 5 1 . 8 5 7 . 6 0 . 6 61
- . 2 2 3 . 2 64 . 2 9 . 9 64 . 3 6 . 2 6 9 . 3 8 . 6 6 0 . 4 7 . 67
- . 2 5 18 .  1 6 6 . 2 4 . 4 6 8 . 2 6 . 2 7 2 . 2 2 . 5 5 8 . 34 . 1 69
- . 3 1 2 . 2 6 6 . 1 6 . 4 6 8 . 1 8 . 9 6 6 . 5 . 5 6 0 . 2 0 . 4 72

*************** ****** ******** *<t ***************** ***** ***** IS## #**#* l(i# ##******##**
VEtnCTTY PROFILE DATA 4 INCH TUP BINE IN WATFR 

******************************************************************************** 
14

1 2 . 56403 15. 0 . 1 4 0 1 0 7
100 • 150. 2 0 0 . 2 5 0 . 3 0 0 .

9 1 1 4 . 2 .
. 4 3 . 9 6 7 . 9 . 5 6 2 . 9 . 5 6 2 . 1 8 . 9 6 6 . 2 1 . 2 62
0 . 3 1 0 . 2 6 1 . 1 6 . 4 6 7 . 2 0 .  8 6 6 . 3 2 . 3 6 7 . 3 3 . 7 66
. 2 1 4 . 4 6 1 . 2 3 . 8 6 5 . 3 3 . 2 6 5 . 4 6 . 7 6 3 . 4 9 .  1 65
. 1 2 1 . 2 5 8 . 3 1 . 4 5 8 . 4 5 . 7 5 6 . 5 6 . 5 6 . 6 1 .  1 58
0 . 2 3 . 2 51 . 3 4 . 1 52 . 4 8 . 8 5 1 . 5 7 . 5 5 2 . 6 6 . 2 53
- . 1 2 1 . 5 5 5 . 3 1 . 4 5 4 . 4 7 . 5 5 . 5 3 . 5 6 0 . 6 3 . 2 58
- . 2 1 6 . 4 6 1 . 2 5 . 6 6 2 . 3 7 . 4 6 3 . 4 5 . 4 6 6 . 5 0 . 9 66
- . 3 9 . 5 6 4 . 1 8 . 1 6 6 . 2 0 . 4 6 8 . 2 8 . 9 6 9 . 3 4 . 5 68
- . 4 3 . 9 6 8 . 9 . 5 6 4 . 1 0 . 9 6 8 . 1 9 . 7 6 9 . 2 0 . 4 68

******************************************************************************** 
VELOCITY PROFILE DATA 5 INCH TURBINE IN WATEP 

********************************************************************************
1 4

1 2 . 6 6 3 1 6  2 5 .  0 . 1 6 6 9 6 5 7
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l " p . 1 5 0 . 2 0 0 . 2 5 0 . 2 7 6 .
1 1 1 1 5 . 2 . 6
. 5 7 . 7 6 2 . 12.  2 62 . 1 5 . 4 5 8 . 2 1 . 8 5 7 . 2 2 . 5 59
. 4 1 0 . 9 6 9 . 1 7 . 3 6 3 . 2 2 . 5 6 0 . 3 1 . 4 6 0 . 3 4 . 5 60
. 3 1 7 . 3 6 3 . 2 7 . 3 6 3 . 3 7 . 8 61 . 4 7 . 6 1 . 5 0 . 9 61
. 2 2 ? . 5 5 9 . 3 5 . 8 59 . 4 7 . 58 . 6 2 . 57 . 6 6 . 7 59
.1 2 6 . B 6 3 . 4 1 . 9 5 2 . 5 5 . 4 5 1 . 7 0 . 6 5 2 . 7 7 . 4 52
G.C 2 B. 9 4 9 . 4 4 . 4 4 8 . 5B.  1 4 7 . 7 4 . 1 4 8 . 8 1 . 2 48
- . 1 2 7 . 3 5 3 . 4 2 . 7 51 . 5 5 . 4 5 0 . 7 1 . 5 2 . 7 8 . 8 52
- . 2 2 3 .  8 6 0 . 3 7 . 58 . 4 7 . 9 5 8 . 6 2 . 5 7 . 6 7 . B 57-.3 I B . 1 6 2 . 2 8 . 4 63 . 35 .  a 60 . 4 7 . 3 6 1 . 5 0 . 6 6?
- . 4 1 3 . 4 6 8 . 1 8 . 9 6 3 . 2 3 . 2 64 . 2 B . 9 6 5 . 3 2 . 8 63
- . 5 7 . 7 6 2 . 1 0 .  9 62 . 1 3 . 4 58 . 1 6 . 4 5 5 . 1 9 . 7 59

* * * * * ft * * * * * * * * * * * 1)1 * * * ft* * * * * * $ * * * * * * * ft * * * * * * # * * * * ** * * * * i)i $ * * * * * * * * A * * * * * * #* * * * * * * #
VELOCITY PROF ILF OATA 6 INCH TUP 8 INF IN WATFR 

*************************************************************************** *** ** 
14

1 2 . 0 1 3 9 1 2 4 . 0 . 1 9 9 8 1 7 7
5 0 . 10 0 . 125 . 150 . 1 7 5 .
1 3 1 1 6 . 3 .
. 6 7 . 7 6 2 . 1 0 . 9 6 2 . 1 3 . 4 5 5 . 1 4 . 4 6 4 . 1 7 . 3 62
. 5 1 0 . 9 6 0 . 1 4 . 4 6 0 . 1 8 . 1 59 . 1 9 . 7 5 9 . 2 3 . 8 58
. 4 1 4 . 4 5 8 . 1 9 . 7 59 . 2 4 . 4 6 0 . 2 7 . 8 6 1 . 3 3 . 2 60
. 3 1 8 . 9 5 8 . 25 . 5 9 . 3 1 . 4 59 . 3 9 . 6 1 . 4 4 . 4 58
. 2 2 1 . 8 5 6 . 2 9 . 9 5 5 . 3 8 . 2 56 . 4 5 . 7 5 5 . 5 3 . 2 54
.  1 2 3 . 8 5 0 . 3 3 . 2 5 0 . 4 1 . 6 5 0 . 5 1 . 2 5 1 . 5 8 . 1 49
0 . 2 5 . 6 4 8 . 3 4 . 5 4 8 . 4 3 . 4 8 . 5 3 . 8 4 8 . 5 9 . 8 47
- . 1 2 4 . 4 5 0 . 3 4 .  1 5 0 . 4 1 . 9 5 0 . 5 2 . 7 5 0 . 5 8 . 6 49
- . 2 2 1 . 8 5 6 . 3 1 . 4 5 5 . 3 9 . 4 5 4 . 4 7 . 6 5 4 . 5 2 . 9 54
- . 3 1 8 . 1 5 8 . 2 5 . 6 5 9 . 3 2 . 8 59 . 4 0 . 5 5 8 . 4 4 . 7 57
- . 4 1 5 . 4 5 8 . 2 1 . 2 6 1 . 2 6 . 2 6 1 . 2 9 . 9 6 2 . 3 4 . 5 60
- . 5 1 0 . 9 5 8 . 1 5 . 4 62 . 1 8 . 9 6 1 . 2 1 . 1 6 3 . 2 3 . 8 60
- . 6 7 . 7 5R. 1 0 . 9 6 3 . 1 4 . 4 5 7 . 1 5 . 4 5 6 . 1 7 . 3 56

******************************************************************************** 
VFLOCI TV PROFILE DATA 4 INCH TURBINE IN AIR 

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

1 4
1 4 . 1 7 2 3 3 2 0 . 0 . 1 3 8 3 9 3 5
2 0 0 . 3 0 0 . 3 6 6 . 5 0 0 . 6 0 0 .

9 1 1 4 . 0 2 .
0 . 4  1 3 . 1 6 8 . 2 1 . 3 6 8 . 2 2 . 8 6 8 . 2 8 . 4 6 8 . 3 5 .  68
0 . 3  1 5 . 6 6 6 . 2 2 . 8 6 6 . 3 0 . 9 6 6 . 3 7 . 9 6 6 . 4 6 .  66
0 . 2  2 2 . 3 6 5 . 3 5 . 6 5 . 4 3 . 4 6 5 . 5 6 . 3 6 5 . 7 0 . 7  65
0 . 1  3 5 . 5 8 . 5 1 . 4 5 8 . 7 3 . 1 58 . 9 1 . 9 5 8 . 1 0 9 . 1 5 8
0 .  4 3 . 4 5 3 . 6 0 . 5 5 3 . 8 6 . 2 5 3 . 1 2 1 . 25 3 . 1 4 4 . 2 5 3
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- 0 . 1 3 7 . 9 6 8 . 5 3 . 3 5 8 . 7 5 . 6 5 8 . 1 0 4 . 2 5 8 . 1 3 0 . 4 5 3 .
- 0 . 2 2 4 . 9 6 6 . 3 5 . 6 6 . 4 8 . 6 6 6 . 6 4 . 9  6 6 . 8 6 . 2  6 6 .
- 0 . 3 1 6 . 4 6 8 . 2 2 .  8 6 8 . 3 0 . 9 6 8 . 4 0 . 2  6 3 . 5 3 . 3  6 8 .
- 0 . 4 1 2 . 4 6 8 . 19 . 6 8 . 2 2 . 8 6 8 . 2 9 . 6  6 8 . 3 5 . 7  6 8 .

ft##**#ft*ft*ft*ft***ft*ft*********ft*ft***ft*ft*****#*#*#***ft* ♦### #### ******* ###1)1**** *****
VELOCITY PROFILE OATA 5 INCH TURBINE IN AIR 

# * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * # * * * * * * * * * * * * * * * * * * * * *  

1 4
1 3 . 7 3 5 8 6 4 0 . 0 . 1 6 5 0 2 8 8
2 0 0 . 3 0 0 . 4 0 0 . 5 0 0 . 6 0 0 .
11 1 1 5 . 2 . 5
0 . 5 1 4 . 8 5 9 . 2 1 . 6 5 9 . 27 .  8 59 . 3 5 . 3  5 9 . 4 3 . 3  59
0 . 4 1 8 . 6 6 0 . 2 6 . 6 0 . 3 5 . 3 6 0 . 4 6 .  6 0 . 5 4 . 7  60
0 . 3 2 3 . 7 6 1 . 3 5 . 3 6 1 . 4 6 . 6 1 . 6 1 . 2  6 1 . 7 3 . 2  61
0 . 2 3 3 .  8 5 9 . 5 0 . 7 5 9 . 71 . 9 5 9 . 9 2 . 9  5 9 . 1 1 2 . 8 5 9
0 . 1 4 3 . 3 5 2 . 6 8 . 2 5 2 . 9 4 . 5 5 2 . 1 2 3 . 9 5 2 . 1 4 8 . 4 5 20. 4 7 . 8 4 8 . 7 3 . 2 4 8 . 10 5 . 9 4 8 . 1 3 3 . 7 4 8 . 1 5 9 . 6 4 8
- 0 . 1 4 4 . 2 5 2 . 6 8 . 2 5 2 . 9 7 . 6 5 2 . 1 2 5 . 8 5 2 . 1 5 0 . 6 5 2
- 0 . 2 3 5.  3 5 7 . 5 6 . 8 57 . 7 5 . 8 5 7 . 1 0 0 . 9 5 7 . 1 1 8 . 2 5 7
- 0 . 3 2 5 . 4 6 2 . 3 7 . 6 6 2 . 5 3 . 7 6 2 . 6 5 . 8  6 2 . 7 9 . 9  62
- 0 . 4 1 8 . 6 6 3 . 2 6 . 6 6 3 . 3 6 . 6 3 . 4 7 . 8  6 3 . 5 6 . 8  63
- 0 . 5 1 4 . 4 5 9 . 2 0 .  1 59 . 2 7 . 2 5 9 . 3 5 . 3  5 9 . 4 2 . 5  59

******************************************************************************** 
VELOCITY PROFILE DATA 6 INCH TURBINE IN AIR 

* * * * * * * * * * * * * *  * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * *  ****** *** * * * * * * *  # * # # * * * * # * * *  

9 4
1 2 . 9 3 9 6 8 4 0 . 0 . 1 9 5 1 5 4 6
100. 2 0 0 . 3 0 0 . 50 0 . 6 0 0 .
1 3 1 1 6 . 3 .
0 . 6 1 1 . 8 6 2 . 2 1 . 5 6 2 . 2 8 . 9 6 2 . 4 5 . 9  6 2 . 5 3 . 5  62
0 . 5 1 4 . 5 6 0 . 2 5 . 6 6 0 . 33 . 60 . 5 3 . 5  6 0 . 6 3 . 1  60
0 . 4 16 . 5 9 . 3 0 . 5 9 . 3 9 . 8 59 . 6 4 . 1  5 9 . 7 7 . 4  59
0 . 3 2 1 . 3 5 9 . 3 8 . 4 59 . 5 4 , 4 5 9 . 9 0 .  5 9 . 1 0 8 . 5 5 9
0 . 2 2 5 . 5 5 5 . 5 0 . 5 5 . 7 1 . 6 5 5 . 1 2 3 .  5 5 . 1 4 0 . 7 5 5
0 . 1 3 0 . 9 5 0 . 6 1 .  1 5 0 . 8 3 . 5 5 0 . 1 4 8 . 2 5 0 . 1 7 2 . 8 5 00. 3 4 . 3 4 8 . 6 5 . 2 4 8 . 9 0 . 4 8 . 1 6 0 . 2 4 8 . 1 8 6 . 2 4 8
- 0 . 1 3 2 . 9 5 0 . 6 1 . 1 5 0 . 8 3 . 5 50 . 1 5 2 . 1 5 0 . 1 7 7 . 2 5 0
- 0 . 2 2 7 . 8 5 5 . 5 1 . 7 5 5 . 7 1 . 6 5 5 . 1 2 9 . 8 5 5 . 1 5 0 . 3 5 5
- 0 . 3 2 3 . 9 5 9 . 4 1 . 2 5 9 . 5 6 . 3 5 9 . 1 0 1 . 1 5 9 . 1 1 6 . 4 5 9
- 0 . 4 1 8 . 1 6 1 . 3 1 . 2 61 . 4 1 . 2 6 1 . 6 8 . 3  6 1 . 8 3 . 5  61
- 0 . 5 1 4 . 1 6 2 . 2 5 . 6 6 2 . 33 . 62 . 5 6 . 3  6 2 . 6 6 . 2  62
- 0 . 6 1 1 . 8 6 3 . 2 1 . 3 6 3 . 2 8 . 9 6 3 . 4 6 . 7  6 3 . 5 3 . 5  63
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LIST F-6

FORTRAN LISTING FOR PROGRAM NIELCUT WITH SUPPORTING SUBROUTINES, PATERN, BOUNDS AND OMEGA.

ALSO GIVEN ARE VELOCITY PROFILE DATA OF NIELSON (21) AND CUTTER (9).

***************************************************
MAIN PROGRAM NIELCUT

c NIEL I
c NIEL 2
c---- NIELSON'S AND CUTTER'S DATA NIEL 3
c LPRINT *  1 ,  SKIPS PRINT IN MAIN PROGROM. NIEL 4
c KK .GT.  3 0 .  NO PRINT FROM SUBROUTINE PROC NIEL 5
c K .GT.  5 ,  LAST PROFILE IN A DATA SET NIEL 6
c KK .GT.  5 LAST SET OF VELOCITY PROFILES NIEL 7
c NIEL a
c NIEL 9

DIMENSIONXI201 *Y ( 2 0 ) «YC 120)  .  P I 6 ) « STEP ( 6 ) NIEL 10
DIMENS IONXR<5 0 ) .SIGMAC50) , A ( 5 0 ) , A A ( 5 0 ) , S Q I 5 0 ) . G F ! 5 0 ) , Q ( 5 0 ) NIEL 11
DIMENSION A N G I 5 0 ) . P A I 5 0 ) »PBI5 0 ) , P C ( 5 0 ) , PD(5 0 ) , P E I 50) NIEL 12
DIMENSION PI NI 6 ) NIEL 13
COMMONDIA, X, Y, YC, XX,N .KK, P 1 , P 2 , P 3 , P 4 NIEL 14
ARCOSIC)*ATANISQRT!l . - C * * 2 ) / C ) NIEL 15
READ!5 * 15)LPRINT»KK NIEL 16
LPUNCH-l NIEL 17
READ!5 , 1 6 ) I P I N ! I ) . S T E P ! I ) , 1 * 1 , 4 ) NIEL IB

16 FORMAT!2F10.2) NIEL 19
70 READI5 . 2 2 )KGROUP»T NIEL 20
22 FORMAT! I2 . F10. 2) NIEL 21

M*0 NIEL 22
7 READI5,15)K,NP,RPM NIEL 23
15 FORMAT!2 1 2 . F 1 0 . 2 ) NIEL 24

D 0 4 7 I - 1 . N P NIEL 25
4 7 PI I ) » P I N ( I ) NIEL 26

P i - P I l ) NIEL 27
P 2 - P I 2 ) NIEL 28
P 3 - P I 3 ) NIEL 29
P 4 * P I 4 ) NIEL 30
REAOI5. 28IP3 NIEL 31

28 FORMAT(F10.2) NIEL 32
READI5 . 1 1 IN.O.XD NIEL 33

11 FORMAT!1 2 . 2 F 1 0 . 2) NIEL 34
M»M+l NIEL 35
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0 1 A = o / l 2 . NIFL 36
XX=DlA/2. MTP| 37

c Ni rt 3P
c— NIFL 30
c NIEL 40

ANGLE: =65 • NIFL 41
P3=XX*SIN!ANGLF*3 . 1 4 1 6 / 1 R0.1 NTFl 4?

4? P( 3I  = P3 N IPL 43
x x = x n / i 2 . NTFL 44
FNQ=RPM*DI A**3 NKL 45

c NIFL 46
C— --------- RFAD IN VELOCITY PROFILE NIEl. 47
c NOTE FOR COTTER'S DATA Z IS READ FIRST, THFN VR N I f L 40
r SWITCH IN RFAD IS OONE BY KGROUP= 2 NIEL 49
c , NIFL 50

I F ( KGROUP.GT. 1 ) GOT043 NTFl 51
READ!5 , 6 1 ( Y ( I I , X ( 1 1 , I  = 1,NI NIFL 52
GQT044 NIFL 53

43 READ!5 , 6 ) I XI I ) , Y { I ) ,  I = 1 ,  N) NIFL 54
6 FORMATI2F10.2) NTFL 55
44 I F ( L P R l N T . N E . n WR I T E ( 6 , 3 ) ( X (  I ) , Y (  I) , I = 1 , N ) NIFt 56
3 FORMAT!IH1, 7 X , I H X , 9 X , l H Y / < I X , 2 F 1 0 . 5 )) NIFL 57

YM=0. NIFt 5R
C NIFL 59
C----- --------- CALCULATF VR IN FT/MIN AND CORRESPONDING VALUF OF 7 IN FT NIFL 60
c N ! PL 61

00101 = 1 , N NIEl. 62
x m  = X(!)/12. NIFL 63
Yf I )  = Y ! I ) * 6 0 . NIFL 64

10 YM*YM*Y(I) NIFL 65
YM=YM/FLOAT!N) MIFL 66

c NIFL 67
c— --------- CALCULATE SUM OF SQUARES ABOUT MFAN NIFL 6B
c NIFL 69

SSM=0. NIFL 70
0 0 1 ? I = 1 , N NIFL 71

12 SSM=SSM+!Y!1 ) -YM)**2 NIFL 72
B=0. NIFL 73

C NIFL 74
C-- NIEL 75
c NIFL 76

IF!KK # GT, 30) G0T029 NIFt 77
KK*0 NIFL 78
WR ITE1 6 , 1 9 ) NIFL 79

19 FORMAT! 1H0, 8X, 4HP11) , 11X, 4HP! 2) *11X, 4HP1 3 ) , 8X»10HSUM SQ RFG, / / ) NIEL 80
29 CALL PATERN!NP,P,STEP,4 , 0 , COST) NIEL 81

P ! 3 ) = P 3 NIFL 82
R-SORT!l . -COST/SSM) NIEL 83
BHALF=1. 762747*XX/ P! 1) NIFL 84
U H A L F = P ( 2 ) * S Q R T ! P ! l ) / X X * * 3 ) * ! X X * * 2 - P ! 3 ) * * 2 ) # * 0 . 2 5 / 4 . NIEL 85
CALL OMEGA1UHALF,Y,X,N, 2 5 , BCALC) NIFL 86
BCALC*RCALC-P!4I NIFL 87
B XX= 6 . * XX/ P ! 1 ) * 1 2 , NIEL 88
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r. NIFL R9
c — ---------- POINT COMPLETE ANALYSIS OF A PROFILF N !Fl 90
c N Ic t. R1

I FI LPRI NT. FO. i l  GOTO30 NIFL 92
WRTTFI6,1R)0,XD NTFl 93

11 FORMAT!1H1,4H0 = , F 1 0 . 5 , / l H 0 . 4 H X n  = , F 1 0 . 5 , / / / ) NIFL 94
W R I T F I 6 , 2 ) | T ! I > , Y < 1  ) ,  I = 1 ,N) N IEI 95

? FORMAT!1H0, 7X, 1HX, OX, IHY/ IIX, 2F1 0 . 5 ) 1 N ! c L 96
WRITFI6, 1 7 ) ( I,PC I ) , 1  = 1 ,NP) NTFl. 97

17 FORMAT!IHO,10X1OHPARAMETFRS,/ ! IHO, 1 2 , F 2 0 • 8 ) ) NIFL 98
WRITE( 6 , 1 3 ) < Y < I ) , Y C I I ) , 1 = 1 ,N) NIFL 99

13 FORMAT!IHO,9X,1HY,19X, 2HYC/ ( 1 X, ? F 2 0 . 8 ) ) NIFL 100
WR TTF1 6 , 14)C0ST»R NIFL 101

14 FORMAT! 1H0,27HSUM OF SOIJARES OF ! Y-YCALC) , F 2 0 . 8 , / IHO, NIEL 19?
127HGOODNESS OF FIT , F 2 0 . 8 ) NIFL 103

WRITEI6»31)BHALF*RCALC»UHALF NIFl 104
31 FORMAT!IHO,7HBHALF =,F20. R, 10X, 7HBCALC = , F ? O . R , / I H O , 1 0 X , NIEL 105

1 7HIIHALF = , F ? 0 .  8) NTFL 106
WRITFI6,4 1 1 X 0 , BXX NIET 107

41 FORMAT!IHO,20X.25HHALF WIOTH OF JET AT XD = , F 4 . 2 , I H , , 4 X , F 1 0 . 2 , NICL inn

1 2 X, 6 HI NCHES, / / ) NIEL 109
30 QI M) = 4 . * 3 .  1416*P ! 2 ) * ! X X * * 2 - P I 3 ) * * 2 )  # * 0 .  25+S0RTIXX/P!  1) ) NIFl. 110

XR( M)=XD NIFL 111
SIGMA 1M) = P ( 1) NIEL 112
AIM) =P| 2) NIFL 113
AAlM)=P!3) NIFL 114
ANG!M)=SORT!XX**2-P1 3 ) * * 2 ) /XX NIEL 115
PA|M)=ARCOS!ANGIM)) * 1 8 0 . / 3 . 1416 NIFL 116
SO!M)=COST NIFL 117
GF! M) =R NIEL 118
PB! M)=PI4) NIEL 119
PC!M)=RHALF NIFL 120
P0(M)=BCALC NIEL 121
PE! M) =(JHALF NIEL 122

C NIET 123
C--------------- CHFCK IF ANOTHER PROFILE IS TO BE ANALYSFO NIEL 124
C NIFL 125

■ I F ! K. LT. 5 ) GOTO7 ' NIFL 126
C NIEL 127
C--------------- PRINT SUMMARY OF A SET OF PROFILES NIEL 128
c NIFL 129
23 WRITE(6,2 0 ) ! N , X R ! N ) , S I G MA ! N ) , A ! N ) , A A ! N ) , S O ( N ) , GF! N) , N=l , M) NIEL 130
20 FDRMAT!1H1, ?2X, ' N0*, 1 X,6HRADI US, 2X,5HSTGMA.6X, 1HA, 7X, <AA», 5X, NIEL 131

1 • SUM SO*,4X,*C0RR COFF*/ / ! 2 2 X , 1 2 , F 6 . 2 , 2 F 9 . 3 , F 9 . 4 ,  2 F 1 0 . 3 ) ) NIEL 132
WRITE 1 6 , 2 1 ) ! N , X R I N ) , O I N ) , ANGIN), P A ! N ) , P B I N), N=1 , M) NIFL 133

21 FORMATI1X, / /20X, * NO",2X, 'PAOIUS* , 4 X , • CFM*, 5 X ,•COS!PHIJ•,3X NIEL 134
1 *ANGLE•, 1 0 X , , P ( 4 ) , , / / ( 2 2 X , I 2 , F 6 . 2 , 3 F 1 0 . 4 , F 1 5 . 8 )) NIFL 135

IF!LPUNCH.EQ.1 1G0T071 NIEL 136
PUNCH 2 6 , ! SIGMA I N ),A!N),AAIN) , PBI N) , OI N) , ANG! N) , N=1 , M) NIFL 137

26 FORMAT!6F12.4) NIEL 138
71 WRI T E | 6 , 4 0 )!I ,PEI!) , P C(11, P 0 ( I ) , I*1»M) NIFL 139
40 FORMATI1X, / /20X, * NO*,4X,5HUHALF, 6X,5HBHALF,  6X,5HBCALC,/ / / NIEL 140

1 I 2 2 X , I 2 , F 9 . 2 , 2 F 1 1 . 4 ) ) NTFL 141
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-CHFCK IF ANOTHER VELOCITY PROF IL E HAT A SFT IS TO 9F ANALYSFO
IFIKGROUP.LT .51GOTO70 STOPEND

NIFL
NIEl.NIFlNTFl
NIELNTFL

14?143144 149146147
* *  *  *  * * *  * * *  Id *  *  *  * * * * * * * *  *  * *  * * *  <1# * * *  * * * * * *  *  * * * * * * * * * * *  *  * *  *  *  *  * * * * *  * * * * * * *  T(e * * *  *  * * * * *  *

SUBRnilT INE PR or.

* * * * * * * * * * * * * * * * * * * * * * * * * * ********* *********************************************

24

SUBROUTINE PROC(P,COST) proc 1
OIMENSIONXI2 0 1 , V( 2 0 1 , VC I 2 0 ) , P( 6) PROC ?
COMMONOIA,X,Y.YC.XX , N , K K , P 1 , P 2 , P 3 , P 4 PR Df 3
PI3»=P3 PRor 4
P ( l ) = P l ORDC S
cost=o. RRnc 6
o n i i s i t N PRDC 7
ETA=P{ 1 ) * ( X U ) - P ( 4 )  1/XX PROC R
T = l . - ( T A N H ( E T A / 2 . 1 J **2 PROC R
YCm = P( 2**SQRT(P(  i n * ( X X * * 2 - P ( 3 ) * * 2 ) * * 0 . 2 5 * T / ( X X * * i . 9 * 2 . 1 PROC 10
cnsT=cosT+-(Ycm-Y( in**? PRDC 11
CONTINUF PROC 12
IFIKK. GT. 30IG0T05 PROC 13
IFIKK.NF.OIGOT04 PROC 14
WR ITE 16 » ?) P 1 1) * PI 2 ) » P ( 3 > t P ( 4 1.COST PROC 19
F0RM4T(1X,5(1 P E 1 3 . 4 1 ) PRDC 16
KK=KK+1 PROC 17
I F( KK. LF. 30IG0T05 PRDC IB
KK=0 PROC 19
RETURN PROC 20
FND PROC 21

***************************** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

THE FOLLOWING SUPPORTING SUBROUTINE APE USED IN COMMON WITH FLOWANL, FOR LISTING SFE LIST F-l

SUBROUTINE PATERN SUBROUTINE BOUNDS SUBROUTINE OMFGA
********************************************************************************

********************************************************************************

INPUT OATA
********************************************************************************
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* * * * *** * * * ******** * * * **** id** ******* ** ** * **** * **** * <1 * * >)c ** * * ** * * *** >K ** * ****** * ** * *
PRFL I MINAPY DATA* CONTROLS MOOF OF nr»FR AT 1 ON FOP INSTRUCTIONS SFE COMMENT CAROS AT THE nFGTNING OF THE PROGRAM

******** * * * * * * * * * * * * * * * * * * * * * * ************* *************************************

140
1 2 . 6 2 1
18.
0 . 1 1 6 6  
0.001

. 0 1
0.6
0.0001
0 . 0 0 0 1

*****< 1* 1)1 * * * * * * * * * * * * * * * * * * * * * * ************* ******************************** *****

NIELSON'S OATA
***************************** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

1 1 1 . 2 6

******** * * * * * * * * * * * * * * * * * * * * * * ************* *************************************

VFLnClTY PROFILE DATA, 2 INCH TURRINE AT 600 RPM ANO VARYING PAO!AL DISTANCE R
* ********* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

1 4 6 0 0 .

7 2 . 0  
0 .  38 
1 . 3 2  
2 . 4 1  
3 . 4 7  
1 . 6 7  
1.01 
0 . 3 4

1 4 6 0 0 .

7 2 . 0  
0 . 5 4  
0 . 8 0  
1 . 1 5  
1.21 
0 . 8 1  
0 . 5 4  
0 . 3 7

I 4 6 0 0 .

1 .0  
0 . 1 6 6 6 6 7  
0 .1
0 . 0 3 3 3 3 3 3 3
0.0
- 0 . 0 3 3 3 3 3
- 0 . 1
- 0 . 1 6 6 6 6 7

3 . 0  
. 5 5 7 1 4 2 9  
. 3 7 1 4 2 8 6  
. 1 8 5 7 1 4 3
0.0
- . 1 8 5 7 1 4 3
- . 3 7 1 4 2 8 6
- . 5 5 7 1 4 2 9
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7 2 . 0 4 . 0
0 . 5 5 . 5 5 4 1 4 2 6
0 . 7 1 . 3 6 9 4 2 8 40.»l . 1 8 4 7 1 4 ?
0 . 9 . 0
0 . 7 8 - . 1 8 4 7 1 4 2
0 . 6 5 - . 3 6 9 4 2 8 4
0 . 5 6 - . 5 5 4 1 4 2 6

«*#*#*** ** ******* *4* * #<■♦#**'(‘4 *#* 4$ #***#*$#* *$*>!■ *4 *** *****
VFLOCITY PROFILE OATA, 4 INCH TURBINE AT 200 RPM IN WATFP 
PAOIAL DISTANCE R= 2 INCH

* *  *  *  i(r *  *  * *  *  * *  * *  *  * * *  *  * *  * * *  * *  % *  * *  $  *  *  *  * * *  *  * *  * *  * * &  * $  * *  *  A *  * 4  *  * *  * *  *  *  4 *  *  *  *  * *  4c *  * *  * *  *  <c lit *  *  *

1 4 2 0 0 .

9 4 . 0  2 . 0
0 . 5 4  . 3 5 5 5 5 5 5 5 6
I . 01 • 2 6 6 6 6 6 6 4 7
1 . 5 3  . 1 7 7 7 7 7 7 7 8
2 . 0 7  . 0 8 8 8 8 8 8 8 9
2.22 .0
1 . 6 0  - . 0 8 8 8 8 8 8 9
0 . 8 3  - . 1 7 7 7 7 7 7 8
0 . 8 1  - . 2 6 6 6 6 6 7
0 . 4 2  - . 3 5 5 5 5 5 5 6

* * * * * * * * * * * **  * * * * * *** * * * <i * * * * * * * *  * 4i * * 4c * * * $ * * * * * * « * * * # * * # * * * *  * * * *  * * * * * * <c * * * * * * * *

VFLOCITY PROFILE DATA, 4 INCH TURBINE AT 100 RPM IN CORN 
SYRUP. RADIAL DISTANCE R= 2 INCH

aft * *** * * * * ****** ** * *** **** ***** * * *** ft* **** ***** ** ************* ***** ***********

1 4 1 0 0 .

9 4 . 0  2 . 0
0 . 2 2  . 3 5 5 5 5 5 5 5 6
0 . 3 3  . 2 6 6 6 6 6 6 6 7
0 . 7 4  . 1 7 7 7 7 7 7 7 8
0 . 8 8  . 0 8 8 8 8 8 8 8 9
1 . 1 4  . 0
1 . 0 2  - . 0 8 8 8 8 8 8 9
0 . 6 8  - . 1 7 7 7 7 7 7 8
0 . 3 4  - . 2 6 6 6 6 6 7
0 . 1 2  - . 3 5 5 5 5 5 5 6

* * * * * * * * Ik * * * * * * * * * * * * * * * * * * * * * * * * 4 * * * **4 * * * * * * * * * * * * i)i * * * * * * * * Hi * * * * * ** * * + * * * * * * * *
VELOCITY PROFILE DATA, 4 INCH TURBINE AT 200 RPM IN WATER 
RADIAL DISTANCE R= 4
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******** **** *** *** ##*##* **#*#**# * *## **# *#** *# A ■* # * #*# ##* #* A ***###<11)1 A A*** ******** #
I 4290.

1 1 4 . 0 4 . 0
0 . 3 1 . 940909C909
0 . 4 5 . 7 5 2 7 2 7 2  737
9 . 7 5 . 5 6 4 5 4 5 4 5 4 5
1 . 1 4 . 3 7 6 3 6 3 6 3 6 4
1 . 2 7 . 1R31818191
1 . 2 6 .0
1 . 0 6 - , 1 5 8 1 8 1 Bt 8
0 . 7 - . 3 7 6 3 6 3 6 3 6
0 . 4 7 - . 5 6 4 5 4 5 4 5 4
0 . 2 5 - . 7 5 2 7 2 7 2 7 3
C . 1 3 - . 9 4 0 9 0 9 0 9 1

* * * * * * * * A******************** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

VFLOCITY PROFILE OATA, 7 INCH TURBINE IN WATFR,RAOIftL OISTANCE R= 3.5 INCH
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

9 475.
77.0 3.50.61 .60.74 .41.37 .21.5 .01.33 -.21. -.40.75 -.6

********************************************************************************

CUTTFR'S OATA
********************************************************************************

********************************************************************************

VELOCITY PROFILE DATA, 4 INCH TURBINE AT 200 RPM IN WATER AT VARYING RADIAL DISTANCE
********************************************************************************

2 11.5 1 4200. 0.13101295
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*4. 2.
. 4 9 1 . 3 4
. 4 1 4 . 4
. 1 4 5 . 6 5
. ?76 . 6 5
. 2 0 7 1 . 11. l l * 1. 12
, 0 6 9 I . 7 7
r, 0 2 . 1 6

1 4 2 0 0 .
p .  11 10 1205

44. 2.
. 4 1 4 . 17
. 4 1 4 . 4 6
. 1 4 5 . 5 6
• 274 . 7 1
,2C7 1 . 0 9
. 1 1 4 1 . ?2
. 0  69 1 . 7 7
0.0 1 . 51

L 4 2 0 0 .
0 . 1 1 1 0 1 2 9 5

9 4 . 3.
. 5 5 ? . 51
. 4 4 1 . 5 7
. 4 1 4 . 6 9
. 1 4 5 . 94
. 2 7 6 1 . 0 4
. 207 1 . 1 1
. 1 1 4 1 . 53
. 0 6 9 1 . 7 6
0 . 0 1 . 6 7

1 4 ? 0 0 .
0 .  1 1101295

9 4 . 4.
. 5 5 2 . 7 2
. 4 4 1 . 7 8
. 4 1 4 . 5 9
. 1 4 5 . 7 9
. 2 7 6 . 89
. 2 0 7 . 8 7
. 1 1 4 1 . 0 3
. 0 6 9 1 . 0 8
0 . 0 1 . 0 9

1 4 2 0 0 .
0 . 1 3 1 0 1 2 9 5

6 4 . 4.:
. 3 4 5 1 . 2 5
. 2 7 6 1 . 3 4
. 2 0 7 1 . 7 1
. 1 1 4 1 . 5 7
. 0 6 9 1 . 5 1
0 . 1 . 41
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0 4200•.1310129564. 5.345 .OR*76 1.0920 7 .99135 1 .03069 1.04.0 1.33
1)1 * ft** ft * * * * ***** ft ft <1 ft* * ft**##* * ft ft ft * ft ftftftft ft ft ft ftftftft ft ft ftftftft ftftftft ftftft * ******* A** ft ftftft ftftft ft * ft ft ft

VEIOCITY PROF1IF OAT A , 4 TNCH TURRTNF AT 400 P°M IN WAT FP 
AT VARYING PAOIAL DISTANOF

* * ft A ftft ft * * * * * * * * * * ft * ft ft * * $ ft ft ft ft $ ft * * * ft * * ft * ft $ * * i)i * *  ft ft *  * * ft * ft ijc ft i(i i)t 4 ft * * $ ft* ft * ft * * * ft >)t * * ft ik * * * *

? 1 1 . 5
1 4 4 0 0 .

i. 12 3 5 5 3 9 4
7 4 . 2.
414 . 6 2
345 1 . 2 6
276 2 . 7 0
207 3 , 6 5
139 4 . 6 8
069 4 . 4 7

i.O 4 . 8 4
1 4 4 0 0 .

I. 12 3 5 5 3 9 4
6 4 . 2.1
345 1 . 8 7
276 2 . 5 0
207 2 . 7 0
138 3 . 0 4
069 3 . 5 4
. 0 3 . 9 4
1 4 4 0 0 .
. 1 2 3 5 5 3 9 4
6 4 . 2.1
345 2 . 1 4
276 2 . 2 1
207 2 . 8 1
138 3 . 3 2
069 3 . 9 7
. 0 4 . 1 1
1 4 4 0 0 .
. 1 2 3 5 5 3 9 4
7 4 . 3.<
414 1 . 8 6
345 2 . 1 3
276 1 . 9 8
207 2 . 5 6



. 1 3 8 2 . 6 4

. 0 * 0 2 . 8 7
0 . 0 3 . 1 4

» 4 4 0 0 .
0 . 1 * 3 5 5 3 9 4

8 4 . 3 , !
. 4 8 3 1 . 7 9
. 4 1 4 1 . 3 0
. 1 4 5 1 . 7 1
. 776 1 . 7 4
. 207 7 . 7 6
.1TB 2 . 4 6
• 069 2 . 6 ?
0 . 0 2 . 6 2

1 4 4 0 0 .
0 . 1 7 3 5 5 3 9 4

9 4 . 4.1
. 4 « 3 1 . 8 5
. 4 1 4 2 . 3
. 345 2 . 3 6
. 2 7 6 2 . 3 6
. 2 0 7 2 . 3 9
.  139 2 . 5 3
. 0 6 9 2 . 6 3
0 . 0 2 . 5 8

I 4 4 0 0 .
0 . 1 7 3 5 5 3 9 4

7 4 . 4 . -
. 4 1 4 1 . 0 7
. 3 4 5 1 . 0 8
. 2 7 6 1 . 4 ?
. 2 0 7 1 . 4 5
. 1 3 8 1 . 4 0
. 0 6 9 1 . 4 1
0 . 0 1 . 6 3

9 4 4 0 0 .
0 . 1 2 3 5 5 3 9 4

6 4 . 5 . !
. 3 4 5 . 3 3
. 2 7 6 . 4 4
. 2 0 7 . 5 5
. 1 3 8 . 4 2
. 0 6 9 . 4 5
0 . 0 . 5 8

********************************************************************************

VFLOCITY PROFILE DATA, 4 INCH TURBINE AT 600  RPM IN WATER 
AT VARYING RADIAL DISTANCE

********************************************************************************

9 1 1 . 5
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l 4f .no .
c . » ? i R 0 9 9 5

0 4 . 2 .
. 5 5 2 . 0 7
• 48 3 . P7
. 4 1 4 1 . 8 5
."<45 2 . 0 6
. ’ 74 3.'
. 2 0 7 4 . 0 1
. 1 3 5 4 . 1 1
. 0 4 0 7 . 0 ?
C.n 7 . 4 6

1 4 4 0 0 .
0 .1 2 1 R 0 9 9 5

8 4 . 2.
. 4 8 3 1 . 7 0
. 4 1 4 1 . 7 2
. 3 4 5 2 . 0 8
. 2 7 4 3 . « 5
. 2 0 7 4 .  33
. 1 3 8 5 .6 1
. 0 6 0 5 . 8 ?
0 . 0 5 . 6 6

1 4 6 0 0 .
0 . 1 2 1 8 0 0 9 5

7 4 . 3 .
. 4 1 4 2 . 6
. 3 4 5 2 .  66
. 2 7 6 2 . 7 8
. 2 0 7 3 . 2 8
.  138 3 .  84
. 0 6 0 5 . 0 5
. 0 5 .  14

1 4 6 0 0 .
0 . 1 2 1 8 0 0 0 5

84 . 4.
. 4 8 3 2 . 1 9
. 4 1 4 1 . 0 9
. 3 4 5 2 . 4 2
. 2 7 6 2 . 6 2
. 2 0 7 3 . 0 8
.  138 4 . 3 8
. 0 6 9 4 . 2 1
. 0 4 . 7 1

1 4 6 0 0 .
0 . 1 2 1 8 0 0 9 5

6 4 . 4 .
. 3 4 5 2 . 9
. 2 7 6 3 . 0 ?
. 2 0 7 3 . 9 3
. 1 3 8 4 . 2 1
. 0 6 9 3 . 7 6
. 0 4 . 7 4
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0 4 6 0 0 .
. 1PIS09Q5
6 4 . 8.
■*45 1 . 9 7
P76 ? • 04
PC 7 ?.n
n« ? • 48
069 ? • 65
0 P. 34
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LIST F-7
FORTRAN LISTING FOR GRAPH WITH SUPPORTING SUBROUTINE SOLVE AND SAMPLE INPUT. TYPICAL

OUTPUT FROM PROGRAM IS ALSO GIVEN

MAIN PROGRAM GRAPH

c GRAP 1
c---- — -------t h i s  program correlates  THE PARAMETERS OF THE TANGENTIAL JET GRAP 2
c LPRINT* I t  COMPLETE PRINTOUT GRAP 3
c GRAP 4

0 1 MENSIONXI5 0 ) «  A( 5 0 ) , AA( 5 0 ) , Q(5 0 ) , SLOPE( 5 0 ) • CI 5 0 ) *RE(50> GRAP 5
DIMENSION SIGMAI50) , ANG(5 0 ) , 0 1 A( 5 0 ) tCORRI5 0 ) ,D 0 A ( 7 ) GRAP 6
DIMENSION QN0315 0 ) ,QAVG(1 0 ) , 0 8 T ( 1 0 ) , ASIG12 0 ) , AQNDl2 0 )  ,AAA<20) GRAP 7
DIMENSION DSIGI1 0 ) , OQNO( 1 0 ) ,DAA(1 0 ) tOTNI5 0 ) ,AANG(20) ,A0EV( 20) GRAP 8
DIMENSION 0 I M I 2 0 ) , T T ( 2 0 ) GRAP 9
COMMON IS,LPRINT GRAP 10
LPRINT-0 GRAP 11
I S * l GRAP 12
KL»0 GRAP 13
KG«0 GRAP 14

c GRAP 15
c — — -------REAO TANK PARAMETERS FOR A SET OF PROFILES GRAP 16
c GRAP 17
3 3 I «0 GRAP 18
IT REAO( 5 , 5 )KGROUP,T,POISE,RHO GRAP 19

V » P 0 I S E * 6 .7 2 * 0 . 0 0 6 / 1 RH0*62.4 3 ) GRAP 20
I F ( I . E Q . 0 ) W R I T E ( 6 , 1 5 ) GRAP 21

c GRAP 22
c-- ---------- SET UP COUNTER FOR STORING AVERAGE OF SEVERAL PROFILES AT GRAP 23
c CONSTANT IMPELLER DIAMETER GRAP 24
c GRAP 25

IF(KGR0UP.EQ.2)G0T01 GRAP 2 6
KL-KL+l GRAP 27
KG-KG+5 GRAP 28
IF(KG.EQ.5)KG»1 GRAP 29

15 FORMAT!1H1// , 2 0 X , ' N O ' * 3 X , ' SIGM A*,6X, , A ' , 9 X , ' A A , ,6X,*RPM*,4X, GRAP 30
2 3 X , ' Q ' , 4 X , » Q / N D * * 3 *  » 2 X , • ANGLE• , 3X, • ND**3' / ) GRAP 31

c GRAP 32
c-- ---------- REAO PROFILE PARAMETERS GRAP 33
c IF KGROUP » 2 DELETE AVERAGE GRAP 34
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r. GRAP 35
l R E A D !5 ,? )A l , A 2 ,A 3 GRAP 36
7 FORMAT(3F13 .8 » GRAP 37

READ!5,5)K,RPM,D GRAP 3«
5 FORMAT!I2 ,3F10.2) GRAP 3°

IF 1KGR0UP.EQ.2JG0TQ32 GR4R 40
D 0 2 4 J * i , 5 GRAP 41
JJ=KR-1+J GRAP 4 2

24 D I A ! J J ) * 0 GRAR 43
3? OIM(KL )*D GRAP 44

TT<KL)=T GRAP 4*5
DBTIKL) =D/T GRAP 46
R=D /24. GRAP 47

r. GRAP 48
c — --------- I# COUNTS NUMBER PROFILES EXAMINED GRAP 49
r. STAPT, CALCULATIONS OF ITEMS OF.SIRED 0°AP 80
c GRAP 51

1*1 + 1 GRAR 5 2
XI I ) = R P M * ( D / 1 2 . ) * * 3 GRAR 53
RE( 11 *R P M * ID /1 2 . ) * * 2 /V GRAP 54
SIGMA( I )  = A1 GRAP 55
A! I ) = A2 GRAR 56
A A (I ) =A3 GRAP 57
ANGIT »=ARCOS ( SORT!R**2-A3**2>/ R ) * 180./ 3 . 1 4 1 A GRAP 58
Q( ! ) » 4 . * 3 . 1 4 1 6 * A ? * ! R * * 2 - A 3 * * 2 ) * * 0 . 2 5 * S Q R T < R / A 1 ) GRAP 59
0ND3( I ) * Q ! I ) / X U ) GRAP 60
TFNP*A3 GRA° 61
O T N ( I ) * X ( I ) / !R**2-TEN P** 2)* * 0 , 2 5 GRAP 6?
HR ITE< 6 * 1 6 ) 1 ♦Ai*A2»A3»RPM»0l II »0ND3 C11»ANG(M * X(11 GRAP 63

16 F O R M A T ! 2 0 X , I 2 , 2 F 9 . 3 , F 1 0 . 4 t F 9 . 2 , 2 F 8 . 3 , F R . 2 * F 8 . 3 ) GRAP 64
I F I K . L T . 5 )G0T01 GRAP 65
IF(LPRINT,E0.1)WRITE<6*?5) GRAP 66
IF|KGR0UP.EQ.2)G0T017 GPAP 67

c GRAP 68
c---- --------- CALCULATE AVERAGE VALUE OF SIGMA AA, AND ND**3 GRAP 69
c GRAP 70

!F(LPRINT.EQ. i )WRITE<6,30) GRAP 71
30 FORMAT!1H1,8X,•AVERAGE*,8X,'VARIANCE*,6X,'DEVIATION* * / ) • GPAP 72

CALL AVG(SIGMA,I,XM,SSM,VAR,OEV) GRAP 73
ASIGIKL)*XM GRAR 74
OSIG(KL)*OEV GRAP 75
CALL AVGIAA , I,XM,SSM,VAR,DEV) GRAP 76
AAA (KL)*XM GRAP 77
DAA IKD-DEV GRAP 78
CALL AVG(0NP3,I,XM* SSM* VAR,DEV) GRAP 79
DONO(KL)*DEV GRAP 80
QAVG(KL)*XM GRAP 81
CALL AVGIANG , 1 ,XM,SSM,VAR,DEV) GRAP 8?
AANG(KL)*XM GRAR 83
AOEV(KL)*DEV GRAP 84
IF(LPRINT.EQ. l )WRITE<6,18) GRAP 85

18 FORMAT!IX//) GRAP 86
IF < I . LF .2 )G O T0 28 GRAP 87
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c GRAP PR
c-- --------- FIND EQUATION FOR ND**3 VERSUS A GRAP 89
r. GRAP 90

|F(LPRINT .E0.1 1WP ITE (6 ,71 GRAP 91
7 FORMAT (IH1» 5HND*#3.10X,5HSIGMA, 9X, 10HSIGMA CAI.C.10X. 4 H 0 I F F . / 1 GRAP Q9

CALL SOLVFIX ,A , I , CI»C2,C 0S T1 GRAP 93
SLOPE 1 KG 1*C1 GRAP 94
C(KG l*C 2 GRAP 98
CORR(KG 1*COST GRAP 96
IF!LPRINT.EQ.11WRITE!6 , R1 GRAP 97

8 FORMAT!1H1.5HN0**3»10X » 5H A .9 X .1 0H A CALC . 1OX.4H01FF»/1 GRAP 9R
C GRAP 99
c-- VFRSUS A GRAP 109
c GPAP 101

CALL SOLVE( QTN. A , I . C l . C 2 . C 0 S T 1 GRAP 10?
SL0PE(KG+11=C1 GRAP 103
C(KG+ll*C2 GRAP 104
CORR(KG+1l*COST GRAP 105

c GPAP 106
c----- ----------FINO EQUATION FOR RE VERSUS A GRAP 197
c GRAP 103

IFILPRINT.EQ. i l  WRITE( 6 , 1 2 1 GRAP 109
12 FORMAT(1H1.5HRE N 0. 1 0 X .5 H  A ,9 X ,1 0 H A CALC . 10X, 4HPTFF. / 1 GRAP 110

CALL SOLVE( RE. A , I ,C l . C 2 . C O S T  I GRAP 111
SL0PE(KG+21*Cl GRAP 11?
C(KG+2l*C2 GRAP 113
C0RR(KG+21=C0ST GRAP 114

C GRAP 115
c----- GRAP 116
C GRAP 117

IF( L P R lN T .E Q . i l  WRITE( 6 , 1 0 1 GRAP 118
10 FORMAT!1H1. 5HND**3»10X »5H Q , 9 X f 10H Q CALC . 10X. 4HDIFF . /1 GRAP 119

CALL SOLVE(X.Q » I»C 1 .C 2. C 0ST I GPAP 120
SLOPF!KG+31*01 GRAP 121
C(KG+31=C2 GRAP 12?
CORR!KG+31*C0ST GRAP 123

c GRAP 124
c-- GRAP 125
c GRAP 126

IF!LPRINT.EQ.11WRITE(6»131 GRAP 127
13 FORMAT(1H1.5HRE N 0 .1 0X .5 H  Q . 9 X . 1 0 H Q CALC , 1 0 X . 4 H O I F F , n GRAP 1?R

CALL SOLVE(RE.O » I . C I . C 2 . C 0 S T 1 GRAP 1 ?9
SLOPE<KG+41*C1 GRAP 130
C(KG+4l*C2 GRAP 131
CORR!KG+41=COST GRAP 132
G0T029 GRAP 133

28 KG*KG-5 GRAP 134
29 IF(KGR0UP.LT.51G0T033 GRAP 135

IF(KL.LT.31G0T026 GRAP 136
IF (LP RINT.E0.1IWR ITE(6,251 GRAP 137

C GRAP 138
C----- GRAP 139
c GRAP 140
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CALL SOI VE(DBT,QAVG»KL»C1 »C2.COST ) GRAP H I
IFILPRINT. EO* 1>WRITE( 6 , 2 ? ) C l , C ? , COST ORAP 14?

?7 FORMATIIX , 'SLOPE * • 5X, F 1 5 . 8 / I  X, •  INTERCEPT = • lX ,* = 1 5 .a ,  /  OR An 14?
IIX.'CORR COEF = • , 1 X , F 1 5 . 8 / ) ORAP 144

IS=0 ORA» 145
C ORAP 146
C-------------- FIND EQUATION FOR D/T VERSUS AVO AA 0»AP 147r. OR A P HRCALL SOLVE(DBT•AAA ,KL,C1,C2,COST ) ORAP 149IFILPRINT.FQ.1)WRITF(6,27|C1,C2,COST ORAP HCC ORAP HI
C-------------- WRITE SUMMARY OF RESULTS GRAp 15?
C O R A P  153
?6 WRITF( 6 , 2 5 )  ORAP 154
7 5  FQOMATIIHI! O R A P  155

0 0 ? O J = l , 5  O R A P  156
REAOC 5 , 2 3 1 DPA O R A P  157

23 F0RMAT(7A4) O R A P  15"
WRITE 1 6 , 2 1 )OOA O R A "  15921 FORMAT<IHO,41X,7A4/1HO,29X,*DIA',RX,'SLOPE',10X,»TNTFRCFPT',6X, 0"AP 1601 'CORR COEF') ORAP 161
IG=KG+J-1 O R A P  16?
n 0 2 0 I = J , I G , 4  ORAP 163
W R I T E ( 6 , 2 2 ) O I A l I ) , S L O P E l l ) , C ( I ) » C O R R ( I )  O R A P  164

22 F 0 R M A T ( 2 5 X , F 9 . 2 , F 1 3 . 4 , I X , F 1 5 . 4 , F 1 5 . 4 )  GRAP 165
20 CONTINUF ORA" 166

WRITEC6,31) GRAP 167
31. FORMAT! 1 H 1 . 1 0 I / )  ,2 5 X , 'N O *  , 3 X , ' T ' , 6 X  , ' O ' , 6 X , ' 0 / T *  , 4 X , ' S I G M A ' , 4 V ,  ORAP 168

l ' D E V ' , 5 X , • A ' , 7 X , « O E V ' , 6 X , ' N ( O ) • , 5 X , ' D F V * , 5 X , » A N G L E ' , 2 X , ' O E V ' / l  GRAP 169
0 0 3 6 1 = 1 , KL GRAP 17036 WRITF(6»37)f,TT( I),DIM(I),OBTI11,AS 1011),OSIG(I)»AAA(I),0AAl11 , GRAP 1711QAVGII)«DQNOII 1,AANOII),AOEV(1) GRAP 17?

37 F 0 R M A T ( 2 5 X , I 2 , 2 F 6 . 2 , F 8 . 4 , F 9 . 3 , F 7 . 3 , F 9 . 4 , F 9 . 5 , 2 F 9 . 4 , F B . 2 , F 6 . 2 1  GRAP 173
STOP G R A P  174
END GRAP 175

********************************************************************************

SUBROUTINE SOLVE
********************************************************************************

SUBROUTINE SOLVE(X,Y,N*CS,CI.COST) SOLV 1C SOL V p

c SUBROUTINE SOLVE COMPUTES PARAMETERS FOR A LOG-LOG SOLV 3
c LEAST SQUARE FIT SOLV 4
c MODEL Y=M*X*C SOLV 5
c SOLV 6
c CS = SLOPE OF LOG-LOG PLOT SOLV 7
c Cl » INTERCEPT OF LOG-LOG PLOT SOLV 8
c IS, CONTROLS TYPE OF PLOT SOLV 9
c IS*1 LOG -LOG PLOT SOLV 10
c IS«-l SEMILOG SOLV 11
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* * * * * * Hr * ft * * * * * * <i * * ** * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * 41 * * * * * * ** * * * * * * * * * * * * * * * $ * <1 * *
SUBROUTINE AVO FflR LISTING SEE LIST F-l

* ****************** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

* *********************** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

INPUT DATA
******** ************************************************************************

********** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

TANGENTIAL JET PARAMETERS OBTAINED IN A I?.25 INCH DIAMFTER TANK
********** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

112.25 0.8937 0.9970B10.5175 13.4772 0.1141243. 3.10.0544 14.285 0.1191250. 3.11.7746 18.557 0.11531333.33 3.11.8492 22.7386 0.11691400. 3.11.3673 28.412 0.11171500. 3.11.5885 31.6168 0.11159550. 3.
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(a) Results of Analysis for Data Sets Given In Table IV-20.

N*n**3 VERSUS A
D!A SLOPF INTFRCEPT CORR COEF3.00 0.7252 4.3155 0.98513.00 0.6706 P.0038 0.97284.00 t.0313 0.8706 0.99015.00 1.0516 0.0003 0.99966.00 0.6966 1.9184 0.97173.00 1.0239 3.4737 0.99963.00 1.0931 0.0001 0.98974.00 1.0731 0.6218 0.99875.00 1.1035 0.0000 0.999?

ND**3/JR**2-AA**2> VERSOS A
01A SLDPF INTFRCEPT CORP COEF3.00 0.7308 1.6014 0.97284.00 1.0040 2.1553 0.99134.00 1.0306 O.POOl 0.990?5.00 1.0638 0.8673 0.99956.00 0.6967 0.0128 0.974?3.00 1.1558 0.4820 0.98784.00 1.1085 1.408? 0.99784.00 1.0724 0.0000 0.99865.00 1.0708 0.6449 0.9986

RE VFRSUS A
DIA SLOPE INTERCEPT CORR COEF
3.00 0.7248 0.0071 0.98514.00 0.9488 0.7498 0.98815.00 1.0523 1.6058 0.99965.00 1.0630 0.0001 0.99956.00 0.6768 2.7376 0.97313.00 1.0238 0.0004 0.99964.00 1.1254 0.3414 0.99785.00 1.1042 1.0644 0.99925.00 1.0702 0.0000 0.9986

N*D**3 VERSUS 0
0|A SLOPE INTFRCEPT CORR COFF3.00 0.6790 1.5467 0.9728
4.00 1.0034 0.0004 0.99145.00 1.0705 0.4907 0.99946.00 0.6968 3.7437 0.97426.00 0.6766 0.0111 0.97313.00 1.0934 0.9031 0.98974.00 1.1079 0.0000 0.99775.00 1.1094 0.3271 0.99856.00 0.9301 1.6988 0.9984



jijiji**njijivjiji
O O O j i r g O O O O
o o o o j i o o o o

o o o o o o o o oo o o o o o o o o
o o o o o o o o o  • • • • • • • • •
O u l O ' O ' - f ' O u i O ' Oo^>o#ow?oOUI^«<OOW^O

o
o* J l *>j l ui 0* J l J l 3• •  • • • • •  • •o O 3 o o o O 3 o >o O O o o o o o o

H M
M  U» >  O  •+  M M M N o»
•  •  •  • • • • • • o

h o O ' J l  Ol <p •
w  u t  g  o  <d h O' O ' 9> o
*0 O ' O  O ' M  U> r *  *  O' > Ul

*
o  o  * -  o  o  o ii0 J l
• • • • •  • •  •  •
o  O ' o  o  -g  *■ r -  J l  J l 3
r o  r j  v» -g  s *  M  O -n
g ^ g M  o i M 9 H <

0 0 0 0 0 0 0 0 0• •  •  • •  • •  •  •
->,) *H p* h - r -  M H H H > oo  o» m —  o -g  ** o •
0 3 ) N - M o n -t* O'
o  m  o  o  -g  O' ao j i  o ' a s

*0

o  o  o  o  o  o o  o  o
M

•  •  * • •  • • •  •
0  0  3  0 3  O o  o  o 3
o  o  o o  o o  o  o Tl
*-•>-*!— Ul I— H U I W <
►— *— o O  J l O  O ' J l

O  J l n r y t u i

O
0  0  0  3 —  r—

00l •
•  •  •  • • • •  • • Z JD
3> 09 g  g o  — O  O 00 3JJH JI a O ' 9 M  M  3D o 30
O  M  : M VJJ O ui j i  -g —» Jl
0  9  O  O ' O ' «— g g g

0  3  0  0 o o O  3  O• • • • • • • • • 3
O  3  O  O o g 3 0  — Tl•O at vt> -g  j» 'ji ji -g <j g g u> r-O' .M -P*O' -g -g H  ^  ^

© *«• i— «— p- O n-̂ Ow» • ••••• • • • !—

^ .  w  J) It) 9  »—  *- 30 TlUl O' w O'

— o

o o ) -  - g  *  v )  o» Jo n  •o

no o o o o oooo
•  • • • »  i  •  •  ^O 3 <£ -0 <0 0-0*00ooaoow oo-g o -joooi— o o nj n

jl Jl g  ̂  J1 ’Jl <J1 jl
• • • • • • • • •
—  0 0 ^ ' > 3 0 * — O - J »
ru  ^  O ' —  u j j i  o o o b

ziO

o  O  O  O  ‘U  O  3  V  r j

^  Jl O' O  O' O' 0 >  9  ui u) *o o 3 rj *- >*»

9C
V



437

(b) Results of Analysis of (1) Tangential Jet Parameters from Table IV-20 and (2) Tangential 
Jet Parameters Obtained by Keeping cr Constant.

no STOMA A AA PPM 0 0/N0**3 AMOIF Kir)**-*

1 1 1 . 5 0 2 9 . 7 8 4 0 .  1051 2 0 0 . 0 0 3 .  334 1 . 0 6 7 5 7 .  2? 3 . 1 2 5
2 1 1 . 8 3 2 1 4 . 0 6 2 0 . 1 0 4 8 3 0 0 . 0 0 4 .  742 1 . 0 1 2 5 6 . 9 6 4 . 6 8 8
3 1 1 .5R0 1 4 . 9 7 7 0 . 1 0 8 5 4 0 0 . 0 0 4 .  875 0 .  780 6 0 . 1 9 6 . 2 5 0
4 1 4 . 4 1 0 1 9 . 2 2 6 0 . 1 0 0 9 5 0 0 . 0C 6 . 1 1 0 0 .  782 5 3 .  85 7 . 8 1 3
5 1 2 . 5 0 6 2 2 . 4 9 6 0 . 1 0 3 8 6 0 0 . 0 0 7 . 4 5 6 0 .  795 5 6 . 1 7 9 . 3 7 5
A 1 4 . 1 1 0 7 . 8 7 6 0 . 1 3 9 ? 1 0 0 . 0 0 3 . 7 5  8 0 . 8 8 0 5 6 . 6 1 3 .  704
7 1 2 . 0 9 7 1 1 . 9 3 9 0 . 1 4 2 1 1 5 0 . 0 0 5 .  196 0 . 9 3 5 5 8 . 5 1 5 . 5 5 6
R 1 3 . 6 1 7 1 7 . 0 5 0 0 . 1 4 0 2 2 0 0 . OC 7 . 1 1 5 0 . 9 6 1 5 7 .  27 7 . 4 0 7
9 1 1 . 3 1 5 2 0 . 5 9 9 0 . 1 4 5 3 2 5 0 . 0 0 8 .  977 0 . 9 6 9 6 0 . 6 7 9 . 7  59

10 1 1 . 6 8 2 2 2 . 9 6 6 0 . 1 4 5 6 3 0 0 . 0 0 9 . 8 1 7 0 . 8 8 3 6 0 . 8 0 1 1 . 1 1 1
11 1 2 . 5 1 3 1 2 . 7 7 6 0 . 1 7 3 1 1 0 0 . 0 0 7 . 0 5 5 0 . 0 7 5 5 6 . 1 7 7 .  234
12 1 2 . 6 6 1 2 0 . 0 5 9 0 . 1 7 1 4 1 5 0 . 0 0 1 1 . 1 2 7 1 . 0 2 5 5 5 . 3 6 1 0 . 8 5 1
13 1 2 . B 3 3 2 6 . 5 3 7 0 . 1 6 9 0 2 0 0 . 0 0 1 4 . 8 3 4 1 . 0 2 5 5 4 .  19 1 4 . 4 6 8
14 1 2 . 6 3 8 3 4 . 9 1 1 0 . 1 7 0 0 2 5 0 . 9p 1 9 . 0 3 9 1 . 0 5 3 5 4 . 7 0 1 8 . 0 8 4
15 1 2 . 6 6 1 3 7 . 0 5 1 0 . 1 7 0 8 2 7 5 . 0 0 2 0 . 6 3 2 1 . 0 3 7 5 5 . 0 5 1 9 . 8 9 3
16 1 1 . 7 4 4 1 4 . 1 7 6 0 . 2 0 2 4 5 0 . 0 0 9 . 9 5  8 1 . 5 9 3 5 4 .  C4 6 .  250
17 1 1 . 7 6 2 1 9 . 8 3 9 0 . 2 0 3 1 1 0 0 . 0 0 1 3 . 6 6 7 1 . 0 9 3 5 4 .  33 1 2 . 5 0 0
IB 1 1 . 7 1 7 2 4 . 4 5 0 0 . 2 0 3 3 1 2 5 . 0 0 17 .  116 1 . 0 9 5 5 4 . 4 2 1 5 . 6 2 5
19 1 2 . 5 7 7 2 9 . 4 4 6 0 . 2 0 3 7 1 5 0 . 0 0 1 9 . 8 5 7 1 . 0 5 9 5 4 . 5 9 1 8 . 7 5 0
20 1 2 . 2 6 7 3 3 . 8 6 0 0 , 2 0 0 6 1 7 0 . 0 0 2 3 . 4 6 5 1.  104 5 3 . 3 5 2 1 . 2 5 0
21 1 0 . 5 1 7 1 3 . 4 7 7 0 . 1 1 4 0 2 4 3 . 0 0 4 .  181 I . 101 6 5 . 7 8 3 . 7 9 7
22 1 0 . 0 5 4 1 4 . 2 8 5 0 . 1 1 9 0 2 5 0 . 0 0 3 . 9 1 5 1 . 0 0 2 7 2 .  18 3 . 9 0 6
23 1 1 . 7 7 5 1 8 . 5 5 7 0 . 1 1 5 3 3 3 3 . 3 3 5 . 2 7 9 1 . 0 1 4 6 7 . 2 8 5 . 2 0 8
24 1 1 . 8 4 9 2 2 . 7 3 9 0 . 1 1 6 9 4 0 0 . 0 0 6 .  175 0 . 9 8 8 6 9 . 2 6 6 . 2 5 0
25 1 1 . 3 6 7 2 8 . 4 1 2 0 . 1 1 1 7 5 0 0 . 0 0 8 . 8 6 9 1 . 1 3 5 6 3 . 3 3 7 . 8 1 3
26 1 1 . 5 8 8 3 1 . 6 1 7 0 . 1 1 1 5 5 5 0 . 0 0 9 . 8 0 9 1 .1 4 1 6 3 . 1 3 8 . 5 9 4
27 1 0 . 6 9 6 1 7 . 8 5 8 0 . 1 2 1 6 3 , 3 . 33 4 .  178 0 . 7 9 3 7 6 . 6 1 5 . 2 0 8
28 1 3 . 6 7 8 1 3 . 2 5 6 0 . 1 4 2 6 2 0 0 . 0 0 5 . 4 0 0 0 . 7 2 9 5 8 . 8 5 7 . 4 0 7
29 1 3 . 0 2 4 1 9 . 0 6 6 0 . 1 4 2 8 3 0 0 . 0 0 7 .  947 0 . 7 1 5 5 8 . 9 5 1 1 . 1 1 1
30 1 4 . 3 4 0 2 6 . 3 5 1 0 . 1 4 2 6 3 6 6 . 0 0 1 0 . 4 9 0 0 . 7 7 4 5 8 . 8 0 1 3 . 5 5 6
31 1 5 . 1 5 8 3 5 . 7 5 5 0 . 1 4 1 0 5 0 0 . 0 0 1 4 . 0 4 6 0 . 7 5 8 5 7 . 7 7 1 8 . 5 1 8
32 1 4 . 6 4 9 4 3 . 9 1 7 0 . 1 4 1 2 6 0 0 . 0 0 1 7 . 5 1 1 0 . 7 8 8 5 7 . 9 3 2 2 . 2 2 2
33 1 2 . 9 2 0 2 0 . 4 8 5 0 . 1 6 R 7 2 0 0 . 0 0 1 1 . 4 2 9 0 . 7 9 0 5 4 . 0 7 1 4 . 4 6 8
34 1 3 . 5 8 7 3 1 . 3 0 2 0 . 1 6 8 6 3 0 0 . 0 0 1 7 . 0 3 8 0 . 7 8 5 5 4 . 0 4 2 1 . 7 0 1
35 1 4 . 1 3 9 4 3 . 7 5 1 0 . 1 6 8 5 4 0 0 . 0 0 2 3 . 3 5 5 0 . 8 0 7 5 3 . 9 9 2 8 . 9 3 5
36 1 4 . 0 4 3 5 7 . 1 5 8 0 . 1 6 6 5 5 0 0 . 0 0 3 0 . 9 5 1 0 .  856 5 3 . 0 7 3 6 . 1 6 9
37 1 3 . 9 9 1 6 7 . 6 2 8 0 .1 6 R 6 6 0 0 . 0 0 3 6 . 2R8 0 . 8 3 6 5 4 . 0 0 4 3 . 4 0 3
38 1 1 . 9 2 2 1 8 . 1 2 3 0 . 2 0 1 6 1 0 0 . 0 0 1 2 . 6 8 1 1 . 0 1 4 5 3 . 7 4 1 2 . 5 0 0
39 1 2 . 5 5 4 3 4 . 0 2 7 0 . 1 0 9 6 2 0 0 . 0 0 2 3 . 4 1 3 0 . 9 3 7 5 2 . 9 7 2 5 . 0 0 0
40 1 2 . 9 0 4 4 6 . 6 4 0 0 . 1 9 9 7 3 0 0 . 0 0 3 1 . 6 4 4 0 .  844 5 3 . 0 0 3 7 . 5 0 0
41 1 3 . 7 4 9 8 1 . 6 3 5 0 . 1 9 9 5 5 0 0 . 0 0 5 3 . 6 9 1 0 .  859 5 2 . 9 4 6 2 . 5 0 0
42 1 3 . 5 6 4 9 5 . 2 9 4 0 . 1 9 9 5 6 0 0 . 0 0 6 3 . 0 9 4 0 .  841 5 2 . 9 5 7 5 . 0 0 0
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NO SIGMA A AA RPM 0 0/ND**3 ANGI F ,N0*#3
1 12.621 10.117 0.1012 200.00 3.428 1 .097 54.04 3.125
2 12.621 14.527 0.1012 300.00 4.922 1.050 54.04 4.68R
3 12.621 16.171 0.1012 400.00. 5.479 0.877 54.04 6.250
4 12.621 19.230 0.1012 500.00 6.515 0. 834 54.04 7.8135 12.621 23.090 0.1012 600.00 7.823 0.834 54. 04 9.375
6 12.621 8.159 0.1348 100.00 3.689 0.996 53.97 3.704
7 12.621 12.640 0.1348 150.00 5. 715 1.029 53.97 5.5568 12.621 17.R24 0.1348 200.00 8.059 1 .088 53.97 7.4079 12.621 22.396 0.1348 250.00 10.127 1.094 53.97 9.259
10 12.621 25.125 0.1348 300.00 11.361 • 1.022 53.97 11.Ill11 12.621 13.134 0.1684 100.00 7.427 1.027 53.92 7.234
12 12.621 20.421 0.1684 150.00 11.548 1.064 53.92 10.85113 12.621 26.645 0.1684 200.00 15.068 1.042 53.92 14.46814 12.621 34.340 0.1694 250.00 19.420 1.074 53.92 18.08415 12.621 37.575 0.1684 275.00 21.249 1.068 53.92 19.89316 12.621 14.129 0 i 2 0 2 0 50.00 9.592 1. 535 53.89 6.25017 12.621 19.546 0.2020 100.00 13.269 1.062 53.89 12.50018 12.621 24.476 0.2020 125.00 16.616 1.063 53.89 15.62519 12.621 29.6R8 0.2020 150.00 20.154 1.075 53.89 18.75020 12.621 33.585 0.2020 170.00 22.800 1 .073 53.89 21.250
21 12.621 14.166 0.1348 200.00 6.405 0.R65 53.97 7.407
22 12.621 20.383 0.1348 300.00 9.216 0. 829 53.97 11.11123 12.621 28.140 0.1348 366.00 12.724 0.939 53.97 13.55624 12.621 37.600 0.1348 500.00 17.001 0.918 53.97 18.51825 12.621 46.330 0.1348 600.00 20.949 0.943 53.97 22.22226 12.621 20.540 0.1684 200.00 11.616 0.803 53.92 14.468
27 12.621 31.429 0.1684 300.00 17.774 0.819 53.92 21.70128 12.621 43.910 0.1684 400.00 24.832 0.858 53.92 28.93529 12.621 56.740 0.1684 500.00 32.087 0.887 53.92 36.16930 12.621 67.882 0.1684 600.00 38.38 8 0.884 53.92 43.403
31 12.621 19.022 0.2020 100.00 12.234 0.979 53.89 12.50032 12.621 33.643 0.2020 200.00 22.839 0.914 53.89 25.00033 12.621 46.200 0.2020 300.00 31.363 0. 836 53.89 •37.50034 12.621 80.971 0.2020 500.00 54.968 0.879 53.89 62.50035 12.621 94.510 0.2020 600.00 64.159 0. 855 53.89 75.000

N*n**3 VFRSUS A
01A SLOPE INTERCEPT CORR COFF6.00 0.6625 4.7008 0.95836.00 0.7316 3.7712 0.9771

RE VERSUS A
OTA SLOPE INTERCEPT CORR COEF6.00 0.2397 1.2031 0.70986.00 0.2424 1.3471 0.7564

N*0**3 VFRSUS 0 
OIA SLOPE INTERCEPT CORR COEF
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6.00 0.9421 1.0749 0.99046.00 0.9293 1.1666 0.9941
RF VFRSUS 0

OTA SLHPF INTERCFPT CORR GOFF6.00 0.392? 0.0921 0.79266.00 0.2861 0.4114 0.7108

AVG DEVIATION
SIGMA 12.621 0.066A 0.1839 0.00006QN0**3 0.944 0.0012

AVG DEVIATION
SIGMA 12.621 0.000A 0.1888 0.00007QND**3 0.977 0.0011
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LIST F-8
FORTRAN LISTING FOR MAIN PROGRAM RESULT WITH SUPPORTING SUBROUTINE VARI AND SAMPLE OUTPUT.

MAIN PROGRAM RESULT
4c4c4c4c4c4<4c4c4c4c4<4c4c4c4c4c*4c4c4c4c4c4c4c4c4c4c4c4c4c4c4c4c4c4c4c4c4<4<4<4<4<4c4<4<4<4<4c4<4<4c4<4<4<4c4c4<4<4<4<4c4c4<4c4c4<4c4c4<4c4<4<4<4c4c4c4c4<4<<c

RESU 1-------this program evaluates the prediction of impeller DISCHARGE RESU 2Q. AND EDDY VISCOSITY EDVIS RESU 3RESU 4DIMENSION XI50I,SIGMAI50).At 50>.AAI50)f0150) RESU 5DIMENSION E150) t ECI 50) tQCI 50 ) « AC I 50) tAAC(50) RESU 6COMMON TDIAI50)*DIAI50),FNI50> RESU 7I»0 RESU 8RESU 9-------READ EXPERIMENTALLY OBTAINED VALUES OF TANGENTIAL JET RESU 10PARAMETERS RESU 11RESU 127 READ(5,5)KGROUP,T RESU 13READI5«2)AltA21 A3 RESU 14FORMAT(3F13*8) RESU 15READ!5t5)K«RPM«D RESU 16FORMAT112 * 3F10•2) RESU 17R«D/24. RESU 181*1+1 RESU 19TDIAf I)*T RESU 20DIA11)»D RESU 21FNII)*RPM RESU 22XII)*RPM*ID/12»)**3 RESU 23SIGMA(I)*Al RESU 24AII)«A2 RESU 25AAII)*A3 RESU 26TEMP*SORTIR**2-A3**2)/R RESU 27RESU 28-------CALCULATE EXPERIMENTAL VALUES OF EDVIS AND 0 RESU 29RESU 30Q( I)«4.*3.1416*»A2*IR**2-A3**2)**0.25*SQRTIR/A1) RESU 31El I)*A2/I2«*SQRT(A1***3*R))*!2»*R**2-A3**2)/IR**2-A3**2I**0.75 RESU 32RESU 33------ CALCULATE PREDICTED VALUES OF TANGENTIAL JET PARAMETERS FROM RESU 34CORRELATING EQUATIONS RESU 35
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C RFSU 36Al=12.621 RESU 37OBT-(T-D)/T RESU 38TA-DBT RESU 39IF(DBT-O.735)6,6,7 RESU 407 A3- 0.06924*TA**(-1.837) RESU 41G0T08 RESU 426 A3- 0.08354*TA**(-1.7281) RESU 438 TEMP=X(I)/(R**2-A3**2)**0.25 RFSU 44A2=1.1436*TEMP**0.8337 RFSU 45TEMP-SORT IR**2-A3*+21/R RESU 46C RESU 47C------CALCULATE PREDICTED VALUES OF Q AND EDVIS RFSU 48C RESU 49QC( I)=4.*3.1416*A2*(R**2-A3**2)**'0.25*SQRT(R/Ai) RESU 50ECI I)=A2/(2.*SQRT(Al**3*R))*(2.*R**2-A3**2>/1R**2-A3**2>**0.75 RESU 51AC( II-A2 RESU 52AACID-A3 RESU 53IFIK.LT.5IG0T01 RESU 54IF(KGROUP.EQ.11 GOTO 17 RFSU 55C RESU 56C------CALCULATE DIFFERENCE BETWEEN CALCULATED AND PREDICTED RESU 57C VALUE AND PRINT RESULTS RESU 58C RESU 59WRITE(6t20) RESU 6020 FORMAT!1H1,28X,’ANALYSIS FOR IMPELLER DISCHARGE Q*// RESU 61120X,'N0*,4X,'T',6X,'D',6X,'RPM' t8X, • O' ,8X t • QC', 5X, • D IFF *//) RESU 62CALL VARI(QtQCtI) RESU 63WR ITE(6(21) RESU 6421 FORMAT(1H1(20Xt'ANALYSIS FOR VOLUMETRIC FLOWt A*,//) RESU 65CALL VARI(A.ACtl) RESU 66WRITE(6(22) RESU 6722 F0RNAT!1H1(20X.'ANALYSIS FOR RADIUS OF SOURCE AA',//> RESU 68CALL VARI(AAtAACtI) RFSU 69WRITE(6,23) RESU 7023 FORMAT!1H1,28X,'ANALYSIS FOR EDDY VISCOSITY',// RESU 71120X('N0'(AX,'T,(6X(,D*,6X,'RPM',8X,'E',8X,'EC',5X,'DIFF'//) RESU 72CALL VARME(ECtl) RESU 73STOP RESU 74END RESU 75
********************************************************************************

SUBROUTINE VARI
**************************************************************************

SUBROUTINE VARI(X,Y,N) VARI IC VARI 2C------THIS SUBROUTINE CALCULATES DIFFERENCE BETWEEN CALCULATED VARI 3C AND PREDICTED VALUES OF A VARIABLE ANO PRINTS RESULTS VARI AC VARI 5DIMENSION X(50»,Y(50I,0IFF(50) VARI 6COMMON TDIA(50)«DIA(50).FNI50) VARI 7
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VAR»0. VARI fl
DO 11* 1»N VAR! 9
DIFFIII*XI11—Y C11 VARI 10
WRITE(6*2)11TDIA(I)»DI A(I)»FNI IIf XI11♦Y (I) »DIFF (I) VARI 11

1 VAR=VAR+DIFF(11**2 VARI 12
2 FORMAT!20X*12»2F7.2tF9.2 »3F9.3) VARI 13

WRITE(6»3)VAR VARI 14
3 FORMATIIX//«20Xf1 SUM SO OIFF *',FI5.&) VARI 15

RETURN VARI 16
END VARI 17

**************

INPUT DATA SAME AS IN PROGRAM GRAPH
********************************************************************************
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RESULTS OF ANALYSIS BY PROGRAM RESULT
ANALYSIS FOR EDDY VISCOSITY

NO T D RPM F FC DIFF

I 15.00 3.00 200.00 0.407 0.321 0.0862 15.00 3.00 300.00 0.557 0.450 0.1073 15.00 3.00 400.00 0.676 0.572 C.1054 15.00 3.00 500.00 0.523 0.680 -0.1655 15.00 3.00 600.00 0.802 ,0.801 0.0016 15.00 4.00 100.00 0.237 0.361 -0.1247 15.00 4.00 150.00 0.47R 0.506 -0.0288 15.00 4.00 200.00 0.552 0.643 -C.0929 15.00 4.00 250.00 0.979 0.775 0.20410 15.00 4.00 300.00 1.048 0.902 0.14611 15.00 5.00 100.00 0.455 . 0.474 -0.01912 15.00 5.00 150.00 0.687 0.665 0.0??13 15.00 5.00 200.00 ’< 0.866 0.845 0.02114 15.00 5.00 250.00 1.149 1.018 0.13215 15.00 5.00 275.00 1.260 1.102 0.15816 15.00 6.00 50.00 0.526 0.339 0.13317 15.00 6.00 100.00 0.729 0.693 0.03618 15.00 6.00 125.00 0.919 0.335 0.08519 15.00 6.00 150.00 1.-.00.0 0.97? 0.0?820 15.00 6.00 170.00 1.159 1.078 0.08121 12.25 3.00 243.00 0.8Y9 0.697 0.18122 12.25 3.00 250.00 1.447 0.714 0.73323 12.25 3.00 333.33 1.099 0.908 0.19224 12.25 3.00 400.00 1.489 1.057 0.4 3225 12.25 3.00 500.00 1.481 1.273 0.20826 12.25 3.00 550.00 1.588 1.373 0.21027 11.50 3.00 333.33 2.412 1.677 0.73528 15.00 4.00 200.00 0.446 0.643 -0.19729 15.00 4.00 300.00 0.693 0.902 -0.20930 15.00 4.00 366.00 0.825 1.065 -0.24031 15.00 4.00 500.00 0.999 1.381 -0.38232 15.00 4.00 600.00 1.298 1.608 -0.31033 15.00 5.00 200.00 0.660 0.845 -0.18534 15.00 5.00 300.00 0.934 1. 185 -0.25135 15.00 5.00 400.00 1.228 1.506 -0,?7836 15.00 5.00 500.00 1.587 1.814 -0.22737 15.00 5.00 600.00 1.929 2.112 -0.18338 15.00 6.00 100.00 0.653 0.693 -0.04039 15.00 6.00 200.00 1.115 1.235 -0.12040 15.00 6,00 300.00 1.468 1.732 -0.26441 15.00 6.00 500.00 2.333 2.651 -0.31842 15.00 6.00 600.00 2.780 3.086 -0.306

SUM SQ DIFF = 2.5650043b
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ANALYSIS FOR RADJUS OF SOURCE AA

1 15.00 3.00 200.00 • 0. 105 0.104 0.0012 15.00 3.00 300.00 0. 105 0.104 0.0003 15.00 3.00 400.00 0. 108 0. 104 0.C044 15.00 3.00 500.CO 0.101 0.104 -0.0035 15.00 3.00 600.00 0.104 0.104 -0.0006 15.00 4.00 ICO.00 0.139 0.143 -C.0C47 15.00 4.00 150.00 0. 142 C.143 -0.0018 15.00 4.00 200.00 0.140 0.143 -0.0039 15.00 4.00 250.00 0.145 0. 143 C.C0310 15.00 4.00 300.00 0. 146 0.143 0.00311 15.00 5.00 100.00 0. 173 C.168 0.0C512 15.00 5.00 150.00 0.171 0.16 8 C . 0 0 313 15.00 5.00 200.00 0.169 • C.16 8 0.00114 15.00 5.00 2 50.00 0. 170 0. 168 0.00215 15.00 5.00 275.00 0.171 0.163 0.00216 15.00 6. 00 50.00 0.202 C.202 0.00017 15.00 6.00 100.00 0.203 0.202 0.00118 15.00 6.00 125.00 0.203 0.202 0.00119 15.00 6.00 150.00 0.204 0.202 0.00220 15.00 6. 00 170.00 0.201 0.202 -0.C0121 12.25 3.00 243.00 0.114 0.116 -0.00222 12.25 3.00 250.00 0.119 0.116 0.00323 12.25 3.00 333.33 0.115 0.116 -0.00124 12.25 3.00 400.00 0.117 0.116 0.00125 12.25 3.00 500.00 0.112 0.116 -0.00426 12.25 3.0C 550.00 o.m 0.116 -0.00527 11.50 3.00 333.33 0.122 0.121 C.00128 15.00 4.00 200.00 0.143 0.143 -0.00029 15.00 4.00 300.00 0.143 0. 143 0.00030 15.00 4.00 366.00 0. 143 0.143 -0.00031 15.00 4.00 500.00 0. 141 0.143 -C.00232 15.00 4.00 600.00 0. 141 0.143 -0.00233 15.00 5.00 200.00 0. 169 0.168 0.00034 15.00 5.00 300.00 0.169 0.168 0.00035 15.00 5.00 400.00 0. 169 0.168 0.00036 15.00 5.00 500.00 0.167 0.168 -0.00237 15.00 5.00 600.00 0.169 0.168 0.00038 15.00 6.00 100.00 0.202 0.202 -0.00039 15.00 6.00 200.00 0.200 0.202 -0.00240 15.00 6.00 300.00 0.200 0.202 -0.00241 15.00 6.00 500.CO 0.200 0.202 -0.00242 15.00 6.00 600.00 0.200 0.202 -0.002

SUM SO DIFF = 0.00019938
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ANALYSIS FOR VOLUMFTRIC FLOW. A

1 15.00 3.00 200.00 9.784 9.020 0.764
2 15.00 3.00 300.00 14.062 12.648 1.413
3 15.00 3.00 400.00 14.977 16.077 -1.100
4 15.00 3.00 500.00 19.226 19.364 -0.137
5 15.00 3,00 600.00 22.496 22.542 -0.046
6 15.00 4.00 100.00 7.876 9.474 -1.599
7 15.00 4.00 150.00 11.939 13.285 -1.346
8 15.00 4.00 200.00 17.050 16.886 0.164
9 15.00 4.00 250.00 20.599 20.338 0.261
10 15.00 4.00 300.00 22.966 23.677 -0.711
11 15.00 5.00 100.00 12.776 14.272 -1.496
12 15.00 5.00 150.00 20.059 20.C13 0.046
13 15.00 5.00 200.00 26.537 25.437 1.100
14 15.00 5.00 2 50.00 34.011 30.638 3.373
15 15.00 5.00 275.00 37.051 33.17? 3.880
16 15.00 6.00 50.00 14.176 11.708 2.468
17 15.00 6.00 100.00 19.539 20.866 -1.32818 15.00 6.00 125.00 24.450 25.133 -0.683
19 15.00 6.00 150.00 29.446 29.258 0.187
20 15.00 6.00 170.00 33.860 32.477 I.383
21 12.25 3.00 243.00 13.477 12.489 0.988
22 12.25 3.00 250.00 14.285 12.789 1.496
23 12.25 3.00 333.33 18.557 16.255 2.30?
24 12.25 3.00 400.00 22.739 18.923 3.815
25 12.25 3.00 500.00 28.412 22.792 5.620
26 12.25 3.00 550.00 31.617 24.677 6.939
27 11.50 3.00 333.33 17.858 18.836 -0.978
28 15.00 4.00 200.00 13.256 16.886 -3.629
29 15.00 4.00 300.00 19.066 23.677 -4.61 I
30 15.00 4.00 366.00 26.351 27.946 -1.595
31 15.00 4.00 500.00 35.755 36.248 -0.493
32 15.00 4.00 600.00 43.917 42.198 1.719
33 15.00 5.00 200.00 20.485 25.437 -4.952
34 15.00 5.00 300.00 31.302 35.667 -4.365
35 15.00 5.00 400.CO 43.751 45.335 -1.584
36 15.00 5.00 500.00 57.158 54.604 2.554
37 15.00 5.00 600.00 67.628 63.568 4.060
38 15.00 6.00 100.00 18.123 20.866 -2.743
39 15.00 6.00 200.00 34.027 37.189 -3.162
40 15.00 6.00 300.00 46.640 52.146 -5.506
41 15.00 6.00 500.00 81.635 79.832 1.803
42 15.00 6.00 600.00 95.294 92.937 2.357

SUM SQ DIFF = 318.60253906
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ANALYSIS FOR IMPELLFR DISCHARGE 0
NO T D RPM 0 OC DIFF

L 15.00 3.00 200.00 3.334 2.960 0. 374
2 15.00 3.00 300.00 4.742 4. 151 0.591
3 15.00 3.00 400.00 4.875 5.276 -0.401
4 15.00 3.00 500.00 6.110 6.355 -0.245
5 15.00 3.00 600.00 7.456 7.398 0.05 8
6 15.00 4,00 100.00 3.258 4.012 -0.754
7 15.CO 4.00 150.00 5.196 5.625 -0.429
8 15.00 4.00 200.00 7. 115 7.150 -0.034
9 15.00 4.00 250.00 8.977 8.612 0.36510 15.00 4.00 300.00 9.817 10.025 -0.209
LI 15.00 5.00 100.00 7.055 ■ 8.073 -1.017
12 15.00 5.00 150.00 11.127 11.319 -0.193
13 15.00 5.00 200.00 14.834 14.388 0.447
14 15.00 5.00 2 50.00 19.039 17.329 1.710
15 15.00 5.00 275.00 20.632 18.762 1.870
16 15.00 6.00 50.00 9.958 7.948 2.010
17 15.00 6.00 100.00 13.667 14. 166 -0.499
18 15.00 6.00 125.00 17.116 17.062 0.053
19 15.00 6.00 150.00 19.857 19.863 -0.007
20 15.00 6.00 170.00 23.465 22.048 1.416
21 12.25 3.00 243.00 4.181 3.371 0.810
22 12.25 3.00 250.00 3,915 3.451 0.464
23 12.25 3.00 333.33 5.279 4.387 0.893
24 12.25 3.00 400.00 6.175 5. 107 1 .068
25 12.25 3.00 500.00 8.869 6. 151 2.717
26 12.25 3.00 550.00 9.809 6.660 3.149
27 11.50 3.00 333.33 4.128 4.260 -0.132
28 15.00 4.00 200.00 5.400 7.150 -1.750
29 15.00 4.00 300.00 7.947 10.025 -2.078
30 15.00 4.00 366.00 10.490 11.833 -1.344
31 15.00 4.00 500.00 14.046 15.348 -1.302
32 15.00 4.00 600.00 17.511 17.868 -0.357
33 15.00 5.00 200.00 11.429 14.388 -2.958
34 15.00 5.00 300.00 17.038 20.174 -3.136
35 15.00 5.00 400.00 23.355 25.642 -2.237
36 15.00 5.00 500.00 30.951 30.885 0.066
37 15.00 5.00 600.00 36.288 35.955 0.333
38 15.00 6.00 100.00 12.681 14.166 -1.485
39 15.00 6.00 200.00 23.413 25.247 -1.834
40 15.00 6.00 300.00 31.644 35.402 -3.75 8
41 15.00 6.00 500.00 53.691 54.198 -0.506
42 15.00 6.00 600.00 63.094 63.095 -0.001

SUM SO DIFF = 90.65058899
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APPENDIX G 

SUMMARY OF TANGENTIAL JET ANALYSIS

This appendix gives the summary of results obtained from velo

city profile data analyzed by the program FLOWANL. The listing of 

the program and the input data were given in Appendix F. The velo

city profile summary is presented in Tables which are used in 

Chapter IV.
a

Section 4.1 of Chapter IV draws important conclusions and comments 

on the material given in the tables of this section. Section 4.4, 4.5 

and Appendix H form the basis of the tables in this section. Appendix 

H presents the analysis of a single velocity profile in four tables.

A typical set of tables for a velocity profile are Tables H-l, H-2,

H-3, and H-4. Seventeen items from these tables are considered to 

be of interest and form a single line of a table in this appendix.

In Section 4.2 it was shown that the average values of a the 

jet width parameter and a the radius of source parameter are reason

able estimates of these parameters, independent of impeller speed.

The profile analysis was thus repeated with cx and a as constants, 

their values being given by Equations IV-9, and IV-ID. The results 

of their analysis are presented back to back with corresponding tables 

where these parameters were originally free. This point will be made 

clear when the tables are presented.

1
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In Table G-l is given a list of abbreviations that form the 

column headings of the tables presented in this section. These ab

breviations were needed because of use of upper case letters by the 

computer and the need to keep these headings as brief as possible.

The abbreviations are in most cases the variables names used in the 

program FLOWANL. Each pair of tables that follow are for a constaiit 

impeller speed. The first table in the pair is with a, and a (AA) 

obtained by a least square fit. The second table of the pair is with 

ct and a (AA) fixed by Equations IV-9 and IV-10 as noted above. Thus 

for example, Table G-2 and G-3 is for impeller speed at 243 RPM, 

and h = 3.0 inches, G-4 and G-5 at 250 RPM and h = 6.0 inches, etc. 

Tables G-2 to G-13 are for velocity profiles taken in 12.25 inch- 

diameter tank while Tables G-14 and G-15, the data was taken in 11.5 

inch diameter tank.

Summary of Cooperf s: Data

In Tables G-16 to G-33 are summarized the result of velocity 

profile analysis obtained from the program COOPER. The program and 

input data are given in Appendix F. Tables G-16 to G-23 are for 

velocity profiles obtained in water, Tables G-23 to G-29 are for 

profiles obtained in air, and Tables G-30 to G-33 are for varying 

radial distance and impeller blade width. Profile measurements in 

air are made with a hot wire anemometer.

In Section 4.7 of Chapter IV, Figure IV-13 suggests that a is a 

constant independent of impeller diameter, impeller speed, tank diam

eter and fluid in the tank. The constant value of a was estimated as
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12.621 +  0.066. Hence the analysis was repeated with or kept constant 

at this value for Cooper's data. The result of this analysis is pre

sented back to back with the case for a obtained by a least square 

fit. This facilitates comparison between the two different cases. 

Thus for example, pairs of Tables G-16 and G-17, G-18 and G-19, etc. 

are results of analysis of the same data. The first table in the 

pair G-16 is for a free while the second table is with a constant.

In some of these tables a zero value is recorded for BALC and 

for the correlation coefficient. This occurs for example in Table 

G-30, Profile Number 5. This means that both these quantities coule 

not be calculated and were set equal to zero.

Summary of Nielson's and Cutter's Data

The summary of Nielson's data is given in Tables- G-34 and G-35, 

while that of Cutter's data is given in Tables G-36 through G-41.

In the analysis of the data the radius of source a, was selected by 

choosing a value for 0^. The value of 0^ is given under the heading 

ANGLE and is calculated from A-14. It is a function of r and it will 

be noticed that it decreases with increasing r. The value of 0^ 

selected for evaluating a can be found in these tables by looking 

up 0 corresponding to r-equal to D/2.



LIST

NO

RADIAL ANGLE

SIGMA

A

AA

SUM SQ 

Q

VR

CORR COEF 

CFM IMP 

CFM

COS(PHI)

TABLE G-l

OF ABBREVIATIONS USED FOR COLUMN HEADINGS 

IN TABLES OF APPENDIX G

= Profile Number

= Angular position of radial plane in which 

velocity profile measurements are made.

The angle is measured with respect to a 

baffle as shown in Figure III-l. (degrees) 

= O’
= A, (ft^/min)

= a, (ft.)

= Sum of Squares defined by Equation IV-1
—4= q

= V r
= Correlation Coefficient R, defined by

Equation IV-

= Volumetric flow at impeller periphery

from Equation IV-7 (ft^/min)

= Volumetric flow at radial distance r from
3

Equatio tiB-31 (ft /min)

= Cos 0y



ANGLE

P(4)

UHALD

BHALF

BCALC

AVG ANGLE

NAD**3

At the 

AVERAGE 

VARIANCE 

DEVIATION

TABLE G-l CONTINUED
= 0 obtained from Equation A-14, (degrees)

y
“ Zq, (ft)

■  (ft3/"!")
= z, corresponding to q = fr(i,m

Equation H-l, (ft)

= BHALF obtained by direct interpolation of 

the data (ft)

= Arithmetic average angle of angle profile 

9y (degrees)

= ND^ (ft^/min)

bottom of the tables the following headings are used:

= Arithmetic Average 
2= Variance S ,, defined by Equation IV- 

= 0.95 confidence/limit from t-test from

Equation 'IVriS'. ’ 1
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TABLE G-2
SUMMARY OP VELOCITY PROFILE ANALYSIS AT 243 RPM, IN 

A 12.25 INCH DIAMETER TANK

R ADI AL RADIUS SIGMA A AA SUM so r.ORR CDFF
NO ANGl E 0 VP n V»
1 44.10 2.50 11.520 13.466 0.1141 179.71 ???.93 0.9895 0.985 1
2 44. 10 2.50 11.635 t 3.293 0.1160 39. 10 -145.90 ".9979 0.9905
3 5.50 2.50 11.151 13.406 0.1198 ?2.73 168.1 3 9.9999 0,99A 3
4 44.10 3.00 10.798 12.956 0.1151 40.87 46.75 0.9961 0.9949
5 5.50 3.00 10.457 13.390 0.1196 63.73 73.11 0.9938 0.9970
6 44. 10 3.50 10.411 13.424 0.1073 20.71 75.82 0.9958 0.994?
7 5.50 3.50 1.0.267 13.485 0.1163 79.34 40.8? 0.9952 9.9978
8 44. 10 4.00 8.720 13.951 0.1034 343.97 316.05 0.9171 0.9214
9 5.50 4.00 9.709 13.920 0.1145 19.2? 26.36 0.9932 0.9903
NO CFM IMP CFM CDS I PH I 1 ANGLE p( 41
I 3.9816 9.5009 0.8366 37.2126 0.00047730
2 7.7412 9.2995 0.8308 33.8195 -0.000702103 3.3729 9.5069 0.8182 35,0942 0.001310704 3.870? 11.6712 0.8878 27.4070 0.00198500
5 3.5019 12.1920 0.8781 28.5906 0.001594006 4.6338 14.7053 0.9?99 21.5750 0.00374489
7 4.0014 14.7720 0.9170 23.5017 0.00541996
8 5.5616 19.2957 0.9506 18.0759 0.00621194
9 4.4450 18.1347 0.9392 20.0897 0.00612583
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TABLE G-2 CONTINUED

NO UHALF BHALF RCALC AVG ANGLF ND**3

1 5 9 .  96 0 . 0 3 1 9 - 0 . 0 3 ? A 3 6 . 0 7 3 . 7 9 7
2 5 9 . 6 9 0 . 0 3 1 6 - 0 . 0 3 1 ? 3 7 . 1 8 3 . 7 9 7
3 5 9 .  39 0 . 0 3 2 9 0 . 0 3 3 6 3 8 . 4 5 3 . 7 9 7
4 4 5 . 1 9 0 . 0 4 0 8 0 . 0 3 9 9 2 8 . 5 ? 3 . 7 9 7
5 4 6 .  20 0 . 0 4 2 ? - 0 . 0 4 4 6 ?9 . 89 3 . 7 9 7
6 3 8 . 5 0 0 . 0 4 9 4 0 . 0 4 7 1 21.68 3 . 7 9 7
7 3 0 . 6 8 0 . 0 5 0 1 - 0 . 0 5 ? 3 2 4 . 2 9 3 .  797
5 3 1 . 6 9 0 . 0 6 7 4 0 . 0 8 9 5 1 8 . 6 3 3 . 7 9 7
9 3 3 . 5 7 0 . 0 6 0 5 - 0 . 0 6 4 6 2 0 . 3 4 3 . 7 9 7

AVFRAGF VAPTANCF OEVI AT TON

A 1 3 . 4 7 7 0 0. 0 9 2 7 0 . 2 3 4
STOMA 1 0 . 5 1 8 ? 0. 83 7 0 0 . 7 0 3
AA 0 . 1 1 4 0 0 . 0 0 0 0 2 9 1 4 0 . 0 0 4 1 5

VFLOCITY FACTOR= 0 . 5 0



455

TABLE G-3

SUMMARY OF VELOCITY PROFILE ANALYSIS AT 243 RPM ct AND A CONSTANT,

IN A 12.25 INCH DIAMETER TANK

PAD!AL RADIUS SIGMA A AA SUM SO CORP COFF
NO ANGl*= 0 VP. 0 V 3
1 44.10 2.50 11.192 13.483 0.1147 194.14 299.07 0,9836 0.9300
2 44. 10 7.50 11.1.92 13.361 0.1147 67.56 759.28 0•9953 0.98313 5.90 7.50 11.192 13.539 0.1147 73.03 194.93 0.9989 0.9837
4 44. 10 3.00 11.192 17.919 0.1147 57.12 39.93 0.9946 0.9961
5 5 . 50 3.00 11.192 13.377 0.1147 174.94 41.86 0.9879 0.993 76 44.10 3.50 11.192 13.204 0.1147 57.65 53.55 0.9883 0.93797 5.50 3.50 11.192 13.355 0.1147 94.10 50.31 0.9846 0.9393
9 44. 10 4.00 11.197 13.275 0.1147 652.03 551.76 0.8359 9.8531
9 5.50 4.00 11.192 13.560 0.1147 119.77 85.44 0.9569 0.9683
NO CFM IMP CFM COS I PH I 1 ANGLE P(41
1 3.9915 9.6407 0.8348 33.4053 0.090463002 3.9554 9.5535 0.8348 33.4053 -0.000731703 4.0080 9.6804 0.8348 33.4053 0.001314004 3.8744 11.4357 0.9885 27.3096 0.001950005 3.9600 11.8411 0.8885 27.3096 0.001.570006 3.90R8 13.8710 0.9194 73. 1573 0.003090007 3.9535 14.0296 0.9194 73.1573 0.00540906
ft 3.929B 16.1060 0.9389 20.1769 0.00669693
9 4.0143 16.4574 0.9389 20.1269 0.00596895
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TABLE G-3 CONTINUED

NO IJHALF RHALF RCALC AVG ANOLF NO** 3
I 59.24 0.0328 -0.0331 36.07 3.707
2 58.71 0.0328 -0.0316 3T.1R 3.797
3 59.49 0.0328 0.0336 38.49 3.797
4 45. 85 0* 0394 0.0396 28.52 3.707
5 4 7.48 0.0394 -0.0434 29. 80 3. 797
6 3 9.49 0.0459 0.0464 21 .68 3.707
7 39.94 0.0459 -0.0510 24.29 3.707
8 34.37 0.0525 0.0528 18.63 3.707
9 35.11 0.0525 -0.0621 20.34 3.797

AVFRAGF VAR1 AMCF OFVI AT ION
A 13.3416 0.0389 0.152
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TABLE G-4

SUMMARY OF VELOCITY PROFILE ANALYSIS AT 250 RPM IN A 12.25 INCH DIAMETER TANK

RADIAL RADIUS NO ANGLF SIGMA AA SUM SO

1 44.10 2.50 12.133 13.630 0.11772 5.50 2.50 10.525 14.600 0.121?1 44.10 1.00 8.112 14.500 0.Il?«4 5.50 1.00 0.251 14.310 0.124?
NO CFM IMP CFM COS(PHI I ANGLE
1 1.5677 0.3114 0.8251 34.40342 1.5063 10.6265 0.8135 35.56011 5.2005 15.0174 0.8023 26.84??4 2.4511 13.7680 0.8678 20.7003
NO UHALF RHALF 8CALC AVG ANGLE
I 62.76 0.0103 -0.027? 38. 152 63.02 0.0149 -0.0205 42.011' 44.51 0.0530 0.0826 77.084 46.7? 0.0476 0.0547 30.55

AVERAGE VARIANCE
A 14.2847 0.2034SIGMA 10.0553 2.7412AA 0 . 1100 0.00002373

VR
283.65 1684.47 7?.46 172.84

147.16 
1114.71 
71 .78 
167.0?

P (4 1
-0.00076290 0.00058800 --3.00362798 
- 0.''0741500
ND**3
3.0063.0063.0061.006

DEVIATION
0.7187.6140.00775

C.ORR r. OFF O
0.0861 0. 0.0455 0. 0.0816 0. 
0.077(j 0.

VR
0 8 0 4  
0 5  7 4  
0 7 0 0  
0 7 7 7

V EL O CI T Y FACT O RS  0.50
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TABLE C-5

SUMMARY OF VELOCITY PROFILE ANALYSIS AT 250 RPM a AND A CONSTANT

RAMAL RADIOS SIGMA A AA SUM SO C0R8 COPF
MCI ANGLF 0 VP 0 VP
1 44.10 2.50 11.102 13.785 0.1147 410.55 684.31 0.9801 0.9611
2 5.50 2.50 11.102 14.744 0.1147 1772.89 1147.34 9.9476 0 . 9 5 8 5i 44.10 3.00 11.10? 13.819 0.1147 873.19 545.45 0.7661 0 . 8 7 5 4
4 5.50 7.00 11.10? I 6. 126 0.1147 611.03 772.48 0 . 0 1 9 1  0 . 9 6 3 5

MO CFM- IMP CFM cnsiRHi) ANGLE 9(41
1 4.0BOB 9.8563 0.8348 33.4053 -0.000786002 4.3643 10.5423 0.8348 33.4057 0.00975880
3 4,0900 12.7324 0.8385 27.3096 -0.007642104 4.1817 17.5042 0 . 8385 77.3096 -0.00210720
NO UHALP BHALF BCALC AVG ANGLE N0**3
I 60.57 0.0328 0.079? 78. 15 3.906
2 64.79 0.0328 -0.0236 47.M 3.906
3 49.04 0.0394 0.0643 77.08 7.906
4 50.13 0.0394 0.0471 30.55 3.906

AVERAGE VARIANCE 0FV1atipn
14.1186 0,1976 0.707



459

TABLE G-6

SUMMARY OF VELOCITY PROFILE ANALYSIS AT 333.3 RPM IN A 12.25 INCH DIAMETER TANK

RADIAL RADIUS SIGMA A AA SUM SO corp r.NO ANGLF 0 VP 0
i 44.10 2.50 11.777 18.540 0.1175 1167.41 1030.48 0.97822 5.50 2.50 12.71 A 18.872 0.1154 3155.44 1513.15 0.9669
3 44.10 3.00 11.323 18.267 0.1136 123.’6 127.14 0.99354 5.50 3.00 11.278 18.545 0.1159 235.63 214.26 0.9919
NO CFM IMP CFM COS(PH I 1 ANGLF P1 4»
1 4.9626 12.8536 0.8259 34.3206 0.00319199
2 5.1509 12.6419 0.8325 33.6435 0.003451993 5.6174 16.1148 0.8928 26.7737 0.000723604 5.3116 16.3304 0.8861 27.6144 0.00274300
NO UHAIF BHALF RCALC AVG ANGLF N0**3
1 84.01 0.0312 0.0279 38.45 5.7082 88.51 0.0289 0.0286 37.68 5.2083 65.05 0.0389 -0.0390 28.38 5.208
4 66.16 0.0391 0.0373 29.66 5.708

AVFHAGE VARIANCE DEVIATION
A 18.5561 0.0613 0.394SIGMA 11.7734 0.4457 1.06?AA 0.1153 0.00000407 0.00321

\jo

0790
070''<592
9 9 1

V E L O C I T Y  FACTO R *  0.50

it 
ir
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TABLE G-7

SUMMARY OF VELOCITY PROFILE ANALYSIS AT 333.3 RPM a AND A CONSTANT

RADIAL RADIUS SIGMA A AA SUM SO r.nRp r.riPFMO ANGIE 0 V R 0 V R
1 44.10 ?• 50 11.102 IS.671 0.1147 1278.12 1401.56 4.Q7M 0 . 9 6 7 12 5.50 2.50 11.142 18.560 0.1147 2853.65 2578.72 0.4559 0.94«43 44.10 3.00 11.19? 18.247 0.1147 125.96 146. 14 0.9074 ".oni/.4 5.50 3.00 11.19? 18.580 0.1147 237.39 ?32.98 0.9918 0 . 4 0 0 8

NO CFM IMP CFM COS 1 PH I I ANGLF P(4)
1 5.5273 13.3500 0.8348 33.4053 0.043215202 5.6128 13.5564 0.R348 33.4053 0.003299003 5.4017 16.1519 0.8885 27.7096 0.0CP190104 5.5004 16.4471 0.8885 27.3096 0.00273499
Nil UHALF BHALF RCALC AVG ANGLE ND**3
1 82.04 0.0328 0.0286 38.45 5.2082 83.31 0.0328 0.0299 37.68 5.2083 64.76 0.0394 -0.0390 28.38 5.2084 65.94 0.0394 0.0374 29.66 5 . 2 4 8

AVERAGF VAR IANCF DEVIATION
A 18.6146 0.0863 0.467
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TABLE G-8

SUMMARY OP VELOCITY PROFILE ANALYSIS AT 400 RPM IN A 12.25 INCH DIAMETER TANK

RAOTAl RADIUS SIGMA A AA SUM so CORR Of
NO ANGLE 0 VR 0
I 44.10 2.50 12.56V 2 2.645 0.1191 456.91 544.34 0.9944
? 5.50 2.50 12.603 22.909 0.1202 777.34 777.94 0.99U
5 44.10 3.00 11.095 22.671 0.1128 479.71 356.76 0.99074 5.50 3.00 11.137 22.730 0.1157 501.97 471;70 n.9900
NO CFM IMP CFM COSIPHI) ANGLE P( 41
I 5.5214 15.1493 0.8204 34.8793 0.001749002 5.3045 15.2675 0.8167 35.2442 9.003788985 7.0236 20.2004 0.8925 26.8101 -0.000259104 6.5964 20.1470 0.8865 27.5616 0.00759289
NO UHALF RHALF RCALC AVG ANGLE N0**3
1 106.34 0.0292 -0.0289 37.92 6.250
2 107.99 0.0291 -0.0287 37.67 6,2505 79.93 0.0397 -0.0374 29.65 . 6.2504 80.56 0.0396 -0.0378 30.93 6.250

AVERAGE VARIANCE DEVIATION
A 22.7387 0.0142 0.189
SIGMA 11.R495 0.7180 1.348AA 0.1169 0,00001156 0.00541

V®
•7912 
9 8 8 4  991 8 
9 9 0 6

VELOCITY FACTOR* 0.50
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TABLE G-9

SUMMARY OP VELOCITY PROFILE ANALYSIS AT 400 RPM ct AND A CONSTANT

8 AOf At RAOJUS SIGMA A AA SUM SO
NO ANGLF 0 VP
I 44.10 2.50 11.19? 22,924 0.1147 1347.7? 1944.56
?. 5.50 2.50 11.19? 23.285 0.1147 1664.98 2177.713 44.10 3,00 11.192 22.610 0.1147. 483.41 374.844 5.53 3.00 11.19? 22.750 0,1147 503.1? 406.33
NO CFM IMP r.FM CflSlPHl f ANGLE 9(41
I 6.7864 16.3909 0.8348 33.4053 0.00173600? 6.8931 16.6487 0.8348 33.4053 0.00347999
3 6.6933 20.0140 0.8885 27.3096 -0.00075000
4 6.7347 20.1380 0.8885 27.3096 0.00758693
NO IJHALF BHALF BC.AI.C AVG ANGLF N0**3
! 100.73 0.0328 0.0291 37.92 6.250? 102,31 0.0328 0.0293 37.67 6.2503 80.24 0.0394 -0.0373 ?9. 66 6.750
4 80.74 0.0394 -0.0377 30.93 6.750

AVERAGE VARIANCE DEVIATION

r.opp off 0
0 . 9 8 3 3  9.o.onoo o.
0 . 9 9 0 1  0 .  0.9909 r'.

462

i/p
0404 
9671 
99 ? r> 
901 0

A 2 2*8923 0.08*51 0.464



463

TABLE G-10

SUMMARY OF VELOCITY PROFILE ANALYSIS AT 500 RPM IN A 12.25 INCH DIAMETER TANK 
RADIAL RADIUS SIGMA A AA SUM SO CORP COFFMO ANGLE 0 VR 0 V<*

1 AA* 10 2.50 12.187 27.A25 0.1158 654.33 1111.17 0.9964 0.99222 5.SO 2.50 11.A39 27.380 0.1185 912.57 1540.54 0.9940 0.98753 AA. 10 2.50 1 A.318 27. 33A 0.1168 730.47 747.26 0.9955 0.9939A 5.50 2.50 13.A60 29.654 0.1186 759.04 856.23 0.9961 0.99A15 AA. 10 3.00 11.165 27.726 O.UAI 311.34 422.7? 0.9953 0.99?6
6 5.50 3.00 10.886 27.729 0.1173 441.62 4R3.93 0.9951 0.99897 AA. 10 3.00 11.265 28.910 0.1039 1527.&5 1071.78 0.9869 9. 98998 5.50 3.00 10.9A0 29.331 0.1115 603.73 633.1? 0.9938 0.99 29
A AA. 10 3.50 10.270 28.608 0.106A 377.70 448.53 0.9924 0.990010 S. 50 3.50 10.A86 28.325 0.1102 200.17 314.76 0.9965 0.994?It AA. 10 A.00 9.6A6 29.215 0.0967 555.15 498.50 0.9859 0.986812 5.50 A.00 9.8AA 29.30A 0.1102 150.41 232.44 0.996? 0.9940
ND CFM IMP CFM COSCPHIl angle Pi 41
I 7.5681 18.7510 0.8312 33.7755 0.000705002 7.0092 18.8120 0.8223 34.6829 0.001889003 6.7753 17.2132 0.8281 3A.0977 -0.07912266A 7.1447 IA.1879 0.8223 34.6889 0.003210105 8.3371 2A.5910 0.8899 27.1446 0.002038996 7.7A8A 2A.80A7 0.8830 27.9948 0.004323957 10.092A 25.8084 0.9096 24.5481 0.000551008 A.3682 26.357A 0.8951 26.4831 0.00434996A 10.1638 31.5723 0.9311 21.3866 0.0035109910 9.4345 30.8A7A 0.9258 22.2064 0.0059319311 11.7609 38.5A53 0.9570 16.8662 0.0045989612 10.0857 38.0085 0,9438 19.2982 0.00967088



n
t
2
34
567
84
01
2

464

TABLE G-10 CONTINUED

UHALF BHALF BCAI.C AVG ANGLF N0**3
126.01 0.0301 0.0314 38.04 7.813125.19 0.0308 0.0312 40.97 2.813116.42 0.0256 0.0279 37.62 7.813141.97 0.0273 -0.0275 37.65 7.813
98.21 0.0395 . 0.0396 28.71 7. 813* 97.36 0.0405 -0.0394 32.00 7.813101.74 0.0391 0.0396 28.72 7.313102.54 0.0403 0.0386 30.75 7.81381. 44 0.0501 0.0485 21.95 7.81381.71 0.0490 -0.0488 25.04 7.81969.56 0.0609 -0.0648 19.27 7.81370.9ft 0.0597 0.0580 21 .39 7.813

AVFRAGF VARIANCE OFVIATION
28.4122 0.7499 0.550GMA 11.3672 t.9830 0.8950.1117 0.00004487 0.00426

VFLnr.ITV FACTnR= 0.50
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TABLE G-ll

SUMMARX OP VELOCITY PROFILE ANALYSIS AT 500 RPM, cr AND A CONSTANT

RADIAL RADIUS sigma A AA SUM SO CnPR COFF
MO, ANGI E 0 VP 0 V»
1 44. 10 2.50 11.192 ?7.669 0.1147 1549.98 2794,75 0.99H 0.980?
7 5.50 2.50 11.19? ? 7. 670 0.1147 1378.70 7994.58 0.9908 0.97563 44. 10 2.50 11.19? 27.428 0.1147 7341.79 7417.90 0.9539 0.93734 S.50 2.50 11.19? ?9.875 0.1147 5203.04 6055.44 0.9727 0.95735 44. 10 3.00 11.19? 77.700 0.1147 311.73 416.15 0.9953 O.Q9776 5.50 3.00 11.19? 77.775 0.1147 499.43 369.38 0.9945 0.9954
7 44.10 3.00 11.19? 78.580 0.1147 1531.09 1 7 0 6 . 8 3 0.9369 0.9336A 5.50 3.00 11.192 ?9.194 0.1147 647.83 446.86 0.9933 0.99489 44.10 3.50 11.19? 28.240 0.1147 801.58 757.67 0.9339 0.9930
10 5.50 3.50 11.19? 7 8.074 0.1147 443.48 309.?9 0.99?-* 0.994 8
1 1 44.10 4.00 11.19? 78.470 0.1147 1518.9? 1777.50 0.9611 0.9653
1? 5.50 4.00 11.19? 7 8.779 0.1147 337.39 539.59 0.9788 0.9061
NO CFM IMP CFM r.PSIPHI 1 ANGLE PI 4)
I 8.1909 19.7832 0.8348 33.4053 0.00075100? 9.1764 19.7482 0.8348 33.4053 0.001881003 8.1195 19.6109 0.8348 33.4053 -0.0790609/,
4 8.8441 21.3609 0.«348 33.4053 0.003763095 8.7001 24.5196 0.8885 77.3096 0.002050106 8.7773 74.5860 0.8885 27.3096 0.004307977 8.4606 75.2985 0.9885 27.3096 0.00054000a 8.6475 75.8475 0.8885 27.3096 0.00434007
9 8.3599 29.6664 0.9J94 73.1573 0.0035400910 8.3108 29.4921 0.9194 23.1573 0.00607395
11 8.4290 34.5413 0.9389 20.1269 0.0054549412 8.5195 34.916? 0.9389 20.1269 0.00956588
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TABLE G-ll CONTINUED

NO UHA1.F BHALF BCALC AVG AMGLF N0**3
1 121.67 0.0328 0.0322 38.04 7.8172 121.36 0.0328 0.0318 40.87 7 . 8 1. 77 120.51 0.0328 -0.0294 37.62 7.8134 131.27 0.0328 0.0295 37.65 7.8135 98.31 0.0394 0.0396 23.71 7.8136 00.58 0.0394 -0.0390 32.00 7.8137 101.43 0.0394 0.0397 28.72 7.8138 103.61 0.0394 0.0384 30.75 7. 31 30 84.45 0.0459 0.0471 21.95 7.813
10 83.96 0.0459 -0.0475 25.04 7.3131 1 73.7? 0.0525 0.0539 18.27 7.81312 74.5? 0.0525 -0.0590 21.39 7.313

avfraof VAPIANCF 0FV1AT1DN
ft 28.2836 0.5338 0.466
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TABLE G-12

SUMMARY OP THE VELOCITY PROFILE ANALYSIS AT 550 RPM IN A 12.25 INCH DIAMETER TANK

radial radius sigmaMO ANGLE
1 44.10 3.002 S.SO 3,00
NO
12
NO
1
7.

CFM IMP
9.71939.8984
UHAIF
112.07115.44

ASIGMAAA

11.408 11.765
CFM

27.591227.6235
BHALF
0.03860,0375
AVERAGE
31.616611.58640.1115'

31.373 31.860
COS(PH II
0.89400.8961

AA

0.1120
0 . 1 1 1 0

ANGLE
26.620526.3530

SUM SO

0.03890.0373 30.2029.33

244.46614.37

VP
371.16572.06

COPR C3EF ri
0.9976 0. 0.994? 0.

P(4»
0.002186990.00389098

BCALC AVG ANGLF ND**3

VARIANCE
0.11590.06380.00000055

8.5948.594
DEVIATION
3.0982.2690.00664

VR
99600938

VELOCITY FACTOR* 0.50
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TABLE G-13

SUMMARY OF VELOCITY PROFILE'ANALYSIS AT 550 RPM, a  AND A CONSTANT

RADIAL OADtllS SIGMA MO ANGLF
1 44.10 3.002 5.50 3.00
MO
1
2
MO
I?

CpM IMP
9.26689.4230
UHAI.F
I U , 10 112.98

11.19211.192
CFM

27.7094 28.1790
BHALF
0.03940.0394
AVFRAGF
31.5687

31.303 31.834
COS I PHI I
0.8885 0.8885

AA

0.11470.1147
ANGLF
27.309627.3096

SUM SO

0.0391-0.0371 30.2029.33

VP
279.86824.55 534.231023.84

RCALC AVG ANGLF

VAR IANC F 
0.1407

P(4)
0 . 0 0 2 2 0 0 1 00.00387009
NP**3
8.5948.594

OFVI ATI ON 
3.371

CflRR COFF 0 V°
0.9973 0.0942 0.9972 O.OB89
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TABLE G-14

SUMMARY OF VELOCITY PROFILE ANALYSIS AT 333.3 RPM IN A 11.5 INCH DIAMETER TANK

RADIAL RADIUS SIGMA A AA SUM SO COPR COEF
NO ANGLF 0 VP 0
I 44.10 2.50 11.823 18.210 0.1201 325,89 673.10 0.9937 0.
7 5.50 2.50 10.810 18.080 0.1217 360.08 596.46 0.9915 0.
3 44.10 3.00 10.426 I 7.278 0.1221 61.63 9Q.46 0.9952 0.4 5,50 3.00 9.712 17.866 0.1223 328.04 289.59 0.9779 0.
NO CFM ?Mp CFM CDS IPH!) ANGLE PI 4)
I 4.3724 12.5321 0.8170 .35.2152 -0.00323699
2 4.1207 12.9693 0.8116 35.7503 -0.00131700
3 3.8776 15.7025 0.8725 29.2449 tO.000047004 4.0891 16.8199 0.8721 29.2917 -0.09863706
NO UHALF BHALF BCALC AVG ANGLE N0**3
1 83.13 0.0311 -0.0313 40.42 5.208
2 79.18 0.0340 0.0327 40.95 5.2033 59.73 0.0423 0.0440 30.53 5.2084 59.62 0.0454 0.0411 30.48 5.208

AVERAGE VARIANCF DEVIATION
A 17.8584 0.1699 0.656SIGMA 10.6927 0.7750 1.401AA 0.1216 0.00000098 0.00158

VELOCITY FACTOR= 0.50

VR
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TABLE G-15

SUMMARY OF VELOCITY PROFILE ANALYSIS AT 333.3 RPM, a AND A CONSTANT IN A 11.5 INCH DIAMETER TANK

RADIAL RADIUS SIGMA A AA SUM SO r.ORR CDFF
NO ANGLF 0 VR 0 VR
1 44.10 2.50 11.19? 18.220 0.1216 334.24 1090.77 0.9907 0.9663
2 5.50 2.50 11.19? 18.053 0.1216 409.49 387.BB 0.99C3 0.9895
3 44.10 3.00 11.192 17.137 0.1216 150.27 51.68 0.9382 0.9955
4 5.50 3.00 11.19? 17.576 0.1216 731.47 301.44 0.9500 0.9773
NO CFM IMP CFM COS I PHI) ANGLE PI4)
I 4.1174 12.8480 0.8120 35.7097 -0.003263002 4.0798 12.7306 0.8120 35.7097 -0.001339203 3.8728 15.0429 0.8737 29.104? -0.000075604 3.9720 15.4283 0.8737 29.104? -0.00813694
NO IJHALF BHALF BCALC AVG ANGLF ND**3
I 81.17 0.0328 -0.0320 40.4? 5.2082 80.43 0.0328 0.0323 40.95 5.2083 61.34 0.0394 -0.0391 30.53 5. 2084 62.91 0.0394 0.0383 30.48 5.208

AVFRAGF varianof DFVIATION
A 17.7468 0.2394 0.778
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TABLE G-16

ANALYSIS OF COOPER'S DATA IN WATER FOR A 3.0 INCH DIAMETER IMPELLER

NO RADIUS SIGMA

1 1.50 11.5022 1.50 11.8333 1.50 11.5754 1.50 14.4085 1.50 12.504

A AA

9.785 0.105114.062 0.104814.978 0.108519.225 0.100922.497 0.1038

SUM SO
Q VR

534.07 1218402.25 32562991.78 46827993.67 28952038.88 I 1763

corr cdff0 VR
80 0.9993 0.951681 0.9962 0.943407 0.9777 0.926259 0.9767 0.980660 0.9936 0.9373

NO RADIUS IMP CFM COS!PHI) ANGLE P141
I 1.50 3.33 0.5414 57.22 -0.001168102 1.50 4.74 0.5453 56.96 -0.000365103 1.50 4.88 0.4972 60.19 -0.000538114 1.50 6.11 0.5898 53.85 0.000014895 1.50 7.45 0.5567 56.17 0.0000469O

NO UHALF BHALF BCALC AVG ANGLF ND**3
1 90.20 0.0192 -0.0197 59.69 3.1252 131.01 0.0186 0.0179 61.00 4.6883 144.54 0.0190 -0.0190 63.46 6.2504 190.04 0.0153 -0.0169 56.08 7.8135 213.28 0.0176 0.0179 61.23 9.375

V EL O C I T Y  FACT OR *  0.50
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TABLE G-17

ANALYSIS OF COOPER'S DATA FOR A 3.0 INCH DIAMETER IMPELLER IN

NO RADIUS SIGMA A AA SUM SO 0 VR
1 1.50 12.621 9.714 0.1051 1030.51 590.29
2 1.50 12.621 13.999 0.1048 892.26 2081.053 1.50 12.621 14. 881 0.1085 4123.14 2833.704 1.50 12.621 19.272 0.1009 12686.66 7579.755 1.50 12.621 22.485 0.1038 2065.06 11188.33

NO RADIUS IMP CFM COSIPHI) ANGLF P14)
1 1.50 3.16 0.5414 57.22 -0.00109310
2 1.50 4.57 0.5453 56.96 -0.00034411
3 1.50 4.64 0.4972 60.19 -0.00047911
4 1.50 6.54 0.5898 53.85 -0.00000211
5 1.50 7.42 0.5567 56.17 0.00004690

NO UHALF BHALF BCALC AVG ANGLE ND**3
1 93.80 0.0175 -0.0192 59.69 3.125
2 134.70 0.0175 0.0173 61.00 4.688
3 149.95 0.0175 -0.0186 63.46 6.2504 178.29 0.0175 0.0171 56.08 7.813
5 214.12 0.0175 0.0179 61.23 9.375

VELOCITY FACTOR= 0.50

WATER, a CONSTANT

CORR COFF 0 VR
0.979? 0.9768 0.9915 0.9642 0.9692 0.9560 0.96?8 0.9484 0.9935 0.9405



TABLE G-18

ANALYSIS OF COOPER'S DATA IN WATER FOR A 4.0 INCH DIAMETER IMPELLER

'in RADIUS SIGMA A AA SUM SO CORR CDEF0 VR 0 VR
1 2.00 14.106 7.876 0.1392 153.27 212.73 0.9930 0.9757
2 2.00 12.095 11.940 0.1421 90.20 705.60 0.9974 0.9538
3 2.00 13.611 17.052 0.1402 621.11 1507.36 0.9935 0.96314 2.00 11.317 20.599 0.1453 514.96 2643.61 0.9944 0.9374
5 2.00 11.680 22.967 0.1456 209.50 2869.09 0.9983 0.9443

NO RADIUS IMP CFM COSCPHI1 ANGLE P( 4)
1 2.00 3.26 0.5503 56.61 -0.000441122 2.00 5.20 0.5224 58.51 -0.000640113 2.00 7.12 0.5407 57.27 -0.000700114 2.00 8.98 0.4898 60.67 0.000639885 2.00 9.82 0.4866 60.88 -0.00033811

NO UHALF 8HALF 8CALC AVG ANGLE N0**3
1 59.81 0.0208 0.0222 60.67 3.7042 86.18 0.0243 0.0247 61. 11 5.5563 128.34 0.0216 0.0223 61.56 7.4074 148.52 0.0260 -0.0250 63.11 . 9.2595 168.78 0.0252 0.0253 62.67 11.111

VELOCITY FACTOR* 0.50
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TABLE G-19

ANALYSIS OF COOPER'S DATA FOR A 4.0 INCH DIAMETER IMPELLER IN WATER, a CONSTANT 

NO RADIUS SIGMA A AA SUM SO CHRP COFF0 VP
1 2.00 12.621 7.891 0.1392 368.35 466.562 2.00 12.621 11.911 0.1421 156.09 528.57
3 2.00 12.621 17.086 0.1402 1087.90 2446.8?4 2.00 12.621 20.439 0.1453 1820.71 1333.69
5 2.00 12.621 22.850 0. 1456 1042.06 1811.36

NO RADIUS IMP CFM COSIPHI) ANGLF PC 41
1 2.00 3.45 0.5503 56.61 -0.00042112
2 2.00 5.08 0.5224 58.51 -0.000630113 2.00 7.41 0.5407 57.27 -0.00069511
4 2.00 8.43 0.4898 60.67 0.000638885 2.00 9.40 0.4866 60.88 -0.00035011

NO UHALF BHALF BCALC AVG ANGLF NO**3
1 56.68 0.0233 0.0234 60.67 3.704
2 87.82 0.0233 -0.0249 61. 11 5.556
3 123.83 0.0233 0.0229 61.56 7.407
4 155.62 0.0233 0.0251 63. 11 9.2595 174.56 0.0233 -0.0244 62.67 11.111

VE LO C I T Y  FACTOR* 0.50
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TABLE G-20

ANALYSIS OF COOPER'S DATA IN WATER FOR A 5.0 INCH DIAMETER IMPELLER

NO RADIUS SIGMA

12 3 A 5

2.502.502.507.502.50

12.50712.66012.03312.63512.658

12.777 20.058 26.538 34.010 3 7.050

AA

0.17310.17140.16400.17000.1708

SUM SO 0
62.31237.01633.01 1253.35783.04

VR
731.971447.647047.902705.3!3605.89

corr r.npF0 VO
0.9980 0.9574 0.9969 0.46P6 0.9954 0.4609 0.9943 0.4795 0.9970 0.9707

NO RADIUS IMP CFM COSIPHTI ANGLE P(4!
1 2.50 7.06 0.5567 56.17 -0.000995U
2 2.50 11.13 0.5684 55.36 -0.00046711
3 2.50 14.83 0.5851 54. 19 o.nnni9884
4 2.50 19.04 0.5778 54.70 0.000409895 2.50 70.63 0.5728 55.05 0.00011784

NO UHALF BHALF BCALC AVG ANGLE ND**3
1 72.67 0.0294 -0.0304 60.00 7.2342 113.59 0.0290 -0.0293 58.55 10.851
3 149.15 0.0286 -0.0297 56.82 14.4684 190.87 0.0291 0.0285 56.82 19.084
5 209.00 0.0290 0.0791 57.45 19.899

VELOC IT Y  FACT O «=  0.50
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TABLE G-21

ANALYSIS OF COOPER'S DATA BOR A 5.0 INCH DIAMETER IMPELLER IN

NO RADIUS SIGMA A AA SUM SO0 VP
1 2.50 12.621 12.770 0.1711 64.55 690.112 2.50 12.621 20.063 0.1714 211.71 1411.163 2.50 12.621 26. 560 0.1690 669.70 2335.19
4 2.50 12.621 34.013 0.1700 1251.74 2739.71
5 2.50 12.621 17.060 0.1701 715.61 1694.11

NO RADIUS IMP CFM CnSIPHI) ANGLF P (41
1 2.50 7.02 0.5567 56.17 -0.00099111
2 2.50 11.15 0.5614 55.16 -0.00046711
3 2.50 14.97 0.5151 54. 19 0.00011919
4 2.50 19.05 0.5778 54.70 0.000414815 2.50 20.67 0.5721 55.05 0.00011919

NO UHALF BHALF 1CALC AVG ANGLF ND**3
1 72.96 0.0291 -0.0304 60.00 7.234
2 113.44 0.0291 -0.0291 51.55 10.151
3 148.03 0.0291 -0.0293 56. 12 14.468
4 190.75 0.0291 0.0285 56.12 11.0845 208.75 0.0291 0.0291 57.45 19.193

WATER, a CONSTANT

r.OPP COPT 
n vp

0 . 0 9 7 0  0 . 9 5 5 2  
0 . 9 9 6 0  0 . 9 6 ! 7  
G . 0 9 S 1  0 . 9 6 5 4  
0 . 0 9 4 1  0 . 9 7 1 2  
0 . 9 9 7 0  0 . 9 7 0 0

VE LO C I T Y  FACTO R -  0.50
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TABLE G-22

ANALYSIS OF COOPER'S DATA IN WATER FOR A 6.0 INCH DIAMETER IMPELLER

40 RADIUS SIGMA A AA SUM SO CORR CDFF0 VR 0 VR
1 3.00 11.740 14.177 0.2024 48.23 362,20 0.9980 0.9698
2 3.00 11.769 19.538 0.2031 53.13 870.38 0.9988 0.96473 3.00 1I.7?1 24.449 0.2033 114.33 1153.47 0.9994 0.96754 3.00 12.581 29.445 0.2037 301.83 1950.14 0.9976 0.96965 3.00 12.264 33.861 0.2006 3̂ 3.79 2098.11 0.9978 0.9738

NO RADIUS IMP CFM COS(PHI) ANGLE P(4»
1 3.00 9.96 0.5872 54.04 -0.00013011
2 3.00 13.66 0.5831 54.33 -0.00089711
3 3.00 17.11 0.5818 54.42 -0.00088097
4 3.00 19.85 0.5795 54,59 -0.00092111
5 3.00 23.47 0.5969 53.35 -0.00016911

NO UHALF BHALF BCALC AVG ANGLF ND**3
1 63.39 0.0375 0.0374 56.15 6.2502 87.78 0.0374 0.0376 57.15 12.500
3 109.74 0.0376 0.0374 56.08 15.625
4 137.20 0.0350 0.0346 57.08 18.7505 153.49 0.0359 0.0356 55.69 21.875

VELOCITY FACTOR- 0.50
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TABLE G-23

ANALYSTS OF COOPER'S DATA FOR A 6.0 DIAMETER IMPELLER IN HATER, a CONSTANT

RAMUS SIGMA A AA SUM SQ C03R 0OFF0 V° 0 V9
1 3.00 12.621 14.103 0.2024 190.55 191.97 0.9921 0.95412 3.00 12.621 19.441 0.2031 312.66 451.68 0.993? 0.98183 3.00 12.621 24.319 0.2033 568.33 604.85 0.9921 0.98314 3.00 12.621 29.439 0.2037 303.47 1898.18 0.99 76 0.97055 3.00 12.621 33.801 0.2006 465.94 1563.86 0.997D 0.9805

NO RADIUS IMP CFM COS(PHT) ANGLE 9(4)
1 3.00 9.56 0.5872 54.04 -0.000122112 3.00 13.13 0.5831 54.33 -0.000880113 3.00 16.40 0.5818 54.42 -0.000861114 3.00 19.82 0.5795 54.59 -0.000919115 3.00 23.09 0.5969 53.35 -0.00017011

NO UHALF BHALF BCALC AVG ANGLE ND**3
1 65.38 0.0349 0.0364 56. 15 6.2502 90.45 0.0349 0.0367 57.15 12.5003 113.27 0.0349 0.0364 56.08 15.6254 137.39 0.0349 0.0345 57.08 18.7505 155.43 0.0349 0.0353 55.69 21.875

V EL O CI T Y FACTO R - 0.50
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TABLE G-24
ANALYSIS OP COOPER'S DATA IN AIR POR A 4.0 DIAMETER IMPELLER 

NO-RAOII.IS SIGMA A AA SUM SO Cnn 0Orc
0 VR 0 V9

1 2.00 t 3.679 13.255 0.1426 1232.42 169?.41 0.9769 0.9?ni
2 2.00 13.024 19.066 0.1428 2726.08 3492.60 0.9722 0.9219
3 2.00 14.345 26.350 0.1426 3 796.08 5903.01 9.9838 0.9410A 2.00 15.165 .35,760 0.1410 3293.19 I 1505. 16 C.9822 0.9413
5 • 2.00 14.649 43.920 0.1412 8318.10 15938.76 P.9R76 0.942 8

NO RADIUS IMP CFM COS!PHI * ANGLE P ( 4 1
I 2.00 5.40 0.5173 58.85 -0.90077011
2 2.09 9.95 0.5158 53.95 -0.900010113 2.00 10.49 0.5180 58.80 -0.000539114 2.00 14.04 0.5333 57. 77 -0.001090115 2.00 17.51 0.5309 57.93 -0.00169O11

NO UHAIF RHAIF BCAIC AVG ANGLE ND**3
1 102.24 0.0215 0.0195 63.33 7.407
2 143.70 0.0226 0.0077 63.33 11.1113 207.99 0.0205 0.0182 63. 33 13.556
4 286.04 0.0194 0.0174 63.33 18.5185 346.05 0.0201 0.0188 63.33 22.22?

VELOCITY FACTOR« 0.50
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TABLE G-25

ANALYSIS OF COOPER'S DATA FOR A 4.0 INCH DIAMETER IMPELLER IN AIR, a CONSTANT

NO RADIUS SIGMA A AA SUM SO f."rF
0 V» 0 . V*»

I 7 . 0 0 12 . 671 1 3 . 7 8 4 0 . 1 4 2 6 I SOS. ?8 2 7 8 7 . 7 8 0. 0716 0. 041 4
? 2 . 0 0 12 . 621 1 0 , 0 4 0 0 . 1 4 2 8 2 8 1 0 . 8 4 3 0 3 6 . 1 3 o . 071 4 0. Oil  6
3 2 . 0 0 12 . 621 26.41'C 0 . 1 4 2 6 6 6 1 4 . 6 7 4 0 0 1 . 8 0 0. 071 6 0. 6066
4 2 .  CO 12 . 621 3 5 . son 0 . 1 4 1 0 1 8 7 1 8 . 7 8 7 ? 8 8 7 . 8 7 0 . 4606 0. 6 70/.
5 2 . 0 0 12 . 6 2 1 4 4 . 0 0 0 0 . 1 4 1 2 1R41C. 0? 2 4 0 8 0 . 6 1 o . 071 6 0. 8081

no RAIMIIS IMP CRM COS 1°HI 1 ANGLF 0(41

1 2 . 0 0 5 . 6 3 0 . 5 1 7 3 5 8.  86 - 0 . 0 4 4 7 4 4 11
? 2 . 0 0 8 . 0 8 0,  c 1 5 8 5 8 . 0 6 . 0 , 0 0 0 0 0 0 8 4
3 7 . 0 0 11.21 0 . 5 1 8 0 5 8 . 8 0 - 0 . 0 0 0 5 2 0 1 1
4 2 . 0 4 1*5.4! 0 . 5 3 3 3 5 7 .  77 - 0 . 0 0 1 0  3011
8 ’ . 0 0 1 3 . 4 0 0 . 5 3 0 4 8 7 . 4 3 - 0 . 0 0 1 6 O 0 1 1

NO UHAIF BHAIF BCALC A VC, AN0Lr N0**3
I 43.47 0. 023.3 0.0204 63.33 7.407
2 141.64 0.0783 0.CO31 63.33 11.1113 145.54 0.023? 0.0147 63. 33 13.566
4 261.24 0.0233 0.0143 63.3? 18.616
5 871,30 0.0233 . 0.0203 63.33 ??.???

VELOCITY FACTOR* 0.50
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TABLE G-26

ANALYSIS OF COOPER'S DATA IN AIR FOR A 5.0 INCH DIAMETER IMPELLER

N O  RADIUS SIGMA A AA S U M  SO COPO COFF
0 . VP 0 VR

1 2.50 12.9 20 20.484 0.1687 733.93 2096.38 9.99133 0.9454
2 2.50 13.588 31.306 0.1686 1740.72 4475.00 0.9914 0.9547
3 2. SO 14.137 43.750 n.1685 3329.38 8864.42 0.992? 0.9575
4 2.50 14.039 57.150 0.1665 5130.23 14640.25 n.9o?8 0.9573
5 2.50 13.904 67.621 0.1686 7367.27 20038.58 0. 99? 7 0.9589

NO RADIUS IMP CFM COSf °Ml 1 ANGLF P( 4 1
1 2.50 11.43 0.5868 54.07 -0.00047211
2 2.50 17.04 0.5873 54.04 -0.00068008
3 2.50 23.36 0,5 379 53.99 -0.000310114 2.50 30.95 0.6008 53.07 -0.00070011
5 2.50 36.28 0.5877 54.00 -0.00056011

NO UHALF 8HALF BCALC AVG ANGLF N04*3
1 115.34 0.0284 0.0264 57.45 14.468
2 180.71 0.0270 0.0250 57.45 21.701
3 257.45 0.0260 -0.0251 57.45 28.9954 331.51 0.026? -0.0241 57.45 36.169
5 395.95 0.0262 -0.0247 57.45 43.493

velocity factor* 0.50
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TABLE G-27

ANALYSIS OF COOPER'S DATA FOR A 5.0 DIAMETER IMPELLER IN AIR, ~ CONSTANT

RADIUS sigma A AA Sijm co rriRR m r r0 VR 0 *
1 7.50 12.621 70.505 0.1687 771.07 9333.74 0.0893 P.0300
2 9.50 12.621 31.380 0. 1686 9670.15 445 3.81 0.33*- 7 0.93403 2.50 12.621 43.870 0.1635 7637.40 15425.88 C.q8 20 0.9?494 2.50 19.621 57.313 0.166S 1 15R2.66 94804.07 0.9836 0.924 3
5 2.59 12.621 67.810 0.1686 15075.32 3.3012.89 0,0440 0.9294

NO P A01 US IMP or* rnsip h i i A N G L F "(4)
1 2.50 11.57 0,5363 54.0 7 -0.0004731 I2 2.50 17.72 0.5873 54.04 -0.00064911
3 9.50 24.79 0.587Q 53.99 -0.090816114 2.50 32. 74 0.60OR 5 3 . 0 7 -0.00069811
5 2.50 38.31 0.53T7 54.00 -O.00057011

NO UHAI F RHAI.F 3CAI.C AVG ANOIF no**3
I 114.12 0.0291 0.0267 57.45 14.468
2 174.5 7 0.0291 0.0960 57.45 21.7013 243.97 o.0291 0.0241 57.45 28.9354 315.23 0.0291 0.0249 57.45 36.t 695 377.07 0.0291 0.0248 57.45 43.403

VFLOC.T TV FACTOR* C.50
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TABLE G-28

ANALYSIS OF COOPER'S DATA IN AIR FOR A 6.0 INCH DIAMETER IMPELLER 

NO RAOTUS SIGMA A AA SUM SQ C OPR COFF0 VR 0 VR
1 3.00 11.976 18.124 0.2016 537.02 1257.60 C.0860 0.0474
2 3.00 12.550 34.020 0.1006 2268.21 4646.09 0.9R50 0.9440
3 3.00 12.005 46.640 0.1007 3710.00 7702.27 0.087R C.°531
4 3.00 13.747 81.630 0.1005 12066.85 22783.27 0.9800 0.0603
5 3.00 13.563 05.207 0.1005 12704.00 30668.71 0.9012 0.0598

NO RADIUS IMP CFM r.OSIPHT » ANGLF P ( 41
1 3.00 12.68 0.5014 53.74 -0.001400112 3.00 73.40 0.6023 57.07 -0.00055310
3 3.00 31.64 0.6018 53.00 -0.00024010
4 3.00 53.60 0.6026 57.04 -0.00104009
5 3.00 63. 10 0.6075 52.05 -0.00094009

NO UHAIF BHALF BCALC AVG ANGLE ND**3
1 81.30 0.0370 0.0336 57. 15 12.500
2 155.36 0.0351 -0.0320 57.15 25.000
3 215.Q8 0.0341 -0.0315 57. 15 37.5004 389.80 0.0321 -0.0276 57.15 62.500
5 452.16 0.0325 -0.0208 57. 15 75.000

VELOCITY F A C T O R = 0.50
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TABLE G-29

ANALYSIS OF COOPER'S DATA FOR A 6.0 INCH DIAMETER IMPELLER IN AIR, (T CONSTANT

NO RAOIUS SIGMA A AA SUM SO C O P R  C O F FQ VR 0 VR
1 1.00 I?.#>71 18.055 0.2016 670.57 914.10 0.9876 0.95767 1.00 17.621 14.01C 0.1996 7271.94 4517.17 0,9850 0.946?1 1.00 12.621 46.69? 0.1997 3858.02 8920.49 0.9874 0 . 9 4 6 74 3.00 12.671 81 .87? 0.1995 18747.68 34633.19 0.9828 4,0-5515 3.00 12.621 95.550 0.1995 19137.46 46179.21 C.9R68 0.91Q0

NO RAOI US IMP CFM COS I PHI) ANGLF PI 4)
1 1.00 12.28 0.5914 51.74 -0.001499112 3.00 23.94 0.6023 52.97 -0.000560113 3.00 32.03 0.6018 53.00 -0.900240104 3.00 56.20 0.6026 52.94 -0.001053115 3.00 65.58 0.6025 52.95 -0.00094510

NO UHALF BHALF BCALC AVC, ANGLF Nn**3
I 83.41 0.0349 0.0319 57. 15 12.5002 155.69 C.0349 -0.0329 57.15 25.0003 213.82 0.0149 -0.0318 57.15 17.5004 374.69 0.0349 -0.0289 57. 15 67.5005 437.33 0.0149 -0.0309 57.15 75.000

VF LOCtTY FACTOR= 0.50
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TABLE G-30

ANALYSIS OF COOPER'S DATA FOR A 4.0 INCH IMPELLER AT 280 RPM AND VARYING RADIAL DISTANCE

NO RAOItlS STGMA

2.00
?.5P
3.00
4.00
5.00

12.376 
17.031 
15.760 
13.372 
19.053

23.5?0 
20.341 
20.591 
23.353 
15.000

AA

0.1403
0.1563
0.1651
0.1636
0.1876

SUM SO 
0

1 069.62 
1702.71 
104.89 
51.44 7274.54

VR
3035.51 1882.34 
478.8 8 
86.53 

5724.68

CORR enPF 0 V®
0.9926 0.9553 
0,9821 0.9669 
0.9966 0.9807 0.990R 0.9331
0.0 0.0

NO RAOIIJS IMP CFM cnsfPHii ANGLF PC 41
1 2.00 10.29 0.5400 57. 32 -0. 00016011
2 2. 50 1 0.49 0.6613 48.60 -0. 0007891 I
3 3.00 14.12 0.7509 41.34 -0. O0036711
4 4.00 25.00 0.8713 29.39 -0. 00213909
5 5.00 16.61 0.8928 26.77 -0. 00070621

NO (.(HALF RHALF RCALC AVG ANGLF ND**3

1 168.90 0.0237 0.0249 61 .11 10.370
2 123.87 0.0216 -0.0224 56.56 10.370
3 9 4. 36 0.0279 -0.0269 44.22 10.370
4 68.70 0.0439 0.0 29.67 10.370
5 42.55 0.0368 0.0 26.89 10.370

VFLOCITY FACTOR* 0.50
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TABLE G-31
ANALYSIS OF COOPER'S DATA FOR A 4.0 INCH IMPELLER AT 280 RPM AND VARYING DISTANCE, 

a CONSTANT AND a EVALUATED FROM EQUATION IV-38

NO RADIUS SIGMA A AA SUM SO c o r r r.opF
0 VR r) VR

1 2.CO 12.API 22. 961 0.142B 1124.54 2902.5* 0.992? 0.9578
2 2.50 12.API ’ I. 478 0.1428 7685.15 9657.66 0.9166 0."I 60
3 3.00 12.621 22. 040 0.1428 1521.29 3383.90 0.9501 0.8545
4 4.00 12.621 24. 163 0.1428 78.72 263.08 n. 9858 0.9477
5 5.00 12.621 23. 753 0.1428 215.76 356.83 0.7479 0.5637

NO RAO!US IMP CFM COSIPHI1 ANGLE P< 4)
I 2.00 4. 72 0.5156 58.96 -0.00015211
? 2.50 13. 51 0.7281 43.27 -0.00100911
3 3.00 17. 66 0 .8?r>8 34.83 -0.0003901)
4 4.00 27. OB 0.9036 25.37 -0.00230110
5 5.00 33. 03 0.9394 20.04 -0.00190110

NO UHALF BMALF BCALC AVG ANGLF N0##3
1 170.39 0.0233 0.0247 61 .11 10.3 70
2 107.30 0.0291 -0.0242 56,56 10.370
3 86.42 0.0349 -n.0295 44.2? 10.370
4 67.73 0.0466 0.0 29.67 10.370
5 52.24 0.058? 0.0 26.89 10.370

VFI OCITY FACTOR* C. 50



487

TABLE G-32

ANALYSIS OF COOPER'S DATA FOR A 4.0 INCH IMPELLER AT 100 RPM WITH VARYING BLADE WIDTHS

RAOTUS SIGMA A AA SUU SO 
o V»

r*»o once 
0 V 9

1 ? . 0 o 10.6?? 11.560 0.1140 1768.99 797.51 0.9765 0.9144
2 2 . 0 0 10.630 10.987 0. 10?4 755.03 7 7 0 . 9 4 0.9579 9,9? 30
3 7.no I?.47? 10.690 0.1056 6?9.?0 ?37.?C 0.9RC7 0.9917
4 2 . 0 0 1?. 31 R 9.440 0.134? 101.9 2 178.67 0.997? 0 . 9 6 1 4
8 11.764 7.839 0.1473 ?7. 75 605.85 n .99f6 0.9979

NO RAITIJS fMD CFM COS(®HT) ANGLF 9(41
1 2.00 6.32 0.7245 43.57 -0.00055011
2 2.00 6.12 0.7646 49. 13 0.00097289
3 2.00 5.58 0.7736 39. 3? -0.00049011
4 7.00 3.88 0.5930 53,63 -Oi 00086111
5 2.00 3.45 0.5?O5 58,64 -0.00017309

NO UHALF RHALF BCALC AVG ANGLF N0**3
1 66. 39 0.0277 0.0289 47.56 3.704
2 60. 89 0.0276 -0,0303 42.11 3.704
3 64. 39 0.0236 0.0246 38.89 3.704
4 57.70 0.0238 -0.0234 55.57 3.704
5 55.90 0.0250 0.0248 60.71 3.704

VFL0C1TY FACTOR* 0.50
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TABLE G-33

ANALYSIS OF COOPER'S DATA FOR A 4.0 INCH IMPELLER AT 200 RPM WITH VARYING BLADE WIDTHS

RADIUS SIGMA A AA SUM so C.ORR CORF
0 VR 0 VR

1 2 . 0 0 8.539 22.680 0.1172 7139.78 1 303.72 0.9386 0.9077
7 2 . 0 0 10.961 22.270 0.1045 4743.79 2924.26 0.9375 0.9287
5 2 . 0 0 U.751 21.660 0.1071 3086.62 1869.22 0.9631 0.9636
4 2 . 0 0 12.427 17.879 0.1371 ror. no 1035.75 0.9976 0.98735 2 . 0 0 13.032 14.346 0. 1405 107.40 1379,01 0,996? O.o?3f,

NO RAOTUS IMP CFM , COS IRHI) ANGLF P14)
1 2.00 13.98 0.7395 42.31 0. 00054988
2 7.00 12.43 0.7790 38.83 0. 00003789
3 2.00 11.58 0.7663 39.98 -0. 00009011
4 7.00 8.27 0.6094 52.45 -0. 00033011
5 7.00 6.11 0.5387 57.44 -0. 09038311

NO UHALF BHALF BCALC AVG ANGLF N0**3
1 115.60 0.0344 0.0 40. 89 7.407
7 125.30 0.0268 0.0283 36.89 7.407
3 127.23 0.0250 0.0261 41.09 7.407
4 120.76 0.0236 0.0243 58.45 7.407
5 105.89 0.0225 0.0277 61.57 7.407

VELOCITY FACTOR* 0.50
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TABLE G-34

ANALYSIS OF NIELSON'S DATA AT VARYING IMPELLER DIAMETER, 

IMPELLER SPEED. PROFILE 5 IS MEASURED IN CORN SYRUP AND a WAS 

CALCULATED FROM 0y

NO RADIUS SIGMA A AA SUM SQ CORR COEF
1 1.00 22.359 10.411 0.0783 3282.454 0.938
2 3.00 12.139 10.585 0.0783 49.197 0.989
3 4.00 10.140 10.935 0.0783 16.160 0.978
4 2.00 16.516 15.034 0.1443 472.274 0.981
5 2.00 17.497 7.664 0.1443 97.301 0.987
6 4.00 13.418, 15.149 0.1443 30.106 0.998
7 3.50 11.825 23.220 0.2643 176.225 0.967

NO RADIUS CFM COS(PH I ) ANGLE P (4)
1 1.00 1.3485 0.3420 69.9999 0. 00110294
2 3.00 9.3016 0.9497 18.2540 0. 00785892
3 4.00 14.1817 0.9720 13.5872 0. 00143896
4 2.00 5.4788 0.5000 59.9999 0. 00325974
5 2.00 2.7134 0.5000 59.9999 -0. 00012700
6 4.00 16.4476 0.9014 25.6589 0. 00901890
7 3.50 16.0885 0.4226 64.9999 -0. 00330399

NO UHALF BHALF BCALC
1 86.37 0.0066 0.0066
2 35.94 0.0363 0.0364
3 25.75 0.0579 0.0488
4 64.81 0.0178 0.0179
5 34.00 0.0168 -0.0172
6 39.51 0.0438 -0.0429
7 44.49 0.0435 0.0365
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TABLE G-35

ANALYSIS OF NIELSON'S DATA AT VARYING IMPELLER DIAMETER IMPELLER SPEED. PROFILE 5 IS MEASURED

CORN SYRUP, a WAS CALCULATED FROM G AND a IS CONSTANT
NO RADIUS SIGMA A AA SUM SO CORR COFF
1 1.00 12.621 10.965 0.0783 9770.676 0.814
2 3.00 12.621 10.556 0.0783 55. 338 0.087
3 4.00 12.621 10.500 0.0783 84.190 0.879
4 7.00 12.621 15.0A9 0.1443 1585.530 0•°34
5 2.00 12.621 7.636 0.1443 608.01 7 0.919
6 4.00 12.621 15.161 0.1443 63.?76 0.995
7 3. SO 12.621 23.084 0.7643 703.186 0.96?

NO RADIUS CFM r.nsifMi ) ANGIE 8(41
1 I.00 I.B902 0.3420 69.9999 0.”'0095300
2 3.00 9.046ft 0.9497 18.2540 9.0077610?
3 4.00 12.2064 0.9720 13.5872 0.00128100
4 2.00 6.2901 0.5000 59.9999 9.00347999
•5 2.00 3.1834 0.5000 59.9999 0.00015300
6 4.00 16.9717 0.9014 25.6589 3.0090899?
7 3.SO 15.4822 0.4776 64.99«o -3.903U699

NO UHAI F 8HALF RCAI.C
1 68.34 0.0116 -0.0082
2 36.55 0.0349 0.0361
3 27.53 0.0466 0.0486
4 56.86 0.0233 9.0197
5 28.78 0.0233 -O.0187
6 38.35 0.0466 -0.0442
7 45.70 0.0407 -0.0460
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TABLE G-36

ANALYSIS OF CUTTER'S DATA WITH A 4.0 INCH DIAMETER IMPELLER AT

VARYING RADIAL DISTANCE r. IMPELLER SPEED IS 200 RPM

NO RADIUS SIGMA A AA SUM SQ CORR COEF
1 2.00 9.727 33.651 0.1511 111.991 0.995
2 2.75 18.137 11.995 0.1511 314.775 0.976
3 3.38 13.684 18.465 0.1511 195.787 0.985
4 4.13 6.476 24.057 0.1511 165.588 0.896
5 4.38 23.624 15.267 0.1511 114.262 0.877
6 5.13 7.842 24.800 0.1511 177.289 0,647

NO RAOIUS CFM C O S ( P H I ) ANGLE P(4)
1 2.00 14.6906 0.4226 64.9999 -0. 02394919
2 2.75 7.0338 0.7520 41.2337 0. 00062511
3 3.38 16.2317 0.8440 32.4305 -0. 00941076
4 4.13 38.7569 0.8985 26.0331 “ 0. 05382648
5 4.38 13.7459 0.9103 24.4462 0. 01227761
6 5.13 46.0176 0.9355 20.6915 -0. 03418881

NO UHALF BHALF BCALC
1 102.34 0.0302 0.0306
2 48.32 0.0223 0.0204
3 55.70 0.0363 0.0354
4 42.15 0.0937 0.1002
5 48.49 0.0272 0.0694
6 39.28 0.0961 1.6344

s
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TABLE G-37

ANALYSIS OF CUTTER'S DATA WITH A 4.0 INCH DIAMETER IMPELLER AT 
VARYING RADIAL DISTANCE r. IMPELLER SPEED 

IS 200 RPM AND a IS CONSTANT

NO RADIUS SIGMA A AA SUM so  rni>o C.OFF
1 2 .00 1 2. 621 19.001 0.1511 204.596 0.901
2 2.75 12.621 17.205 0.1511 493.321 0.96?
3 3.*6 12.621 20.490 0.1511 205.075 0.984
4 4.13 12.621 12.886 0.1511 265.910 9.927
5 4. 3R 12.621 19.714 0.1511 275.356 0.667
6 5.13 12.621 17.753 0.151 1 213.444 0.546

NO RADIUS CFM r.DSIPHI) ANGLF P (4 )
I 2 .00 7.6272 0.4226 64.9909 -D.00761367
2 2.75 12.004? 0.7520 41.2337 -3.01329979
3 3.36 16.7552 0.6440 32.4305 -0.01452966
4 4,13 14.6731 0.6965 26.0331 3.00144’9R
5 4.36 24.2654 0.9103 24.4462 3.006050^9
6 5.13 25.9646 C.9355 20.6915 -0.00550966

NO UHALF BHALF BCALC
1 66.94 0. 0233 0.0239
2 57.6? P. 0320 0.0368
3 59.36 0. 0393 0.0399
4 31.53 0. 0481 -0.0658
5 45.77 0. 0510 0.0614
A 35.67 0. 0597 2.1506
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TABLE G-38

ANALYSIS OF CUTTER'S DATA AT 400 RPM, IMPELLER DIAMETER - 4.0 

INCH AND VARYING RADIAL DISTANCE r

NO RADIUS SIGMA A AA SUM SO CORR COEF

1 2.00 17.231 36 .7 5 0 0.1511 2107.017 0 .9 8 3
2 2.81 9.802 4 5 .8 0 8 0 .1511  177.116 0.991
3 2.8b 11.110 4 5 .3 9 0 0.1511  371.038 0 .9 8 6
4 3.44 7.395 53 .219 0.1511 331.713 0 .966
5 3.56 13.260 28 .374 0.1511  277.402 0 .982
6 4.19 10.095 35 .448 0 .1511  225.606 0 .912
7 4.75 13.346 21 .005 0.1511  195.181 0 .8 8 5
8 5.56 14.151 8 .499 0 .1511  81.739 0 .673

NO RADIUS CFM COS( PH I )  ANGLE P (4 >

I 2 .00 12.0543 0.4226 64.9999 0 . 00560960
2 2.81 37.6362 0.7641 40.1700 - 0 . 01767693
3 2 .86 35.8710 0.7735 39.3296 - 0 . 01392590
4 3.44 64.9946 0.8499 31.7978  - 0 . 03736138
5 3.56 26.9499 0.8607 30.6080 - 0 . 00365220
6 4.19 46.4812 0.9016 25.6330 0 . 00516760
7 4.75 27.4970 0.9243 22 .4330  - 0 . 00294100
8 5.56 12.7910 0.9454 19.0268 -»0. 01379981

NO UHALF BHALF BCALC

1 148.76 0.0171 0 .0185
2 133.84 0.0421 0 .0454
3 139 .57 0 .0378 0 .0297
4 116.35 0.0683 0 .0579
5 80 .78 0 .0394 0 .0150
6 76 .57 0 .0610 -0 .0 5 3 3
7 4 6 .5 9 0 .0523 0.3481
8 16 .77 0 .0 5 7 7 0 .0452
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TABLE G-39

ANALYSIS OF CUTTER'S DATA AT 400 RPM, 4.0 INCH DIAMETER IMPELLER, 

WITH VARYING RADIAL DISTANCE AND a CONSTANT

NO RADIUS STOMA A AA SUM SQ c d r r  criFi
1 2.00 12.621 42.899 0.1511 4489.527 0.963
2 2 • * I 12.621 35.450 0.1511 313.018 0.984
3 2.8 ft 12.621 39.694 0.1511 396.503 0.985
u 3.44 12. 621 31.559 0.1511 626.418 0.934
5 3.56 12.621 29.497 0.1511 281.643 0.982
6 4.19 12.621 31.035 0.1511 272.330 0.892
7 4.75 12.621 21.800 0.1511 194.950 0.885
8 5.56 12.621 9.449 0.1511 31.711 0.673

NO RADIUS CFM COSIPMI! ANCLE P ( 4)
1 2.00 16.4413 0.4226 6/,.qqoO 0. 00012974
2 2.81 25.6676 0.7641 40.1700 -0. 00533983
3 2. 86 29.4310 0.7735 39.3296 -0. 00777088
4 3.44 29.5016 0.8499 31.7978 -3• 30183398
5 3.56 28.7167 0.8607 30.6080 -3. 00577999
6 4.19 37.3338 0.9016 25.6330 3. 0101297?
.7 4.75 29.3451 0.9243 22.4330 -3. 00531084
8 5.56 15.0565 0.9454 19.0268 -3. 02175795

NO UHALF RHALF BCALC
1 148.61 0.0233 0.0240
2 117.53 0.0327 0.0344
3 130.09 0.0333 0.0341
4 90.14 0.04C0 0.1555
5 81.93 0.0414 0.0092
6 76.89 0.0488 -0.0569
7 47.03 0.0553 0.3396
8 17.61 0.0647 0.0524
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TABLE G-40

ANALYSIS OF CUTTER'S DATA AT 600 RPM, 4.0 INCH DIAMETER

IMPELLER, WITH VARYING RADIAL DISTANCE

NO RADIUS SIGMA A AA SUM SQ CORR COEF

I 2 .14 16.023 54.450 0 .1511 2157.039 0.995
2 2 .75 16.626 45 .2 9 8 0.1511 1407.293 0 .990
3 3 .38 7 .437 303.429 0 .1511 1654.206 0 .968
4 4 .13 11.180 91 .405 0.1511 2343.385 0 .959
5 4 .38 12.690 61 .949 0 .1511 1876.343 0 .889
6 5.13 19.173 29 .998 0.1511 304.292 0 .873

NO RADIUS CFM COS I PHI) ANGLE PI4)

I 2 .14 22.2254 0.5316 57.8885 0.00146885
2 2 .75 27.7440 0.7520 41.2337  0.00405681
3 3.38 361.8181 0.8440 32.4305 -0 .10265386
4 4 .13 112.0712 0.8985 26.0331 -0 .03925925
5 4.38 76.1055 0.9103 24.4462 -0 .01402729
6 5.13 35.5976 0.9355 20.6915 0.00465751

NO UHALF BHALF BCALC

1 222 .7 7 0 .0196 0 .0185
2 174 .73 0 .0243 0 .0251
3 674 .7 4 0 .0668 - 2 .0 0 8 2
4 2 1 0 .4 4 0 .0543 0 .0529
5 144 .22 0 .0507 0 .0789
6 7 4 .3 0 0 .0393 0 .1511
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TABLE G-41

ANALYSIS OF CUTTER'S DATA AT 600 RPM, 4.0 INCH DIAMETER

IMPELLER, WITH VARYING RADIAL DISTANCE AND a CONSTANT

NO RADIUS SIGMA A AA SUM SO CDRR CDEF
1 2.14 12.621 66.180 0.1511 4770.551 0.089
2 2.75 12.621 54.230 0.1511 3145.988 0.078
3 3. 38 12.621 50.044 0.1511 2477.665 0.051
4 4.13 12.621 72.044 0.1511 2301. 870 0.958
5 4.38 12.621 62.255 0.1511 1876.371 0.880
6 S.13 12.621 37. 850 0.1511 360. 01 8 0.848

NO RADIUS CFM CDS!PH I) ANGLF P (41
I 2.14 30.4360 0.5316 57.8885 -0.00531002
2 2.75 38.1213 0.7520 41.2337 -0.00372712
3 3.38 54.0455 0.8440 32.4305 -0.01435008
4 4.13 83.1381 0.8085 26.0331 -9.P3546070
5 4.38 76.6800 0.0103 24.446? -3.01434196
6 5.13 55.3585 0.0355 20.6015 -3.00674100

NO UHALF 8HALF 8CALC
1 240.30 0.0240 0.0258
2 182.26 0.0320 0.0322
3 171.05 0.0303 0.0348
4 176.23 0.0481 0.0443
5 144.53 0.0510 0.0787
6 76.06 0.0507 0.1551



APPENDIX H 

DETAILED ANALYSIS OF A VELOCITY PROFILE 

IN THE NEIGHBORHOOD OF THE IMPELLER

In this Appentix a velocity profile analysis will be pre

sented in detail. The results of this analysis has been treated 

in section 4.1 and 4.4. The analysis was performed on an IBM 360/

65 computer. The program written for this analysis is called FLOWANL 

and is described in Appendix F. The raw data are punched on cards 
and these are also 'given in Appendix F. at the end1 of List-F-1. The 

data is presented in sets; each set is for a constant impeller speed.

In Table H-l is shown a typical printout of the raw data by 

the program FLOWANL. The item height of pitot tube off tank bottom 

given in the list in Table H-l needs explanation. It is the height 

of the pressure tap P^ on the probe when the "VERNIER STAND READING"

= 13.95. This serves to locate the position of the pressure tap P̂  

in the tank. A simple calculation will show that the vernier stand 

will read 14.10 when is in the plane of the impeller centerline. 

This point is considered as z = 0 for analysing the flow profile.

Also given in the list is the relative location of 0 = 0  and isy
called the zero errot for the yaw angle, this corresponds to the 

reading from the vernier protractor when pressure tap P̂  is aligned 

with the center of the impeller. It is used to correct the item 

ANGLE to obtain the true direction of the velocity vector <i«
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Table H-l. Raw Data £or Run No. 29. 
RAM DATA MAR 10, 1969

RUN NUMBER

IMPE1 LER DIAMFTFR = 3.00

IMPELLER HT OE TANK BOTTOM = ft. 00
LEVEL OF WATER TN TANK = 1 2 . 00

HFIGHT OF PI TOT TUBE OFF TANK BOTTOM = 3. 25
VERNIFR STAND READING =13.95
ZERO FRROR FOP ANGLE =27.2C
Of ST PROBE TO AXIS = 3.00

RPM SETTING =333.33

FLUID TEMP =75.00 OEG P

IGULAR POSITION FROM BAFFLF 5.50 OFG

p m -PI ATM) P11»-PI 21 PI 2)-P(3) PI4I-PI51 H ANGLI
LEFT R IGHT t.FFT RIGHT 1 EFT RIGHT LEFT RIGHT

3.10 -12.90 -0.40 0.95 0.0 0.0 0.40 1.60 10.50 62.40
3.10 -12.90 -0.40 1.00 0.0 0.0 -1 .60 2.B5 10.60 60.00
3.15 -12.95 -1.05 1.60 0.0 0.0 -3.30 4. 70 10.70 57.20
3.20 -13.00 -1.70 2.70 0.0 0.0 -3.90 5. 30 10.80 56.60
3. 25 -13.05 -3.70 4.20 0.0 0.0 -4.40 5.BO 10.90 55.20
3.30 -13.10 -4. BO 5.20 0.0 0.0 -3.10 4.40 11.03 53.80
3.30 -13.15 -5.50 5.90 0.0 0.0 -0.15 1.30 11.10 53.60
3.30 -13.10 -5.55 5.90 0.0 0.0 3.00 -2.20 11.20 53.00
3.25 -13.05 -5.00 5.40 0.0 0.0 5.10 -4.50 11.30 53.80
3.25 -13.05 -4.00 4.40 0.0 0.0 5.80 -5.25 11.40 54.40
3.20 -13.00 -2.45 2.90 0.0 0.0 5.50 -4.90 11.50 57.00
3.12 -12.94 -1.50 2.00 0.0 0.0 4.20 -3.60 11.60 58.80
3.10 -12.96 -0.A5 1.05 0.0 0.0 2.50 -1.85 11. 70 60.00
3.05 -12.95 -0.60 1.00 0.0 0.0 1.45 -0.60 11.80 60.00



The headings of table H-2 will now be explained. The column headings 

P(l) - P(ATM), P(l) - P(2) - P(3) and P(4) - P(5) are readings 

taken on manometers A, B,- C, and D of Figure III-7. The subscripts 

on P refer to the pressure tap of the three dimensional probe. LEFT 

and RIGHT signifies the left and right arms of the manometer. The 

heading H refers to the vernier stand reading. Since the vernier 

stand reading for z = 0 is known, the z coordinate or the location 

of pressure tap P̂  can thus be calculated. The ANGLE refers to the 

reading on the vernier protractor and together with the value of the
•4zero error gives the yaw angle 8^ of the velocity vector q.

The program FLOWANL consists of a MAIN program and several 

subroutines. A brief description of FLOWANL and its subroutines 

follow.
FLOWANL: Main program, reads in raw data and other necessary

information. It calculates the z coordinates and corresponding 

values of q. It calls the various subroutines and prints output in 

desired format.

PATERN: Subprograms called by FLOWANL. It performs Patters

Search and returns to FLOWANL the values of parameters obtained for 

a least square fit on the data. The theoretical basis of this program 

is described in Appendix C.

PROC: Subprogram called by PATERN. It calculates the least
square criteria which is stored as COST.

BOUNDS: Subprogram called by PATERN. This program checks par

ameters for violation of constraints.
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Table H-2. Analysis of Velocity Profile q, for Run No. 29.
a 3.00000
s 3.00000

7 0 ANGLF
0.05833 64.82013 35.20000
0.05000 45.64259 32.80000
0.04167 62.79556 30.00000
0.03333 80.91562 29.39999
0.02500 108.42258 28.00000
0.01667 121.98497 26.59999
0.00833 130.24434 26.39999

-0.00000 130.52959 25.80000
-0.00833 124.40071 26. 59999
-0.01667 111.80104 27.39999
-0.02500 89.22432 2 9.80000
-0.03333 72.16724 31.59999
-0.04167 50.29568 32.80000
-0.05000 48.79399 32.80000

PARAMETERS
1 U.2779R748
2 18.544937133 0.11*587989
A 0,00274-200

AVG ANGLF 
WT AVG ANGLE=

29.65705872 
27. 6 1'441 040 VELOCITY FACT0R= 0.50

64.
45.
62.
80.
108.
1 2 1 .
130.
130.
124.
1 1 1.
89.
72.
50.
48.

82012939 
64259338 
79556274 
91561890 
42257690 
98497009 
24433899 
5295 8679 
40071106 
80104065 
22431946 
16723633 
2956 8481 
79399109

or.36.85965129
50.17221069
66.47894287
85.00456238

103.86741638
120.08189392
130.23974609
131.81726074
124.39604187
109.88250732
91.54614258
72.63247681
55.42958069
41.06221008

SUM OF SQUARES OF (Q-QCALC1 235.6309 5093
GOOONFSS OiF FTT 0.99190027
8HALF = 0.03907494 BCALC =

UHALF * 66.16113281
.0373401?

HALF WIDTH OF JFT At XD =3.00, 1.60 INGHFS
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OMEGA: Subprogram called by FLOWANL. This program performs a

three point Lagrange interpolation and is used to obtain the value of

z at which q a 1/2 qn ^max.
YAW: Subporgram called by FLOWANL. This program analyses the

readings obtained from manometer D,

AVG: Subporgram called by FLOWANL. It calculates an average

value of a data set and also its variance and a confidence limit

or deviation based on a Mt-test,f with a 0.95 confidence level.

In Table H-2 is shown a sample printout of the output obtained

from the program FLOWANL. The symbols in Table H-2 are:

D = diameter of impeller, inches

R = distance of prove form impeller axis, inches

z = vertical distance at which velocity q is measured, z = 0 

is at impeller centerline, ft.

Q = q, ft./min., calculated from equation
ANGLE = yaw angle 9^ in degrees which q makes with the radius 

vector

QC = q calculated from equation 11-13, ft./min.
—*q is experimental calculated using equation III-3 

PARAMETERS, are the parameters obtained from Pattern Search sub

routine and are as follows.

1 = 0

2 = A

3 = a

4 = z •



502

Table H-3. Radial Velocity Profile Analysis for Run No. 29. 

RADIAL VFLDCITY ANALYSIS

0
36. 62449646 
38.36560059 
54.3825 07 32 
70.49476624 
95.73139954 

109.07333374 
116.66134644 
117.51817372 
111.2333 8318 
99.258(531547 
77.42572021 
61•46673 584 
42.27684021 
41.01455688

SUM OF SOUARFS OF (O-OCALC)

QC
32.66082764 
44.45713806 
58.90635681 
75.32167053 
92.03572083 

106.40310669 
115.40379333 
116.80154419 
110.2255554? 
97.36524963 
31.11764526 
64.35850525 
49.11526489 
36.38455200

214.25904346

GOODNFSS OF FIT 0.99151355



The value of q theoretical or sometimes referred to as cal

culated, is obtained fdxm equation 11-10 which is reproduced below

square fit of the data. The parameter a, is obtained from a weigh-

next reported in Table H-2. Also given is the velocity factor that 

modifies the weighted average angle.

QC is the predicated value of q and is seen to be close to the 

experimental value. The goodness of fit is the value of the corre

lation coefficient R defined by Equation 4-1. The sum of squares 

(Q - QC) is the value of the sum squares about regressions, given by 

Equation C-2.
nit* ^  m  ^  a* ■ ■ • yy y y A y  m  . ^  m  a  1^ 1 ^  y y O  «■. 1 J  a  ̂  1a a  ^  a  m  « a  a  J  j W

as that used in Appendix B to obtain the half width of jet, Equation 

B-33, it can be shown that

11-10

Three of the parameters ct, A and zq are obtained by a least

the yaw angle, as explained in Section 4.1.

Both average value of 0 and the weighted average value of 0 are

It is the value of z for which q is l/2q From a similar reasoning

BHALF =1.763 r H-l
a

2The factor of 1.763 is the value of T|/2 which makes tanh (Tj/2) = 0.5



UHALF is equal to l/2q and is obtained by calculating q
t n d x  t n s x

from equation 11-10 putting T) = 0. UHALF is used to interpolate q 

experimental to obtain BCALC. The interpolation is done using a 

three point Lagrange interpolation formula. The interpolated value 

is corrected for shift in origin by subtracting zq , and the result 

reported as BCALC. It is secondary check on the goodness of fit.

The closeness between BHALF and BCALC in Table H-2 indicates a very 

good fit between the experimental and calculated values of q. BCALC 

is sometimes reported as a negative value because the interpolation 

program OMEGA chooses three values of q closest to UHALF which in 

this case corresponds with negative values of z. As the velocity 

profile is symmetirc about the impeller centerline the sign of z is 

hence of no significance.

The last item in Table H-2 is the half width of the jet at the

point of measurement. It is calculated from Equation B-34 and is

the value of z at which the velocity is less than 1% of q . ThusJ nmax.
at r = 3 the width of the tangential jet is 3.34 inches. These 

facts are shown in Figure IV-11 which gives both the experimental 

and theoretical value of q versus z for Run Number 29. The theore

tical line is obtained from Equation 11-10 using the value of the 

parameters as given in Table H-2. The fit by the model is seen to 

be very good except at the profile ends where the probe response is 

poor. This is because for a velocity of 30 ft/min, the recorded

by a manometer using a fluid of sp. gr. of 0.8 is 0.66 inch (cal

culated from Equation III-3), At this low value of AHg^ the manometer



response falls tending to take an extremely long time to reach 

equilibrium. Thus velocity measurements are not feasible below this 

limiting velocity. Hence with the present probe the profile can

not be checked very far beyond BHALF as shown in Figure IV-11, which 

shows a plot -of the experimental and theoretical velocity profiles.

Also shown in Figure IV-11 is the jet displacement zq and the

h^lf width of the jet b̂ . It is seen that for z = + (b^ + zq)

the velocity reaches less than 1% of q . Figure IV-11 also demon-nmax °
strates the goodness of fit as measured by the correlation coef

ficient. The correlation coefficient for this particular profile 

from Table H-2 is 0.99 and the agreement between experiment and 

theory is excellent as shown in Figure IV-11. In general the fit 

by the model for the velocity profiles is excellent in a majority 

of cases and can be verified by examining the correlation coef

ficient in Appendix G.

In Table H-3 is shown the result of the analysis of the radial 

velocity profile for Run Number 29. Q is the experimentally de-
t

termined value of vr and is obtained from Equation B-22.. QC is 

the calculated value of v^ obtained from the tangential jet model 

using Equation B-22 with the parameters a, A, a and zq obtained for 

the least square fit on q and given in Table H-2.

The goodness of fit has the same meaning as in Table H-2 and 

is obtained from Equation IV-1 written for v̂ . Similarly, sum of 

squares is obtained from Equation C-2 written for v̂ . The correla

tion coefficient is 0.99 indicating that the prediction for v^ is



very good. In Figure IV-17 is plotted the experimental and calcula

ted values of v • This figure also illustrates the relationship r
betweep v  ̂and the pumping capacity Q.

In Table H-4 is shown the results obtained from Subroutine YAW. 

P(l) - P(2) and PSJ4) - P(5) are the pressure drops recorded by mano

meters B and D in inches of manometer fluid. DEL U**2 EXP and DEL
2U**2 CALC are the experimental and calculated values of Ad obtained 

from Equations $V-28 (b) apd-IV-31 respectively. Next VZ CALC is vg

obtained from Equation B-23. Finally the last column giVes the dif-
2ference between the calcula ted and experimental values of Aq .
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Table H-4: Results of Analysing Manometer D for Run No. 29

P(ll-P!2) P<4)-P<51 DPI 11**2 DEL U**2 V?FXP CALC CALC DIFF OF II**?

0.5315 -0.8661 -0.2309 -0.2475 -0.2002 -0.0165
0.5512 -?.1457 -0.5720 -0.4234 -0.1597 0.1487
1.0433 -3.5433 -0.9447 -0.6617 -0.1172 0.2829
1.7323 -4.0157 -1.0706 -0.9114 -0.0768 0.1502
3.1102 -4.4094 -1.1756 -1 .0484 -0.043? 0.1271
3.9370 -3.3465 -0.8922 -0.9140 -0.0197 -0.0218
4.4882 -0.9646 -0.2572 -0.4419 -0.0060 -0.1848
4.5079 1.6535 0.4408 0.2228 0.0028 -0.2180
4.0945 3.3858 0.9027 0.7881 0.0141 -0.1145
3.3071 3.9567 1.0549 1 .0399 0.0340 -0.0150
2.1063 3.7008 0.9866 0.9791 0.0644 -0.0076
1.3780 2.6772 0.7137 0.7505 0.1029 0.0368
0.6693 1.3189 0.3516 0.4990 0.145? 0.1474
0.6299 0.4134 0.1102 0.2998 0.1868 0.1896



APPENDIX J

RESULTS OF VELOCITY PROFILES ANALYSIS FROM PROGRAM TANKANL

The analysis of the manometer readings obtained from the pitot 

tube, in making a horizontal pass through Ports 1, 2, and 3 is present 

in this appendix. The theoretical basis of this analysis is discussed 

in Section 4.3.

In Table J-l is given a list of the abbreviations used as column 

headings in this appendix. In Table J-2 is given the raw data con

verted to pressure drops in inches of manometer fluid from manometers 

B and D for Port 1. The results of the analysis for Ports 1, 2, and 

3 are given in Tables J-3, J-4, and J-5 respectively. In Table J-2 

it is seen that only fourteen of the readings could be analyzed out 

of thirty-four reported in Table J-2. This is because twenty of 

these readings gave a 0^ larger than 40° and thus was outside the 

range of probe response.
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LIST

NO
T-R

DEL P12

DEL P45

V

VR

VZ

VTHETA 

PITCH ANGLE 

YAW ANGLE 
CORRECTED DEL

TABLE J-l

OF ABBREVIATIONS USED FOR COLUMN HEADINGS 

IN THE TABLES OF APPENDIX J

= Item Number

= T-r, distance from tank wall, in.

= APĵ * pressure drop reading from manometer

B, inches of manometer fluid

= AP45> pressure drop reading from manometer

D, onches of manometer fluid

= V, resultant velocity (ft/min)

= v , (ft/min)

= v , (ft/min) z
= v0, (ft/min)

= 0p, (degrees)

= 6y> (degrees)
P12 = correcte<̂  pressure drop from probe

manufacturers calibration chart, Figure 

IV-15
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TABLE J-2

RAW DATA CONVERTED TO PRESSURE DROPS
ACROSS MANOMETERS B AND D FOR PORT I

T-R OEL P12 DEL P45
1 0.1000 1.5000 -3.0734
2 0.2000 1.5500 -1.9050
3 0.3000 1.5500 -0.7620
4 0.4000 1.25C0 -0.4064
5 0.4500 1.2500 -0.1016
6 0.5000 1.1500 -0.3048
7 0.6000 1.20C0 0.4318
R 0.7000 1.2000 0.7112
9 O.ROOO 1.0000 0.5080

10 0.9000 0.20C0 0.5080
11 1.0000 I.0000 0.2540
12 1.1000 1.0000 0.0
13 1.2000 0.9500 -0.5334
14 1.3000 1.0000 -0.8890
15 1.4000 I.0000 -1.1938
16 1.5000 0.8000 -1.6510
17 1.6000 0.7500 -0.4318
IB l.BOOO 0.2000 -1.5240
19 2.0000 0.2000 -1.6002
2G 2.2000 0.5000 -1.727?
21 2.4000 0.6000 -1.8034
22 2.6000 0.6000 -1.9050
23 2.8000 0.5500 -1.9050
24 3.0000 0.5500 -1.9050
25 3.2000 0.55C0 -1.8788
26 3.4000 0.5000 -1.9050
27 3.6000 0.7000 -2.1590
2R 3.BOOO 0.7500 -2.1590
29 4.0000 0.9500 -5.8420
30 4.2000 0.8500 -5.3340
31 4.4000 0.2500 -4.8260
32 4.6000 0.9000 -4.775?
33 4.8000 0.8500 -4.8260
34 5.0000 0.8500 -4.8260



511

TABLE J-3

RESULTS OF VELOCITY PROFILE ANALYSIS FOR PORT 1

T-R V VR V7

2 0.200 52.712 -25...025 38.461
3 0. 300 52.057 -5.412 42.924
A 0.400 46.431 -1.817 43.255
5 0.450 45.659 4.228 42.033
6 0.500 44,402 -0.417 41 ,050
7 0.600 43.788 t 2.360 36.811
8 0.700 43.716 15.774 33.060
9 o .r o o 39.901 13.310 30.738

11 1.000 40.171 9.934 26.446
12 1.100 40.633 5.455 22.516
13 1.200 40.060 -5.793 11.149
1* 1.300 42.011 -14.986 10.472
15 1.400 42.293 -19.503 5.871
17 1.600 36.322 -5.446 -35.909

VTMFTA PITCH YAW OIP&FCTFO 
A NO IF ANGIF OFl PI 2

25.942 -28.343 34.000 1. R67
28.952 -5.967 34.000 1.871
16.778 -7.247 71.700 1.449
17.325 0.313 22.400 1.401
16.920 -0.538 22.400 1.325
20.237 16.395 28.800 1.2 89
23.849 21.151 35.000 1.704
21.603 19.485 35.200 1.0 70
28.559 14,3 17 47.700 1.085
33.381 7.715 56.000 J.110
38.880 -8.151 74.000 I.122
37.838 -20.899 74.600 1.106
37.066 -27.460 81.00" 1.207
0.376 -8.623 179.400 0.007
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TABLE J-4

RESULTS OF VELOCITY PROFILE ANALYSIS FOR PORT 2
(T-R V VR V7

L 0.080 71.755 12.894 66.331
7 0.180 72.03A 15.863 66.028
3 0.230 70.936 20.157 63.910
A 0.280 70.251 23.993 61.475
5 0.330 70.325 27.189 58.780
6 0.A30 71.539 29.155 55.642
7 0.530 72.579 28.477 54.417
8 0.630 63.240 26.986 46.620
9 0.730 65.723 28.075 42.02Q

10 0.830 65.095 2 7.626 37.887
11 0.930 60.591 23.750 19.976
12 1.030 60.613 24.141 19.925
13 1. 130 55.457 12.744 -53.448
1A 1.230 55.702 10.264 -54.743
15 1.330 56.008 7.519 -41.245
16 1.530 55.266 7.420 -21.750
17 1.730 56.740 7.617 -18.120
18 1.930 56.740 7.617 -17.188
19 2.130 58.021 9.166 -10.539
20 2.330 57.163 10.396 -6.461
21 2.530 57.163 10.396 -6.461
22 ' 2.730 64.103 9.858 -9.472
23 2.930 59.426 9.324 -8.776
2A 3.130 58.021 9.166 -8.567
25 3.330 57.306 9.086 -12.536
26 3.530 57.306 9.086 -15.216
27 3.830 57.3 06 9.086 -21.379
28 A.130 57.306 9.086 -21.379
29 A. 330 62.803 9.708 -22.842
30 A.530 58.656 9. 894 -23.700
31 4.730 58.728 9.245 -25.424
32 A.930 65.006 19.628 ->27.167

VTHFTA PITCH YAW CORRECTED 
ANGLF ANOlF DEL ®1?

24. 142 10.352 20.000 3.461
24. 032 12.722 20.000 3.488
23. 261 16.509 20.000 3.38?
24. 092 19.970 21.400 3.317
27. 410 22.744 25.000 3.324
34. 231 24.050 31.600 3.440
38. 672 23.101 35.400 3.541
33. 131 25.2 59 35.400 7.688
42. 020 25.288 45.000 2.903
45. 152 25.112 50.000 2.948
52. 040 23.0*7 69.000 2.468
51. 906 23.470 69.000 2.469
7. 511 13.285 172.000 2.067
0. 764 10.618 179.200 2.085

3 7. 137 7.715 138.000 2.108
50. 262 7.715 113.490 2.053
53. 227 7.715 108.800 2.164
53. 535 7.715 107.800 2. 164
56. 315 9.090 100.600 2.263
55. 837 10.479 96.600 2.196
55. 837 10.479 96.600 2.196
62. 629 8.846 99.600 2.762
58. 031 9.027 98.600 2.374
56. 648 9.090 99.600 2.263
55. 174 9.123 102.800 2.207
54. 496 9.123 105.600 2.207
52. 386 9.123 112.200 2.707
52. 386 9.123 112.200 2.707
57. 690 8.892 111.600 2.651
52. 735 9.711 114.200 2.312
52. 126 9.058 116.000 2.318
55. 700 17.574 116.000 2.840
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TABLE J-5

RUSULTS OF VELOCITY PROFILE ANALYSIS FOR PORT 3

T-R V VR V7

1 0.030 76.246 5.113 71.395
2 0.130 74.045 18.621 67.258
V 0.230 70.829 22.874 62.152
A 0.330 67.948 23.634 57.923
5 0.430 61.299 24.890 50.435
6 0.530 58.632 23.799 47.487
7 0.630 56.618 23.855 45.504
R 0.730 ' 56.556 23.049 43.894
9 0.R30 54.998 18.677 37.833

10 0.930 55.038 16.733 38.347
11 1.030 53.368 10.729 2.554
12 1.230 54.604 6.569 -22.909
13 1.630 54.699 5.801 -22.986
14 1.8 30 55.266 7.420 -23.145
15 2.230 57.463 7.714 -24.065
17 2.630 56.309 11.590 -23.288
IB 2.830 56.309 11.590 -23.288
19 3.030 56.3 09 11.590 -23.288
20 3.230 56.309 11.590 -23.288
21 3.430 56.309 11.590 -23.288
22 3,630 56.309 11.590 -23.288
23 3.830 57.753 11.699 -23.902
24 4.030 57.753 11.699 -16.535
25 4.230 60.671 16.377 -21.126
26 4.430 59.284 16.815 -20.558
27 4.630 59.284 16.815 -20.558
28 4.830 58.660 15.823 -19.504

VTHETA PITCH YAW r OPRFCTFO
ANGIF ANGIF Oil P 12

26.26R 3.845 20.200 3.907
24,746 14.566 20.200 3.685
25.111 18.841 22.000 3.37?
26.519 20.355 24.600 3. 103
24.381 23.957 25.800 2.526
24.826 23.948 27.600 2.311
23.789 24.919 27.600 2.155
27.216 24.050 31.800 2.150
35.280 19.852 43.000 2.033
35.760 17.699 43.000 2.036
52.216 11.598 87.200 1.914
49.128 6.910 115.000 2.004
49.294 6.088 115.000 2.011
49.635 7.715 115.000 2.053
51.608 7.715 115.000 2.219
49.940 11.878 115.000 2. 131
49,940 11.878 115.000 2.131
49.940 11.878 115.000 2.131
49,940 11.878 115.000 2.131
49.940 11.878 115.000 2.131
49.940 11.878 115.000 2.13!
51.257 11.687 115.000 2.242
54.084 11.687 107.000 2.24?
54.465 15.660 111.’00 2.474
53.002 16.478 111.200 2.362
53.002 16.478 111.200 2.362
53.011 15.649 110.200 2.313
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