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SUMMARY 

Velocity profiles of propeller and turbine type 

impeJiers were measured in both air and water using a hot 

wire anemometer probe, and two and three dimensional pitot 

tubes. These pitot probes were particularly suitable for this 

work, stnce they permitted the measurement of velocity and 

inclination of flow in the turbine jet, from which the radial 

and tangential velocity components were evaluated. The velocity 

profiles and pumping capacities of propel !ers were checked, and 

agreed closely with the results of other researchers, thus serv

ing as a check on the experimental technique. 

A variety of geometrically simi Jar turbines were 

studied with D:W:L = 20:4:5. The shape of the radial velocity 

profile was independent of rotational speed and independent of 

turbine diameter. The radial profiles were parabol ic in nature, 

whi le the tangential profiles were flatter. Profiles obtained 

for bath water and air were simi Jar. The centreline radial 

velocitles varied Jinearly wi th turbine speed for a given 

turbine. 

Pumping capacities of turbines were calculated from 

the radial velocity profiles, and the pumping capacity was found 

to vary linearly with turbine speed, and almost linearly with 

the cube of the turbine diameter for geometrica1Jy simi Jar tur

bines. 

Velocity measurements were also made at different 



radial locations in the turbine discharge jet. The flow 

becomes more radial in direction, and the radial profiles 

tend to a plug shape with increasing radial distance. The 

volumetrie flow rate increases with radial distance to a 

limiting value of 1.8 times the periphery pumping capacity. 

The effect of turbine blade width on veloci ty 

profiles and pumping capacities was investigated. Pumping 

capacities increase linearly with blade width, but tend to 

a limiting value at higher blade widths. 

The pumping capacity was used to effectively cor

relate mixing data obtained from the work of other researchers, 

such as intensity of segregation, concentration fluctuations 

and power requirements. 

Qualitative proof of the flow patterns around the 

impellers was obtained by using smoke as a tracer. 
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INTRODUCTION 

General 

The purpose of this thesis was to study the velocity 

profiles and pumping capaci ties produced by various turbines in 

a sti rred tank. 

Unti 1 recently, much of the work done on impe! 1er 

behaviour has been macroscopic in nature. ln this respect con

siderable research has been concerned with power requirements, 

power dissipated in a mixer, and general flow patterns. To date 

the only common scale-up factor for mixers has been the power 

requirement. 

The work on power requirements of varlous researchers, 

especial ly White and Brenner ( 1), Hixson & Baum (2), and Rushton 

et al. (3) has resulted in correlations and graphs relating the 

Power Number, Np0 , of a mixer to the Reynolds Number, NRe• the 

Fraude Number, NFr• various geometrie shape ctors and the 

properties of the system. The work in this field has been 

extensive, and these results are accepted today as standard 

methods for scaling-up a mixer. 

Such a macroscopic approach cannot be used to predict 

such quantities as homogeneity of liquids in a blender, conver

sion in a continuous stirred tank reactor, residence time distri

butions and intensity of segregation in agitated tanks. We are 

therefore concerned in this work with what is occuring at a more 

basic level, such as the flow patterns in the vicinity of the 

impe! 1er and the pumping capacîties. 
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More work has been done in determining the flow patterns 

of propel !er-type impe! !ers than on turbine types. A correlation 

for pumping capaci ties for propel !ers has been found, and has the 

form: 

Q = ( 1 ) 

From the work on turbines, it is known that the fluid leaving the 

impe! 1er forms a jet with two velocity components~ a tangential 

and a radial component. A certain volumetrie flow, namely the 

pumping capaci ty, passes through the impel !er blades, and in 

doing so becomes completely mixed. Van de Vusse ( 4) has shown 

that the mixing time in a sti rred vesse! appears to be dependent 

on the pumping capacity of the impe! 1er. Norwood and Metzner 

( 5) have proposed that ali mixing in a tank effectively takes 

place in the smal 1 volume occupied by the impeller, and that two 

streams entering the impeller zone are intimately mixed in the 

time it takes them to pass through the physical confines of the 

impe! ler. Therefore the volume through-put or pumping capacity 

of an impel 1er appears to be the chief crlterion for mixing in 

an agitated vesse!. 

ln the past, residence time distribution, intensity 

of segregation and concentration fluctuations have been measured 

for a stirred tank. Whi le these quantities give an indication 

of the "goodness of mixing" in a tank, they cannet t be pre-

dicted for a particular impeller, nor can they be scaled-up. 

lt would appear that the ratio of pumping capacity to tank volume 

is a good scale-up parameter for mixing tanks. 
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Successful models have been proposed for the agitated 

tank using the pumping capacity as a parameter. ln a simulation 

mode! of a continuous stirred tank reactor, proposed by Manning, 

Wolf and Keairns ( 6), the pumping capacity in addition to 

Danckwerts• segregation concept ( 7) and residence time distribu

tion is used to calculate the degree of conversion for a second 

order reaction in an imperfectly mixed system. They use the 

pumping capacity of the impel 1er as a measure of the proximity 

of the system to the ideal mixing case. Cholette ( 8) also used 

the pumping capacity as a measure of mixing for developing a mode! 

of a non-ideal fi rst order reaction system in much the same manner 

as Manning, Wolf and Keairns. 

lt was the purpose of this experimental work to develop 

an accurate, reliable and simple method of determining the vel

ocity profiles around impe! !ers, which can then be analyzed to 

give the pumping capacities. The turbine type was primari ly 

investigated, but the method can easi ly be extended to other 

types of impellers. lt was also an aim of this work to find 

correlations to predict the pumping capacities of turbines of 

different sizes and at various speeds. 

Previous Experimental Methods 

A considerable amount of data can be found in the 

literature on velocity profiles and pumping capacities of impel

lers. A great variety of experimental techniques are avai Jable. 

Much of the data is for marine propel lers, where the flow is in 

the axial di rection and is one dimensional, hence easier to 

measure. 
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ln the case of the turbine impe! 1er, as already men

tioned, the jet formed in the horizontal plane, i.e. plane 

perpendicular to the axis, is two-dimensional flow, having radial 

and tangential components. Therefore to be able to obtain the 

pumping capacity, the magnitude of the velocity as wei 1 as the 

di rection of flow is necessary. 

Early developments in the field of pumping capacities 

included the work of Rushton, Mack and Everett ( 9 ). They 

attempted to determine the pumping capacities of propellers and 

turbines by using two concentric tanks and measuring the flow 

displacement from one tank to the other produced by the impe! ler. 

This method of measuring total flow rather than poïnt velocities 

appears to give results of the same order as those obtained by 

other researchers, but yields no information as to the velocity 

profiles and flow patterns of the impe! ler jet. 

Sachs and Rushton (JO) studied the velocity profiles 

of turbine using time exposure photography. Tracer particles 

were photographed in i 1 luminated sections of the tank, and from 

the length of the streaks, the velocity was calculated. 

Metzner and Taylor (JI) also studied velocity profiles 

and shear rates of turbine jets by photographing tracer particles. 

The photographie method, however, is quite tedious, since the 

length of each tracer particle must be measured and its two veloc

ity components determined. The i 1 luminated slits are sufficiently 

wide so that a considerable velocity gradient occurs within each 

si it, and in effect, a width-average velocity rather than a 

point-velocity is measured. 
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Aiba (12) measured the velocity profiles of propellers, 

turbines and paddles by noting the deflection of a small suspended 

steel bal 1 due to the viscous drag forces of the fluid in motion. 

The position of the radioactive bail was determined by using a 

geiger counter. 

Norwood and Metzner ( 5 ) used an electrical ly heated 

thermistor probe to measure local velocities. 

Porcelli and Marr (13),and later Marr and Johnson (14), 

used a "flow follower 11 technique for measuring pumping capaci ti es 

of turbines. A neutra! ly buoyant flow follower was observed as 

it circulated throughout the tank; the number of times it passed 

through the impeller blades in a period of time was used to 

calculate the recirculation time and the pumping capacity. How

ever, this method gives no information about velocity profiles. 

Holmes, Voncken and Dekker ( 15) describe a method for 

measuring pumping capacities and velocity profiles using a 15 mm. 

miniature propel ler flowmeter. The recirculation times of the 

contents of the tank were measured by a tracer pulse injection 

technique. The time for the tracer to become mixed with the 

contents of the tank was measured wi th a conductivity cel 1. 

Nothing was reported about the possibi lity and accuracy of 

measuring the direction of flow and flow components using the 

p rope 1 1er f 1 owme ter. 

Wolf and Manning (16) used a shielded impact static 

tube to measure the velocity profiles in the jets of propel lers 

and turbines. The method proved effective, but no quantitative 
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results were reported for the turbine type impe! lers. 

Cutter ( 17) measured the velocity profiles and pumping 

capacities of turbines using both the photographie method and a 

Kiel impact tube. There was good agreement between the two 

methods. However, because of the insensitivi ty of the Kiel tube 

to the yaw angle, information on the direction of flow could not 

be obtained with it. 

ln review, the most accepted method for quantitative 

measurement of velocity profiles in a turbine jet is the photo

graphie technique. However, this method is time-consuming, and 

to obtain point velocities, the i 1 luminated slits must be 

extremely narrow, which becomes impractical. 

The present work uses three methods of velocity measure

ment and flow pattern determination: two and three dimensional 

pitot tubes, a hot wire anemometer, and a smoke generation tech

nique. ln this work it is possible to measure velocity and angle 

of flow profiles across the turbine with greater ease and simplic

ity. The feasibi lity of using a pitot tube in a turbulent regime 

and its accuracy have been discussed in detail by Wolf and Manning 

( 16). The calculated error for ZO% turbulence was found to be Z%. 
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THEO RET iCA L 

Much of the work done in the field of pumping capacities 

has been empirica1, and analytical approaches to the problem are 

few. 

The propel 1er pumping capacities are correlated by the 

empirical formula Q = KPND3, where the values of Kp reported by a 

number of researchers lie in the range of 0.4 to 0.6. This cor

relation can be expected by noting that the pumping capacity is a 

function of the product of the blade tip velocity (11DN) and the 

projected area (11'D 2/4). This gives the pumping capacity as: 

Q = ( 1 ) 

where Kp is some constant which relates the axial velocity to the 

blade tip velocity. However, using a more analytical approach as 

developed in Appendix 1, the theoretical pumping capacity obtained 

i s equa 1 to K ND3 p where Kp i s a function of the prope 11er pi teh 

and shape. For a pi teh of 30°' the calculated theo re ti ca 1 Kp for 

a three bi ade propeller i 5 0 .96, and for 45° it becomes 1 . 65. 

For turbine type impe! !ers, Van de Vusse's ( 4) analyt

ical development was as fol lows: he considered the turbine impel 

1er as being simllar to the radial flow or centrifugai pump. 

Using the concept of Euler's head or lift, he proposed a force 

or head balance over the turbine. His expression for pumping 

capacities of turbines ln baffled tank& is: 

Q = ( 2) 

The work of Norwood and Metzner ( 5 ) showed that the 
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coefficient relating Q to ND 2W was in fact not a constant, as 

Van de Vusse 1 s development predicts. Nei lson (18) also verified 

this conclusion. 

Holmes, Voncken and Dekker ( 15) assumed that the average 

radial velocity was proportional to the blade tip velocity ~ DN; 

the flow a rea i s 1IDW, where W i s the width of the blade. The re-

fore the pumping capac i ty i s: 

Q 2 ( 3) = Kt J ND W 

or Q = Kt2ND3 if W/D i s constant. 

Their equation is of the same formas Van de Vusse's, but they 

substitute Ktl for 112 in Van de Vusse's equation. 

ln measuring velocity profiles of turbines, Sachs and 

Rushton (JO) found that the shapes of the velocity profiles were 

independent of impe! 1er speed. Ai ba (12) also verified this, 

and was even successful in correlating power consumption and 

flow patterns. Metzner and Taylor (11) found that local veloc

ities in the discharge jet were proportional to the turbine 

rotational speed. 

Using data aval Jable from the work of these researchers, 

the values of Kt2 were calculated from equation 3. These values 

are tabulated in Table 1, and can be compared to the value of 

Kt2 of 1.3 as reported by Holmes et al. ( 15)0 



TABLE 1 . Calculated Values of Kt 2 

References Turbine No. of Ca 1 cu 1 a ted 
Di ame ter B 1 a des Kt2 

Cutter* ( 17) 4'' 6 1.4 

Sachs and Rushton ( 10) 4'' 6 0. 47 

Rush ton et a 1. ( 9 ) 6'' 6 0.6 

Ho 1 mes e t a 1 . ( 15) 4" 6 1 . 3 

*Cutter used the total or resultant velocity rather than 
the radial component to calculate the pumping capacity. 
This point wi 11 be discussed in more detai 1 in a Jater 
section. 

9 

ln the analytical approach which is outlined in detai 1 

in Appendix 11, the radial veloci ty profile across the width of 

the blade is given by: 

= ( 4) 

where c1 is a coefficient in the range: 0.614 ~ c 1 '!!S. 0.707. 

This expression is val id for positive values of z, where z = 0 

is the centre-line of the turbine. If this expression is inte-

grated across the width of the blade and multip1ied by the tur-

bine circumferences, the resulting expression for the pumping 

ca pac i ty i s: 

Q = 2 1l'2o3cf 
ln ~ sin [zc~o + :]) 

( 5 ) . 

and for the usua1 dimension of W/D = 1/5 

Q = Kt2ND3 where 0. 946 ~ Kt2 ~ 1.17 

and Q = Kt 1No2w where 4.73 L Kt 1 6 5.85 -
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EX PER 1 MENTAL 

1 n this section, the apparatus i s descri bed followed 

by the experimental procedure and measuring techniques. 

Appa ra tus 

Most velocity measurements were made in a 10 Imperial 

gallon clear acrylic tank, as shown in Figure 1. The baffled 

tank measured 15 11 in diameter and 20 11 in height. Each of the 

four baffles were 1~.1• in width. 

Severa] velocity measurement probes were used: 

( i) a hot wi re probe for air, and 

(ii) two and three dimensional pitot probes for liquids. 

ln this manner i t was hoped that the results from different 

measurement techniques (hot wire and pitot tube) and different 

fluids (air and water) could be compared. 

The constant temperature anemometer used was manufac

tured by the Disa Electronik Corporation. The particular model 

used was 55A01, which gives voltage readings of the time-averaged 

velocities. The hot wi re probes used for velocity measurement in 

air were also manufactured by the Disa Electronik Corporation, 

and had a wi re diameter of 5 JLm. The time constant for the 

probe and anemometer was Jess than 0.01 sec. The hot wire probes 

were calibrated in a round-edged orifice 9 where the flow can be 

assumed to be plug flow. The volume flow rate of air passing 

through the calibration orifice was measured by a rotameter. 

Figure 2 shows the calibration unit. 
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The two and three dimensional pitot probes used were 

models YC125 and DA125, manufactured by the United Sensor Corpo

ration. A sketch of the two dimensional probe is shawn in Figure 

3. The sensing end of the probe measures 1/8 11 in diameter; the 

pressure taps were located on the wedged section of the probe. 

The centre pressure tap, P1, gives the total pressure, whi le the 

side taps, P2 and P3 , on the opposite sides of the wedge, give 

the static pressure. 

The three dimensional probe was identical in construc

tion to the two dimensional probe with an additional two pressure 

taps located on the point of the wedge above and below the total 

pressure tap, P1. The United Sensor Corporation provided cali

bration curves for correcting static pressures and determining 

the pitch angle from pressure readings for the three dimensional 

probe. 

These probes were ideal for measuring time-averaged 

veloci ties in the discharge jet of the turbine. Usual pitot 

tubes are L-shaped, and when rotated, the total pressure tap 

traces out an arc. Since the probes used had pressure taps 

located on the axis of rotation, the point velocity measured 

remained on the same axial line. The static pressure, P2 and 

P3, measured by the side pressure taps, were extremely sensitive 

to angle of rotation and the angle could be effectively measured 

with an accuracy of one-half of a degree. 

A probe traversing unit was mounted on the lid of the 

tank on a sliding mount for vertical traverses. The sliding 
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mount permitted measurements at different radial distances. The 

traversing unit, vertical ly mounted, measured the depth of inser

tion of the probe to the nearest 1/IOOth of an inch on a vernier 

scale, and a Iso the angle of rotation. This traversing unit 

could also be mounted on the side of the tank for horizontal 

traverses. A water-tight seal prevented leakage of the liquid 

from the tank where the probe passed through the tank wal 1. 

Details of the traversing unit are shown in Figure 1. 

The smoke generator used to detect the general flow 

patterns around the impeller, is shown in Figure 4. The smoke 

was obtained by passing a stream of air through a smoldering bed 

of tobacco soaked with heavy oi 1. 

ln this work, propeller type and flat blade turbine 

type impellers were studied. ln the case of propellers, an a•• 

three blade marine propeller and a 10 11 four blade axial flow 

fan were investigated. Most of the turbines studied had six 

blades and were geometrical ly simi Jar, having a D:W:L ratio of 

20:4:5. Figure 5 shows the two types of impe! lers studied, 

and Table Il lists the impeller dimensions. 
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TABLE 11. Turbine Impe! 1er Specifications 

Turbine Di ame ter BI ade Blade No. of 
No. Width Length Blades 

i n . i n. in. in. 

3 0.6 0. 75 6 

2 4 0.8 1.0 6 

3 5. 1.0 1 . 25 6 

4 6 1 . 2 1.5 6 

5 9 1.8 2.25 6 

6 9 3.6 2.25 6 

7 4 0.6 1 .0 6 

8 4 1 • 0 1 • 0 6 

9 4 1 . 2 1 • 0 6 

10 4 1 . 4 1 .o 6 

1 1 4 1 • 6 1 . 0 6 

1 2 4 0.8 1 . 0 JO 

Procedure 

To measure the velocity profiles of the discharge 

flow from the turbines, traverses were made in the vertical, 

i.e. z direction across the width of the turbine blades. The 

probes, either hot wire or pitot tube, were placed as close as 

possible (Jess than 1/10'') to the blade. This was done in order 

to measure the veloci ti es at the blade ti ps, el iminating the 

entrainment effect in the discharge jet. 
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Point velocities and angles or directions of flow were 

measured at increments of 1/10 11 across the width of the b1ade, 

except in the case of the 3'' turbine, where measurements were 

made at 1/20 11 increments. The vernier scale on the traversing 

unit was useful for obtaining the vertical position of the probe. 

The pitot tube was rotated unti l the two side pressure 

taps gave identical readings indicating that the flow was normal 

to the cross section area of the total pressure tap. Using this 

pitot tube, a velocity magnitude and di rection was determined 

for each z position. ln this way, a velocity profile and angle 

profile were obtained across the width of the blade. 

ln using the hot wire, the probe was rotated unti 1 a 

maximum velocity reading was obtained, and so the flow direction 

and magnitude were determined. The angles of flow observed by 

this method were in agreement with those obtained using the two 

dimensional pitot tube. However, since the pitot tube was more 

sensitive to the direction of flow compared to the low sensitiv

ity to the angle of the hot wire probe, the angle profiles as 

measured by the pitot tube are reported, and were used to cal

culate the radial and tangentia1 flow components obtained in 

both methods of measurement. 

To measure the velocity profiles of the axial flow 

intake to the turbine, and the axial discharge flow from the 

propel 1er, horizontal traverses were made along the radius of 

the impeller. ln the case of turbines, the probe was positioned 

close to the turbine ( 1/10"}, whi le measurements were made at a 
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distance of Jt 11 from the propeller. For water, the three 

dimensional pitot tube was used, and the readings were corrected 

for pitch angle using the calibration curves supplied by the 

manufacturer. The hot wi re probe was used for velocity measure

ments in air, and using the di rectional information obtained by 

the pitot probes, the necessary corrections for the pitch angle 

were made. Because of the relatively lower velocities obtained 

in the axial di rection compared to discharge velocities, the hot 

wire results were considered more accurate due toits higher 

sensitivity at low velocities. 

Using the above techniques, velocity measurements were 

made at different rotational speeds, with different sizes of 

impe! lers and at various radial distances. 

The qualitative evaluation of the flow patterns using 

the smoke generator were obtained by injecting the smoke at 

different locations around the impeller and observing the stream 

of smoke entering and Jeaving the impe! 1er. 
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RESULTS AND DISCUSSION 

The previous section outlined the experimental technique 

and the equipment used to study the fluid velocities in a stirred 

tank. This section wi 11 present the experimental results and a 

discussion of their implications. 

Evaluation of Experimental Technique 

Initial ly it was desired to check the reliabi lity of 

the two methods of measurement used, particularly in the case of 

the pitot probes. For this purpose it was decided to compare the 

pumping capacities of propel lers to the results avai Jable in the 

literature, and also to carry out material balances over the 

turbine. 

By using the two dimensional probe in a horizontal 

traverse across the 8 11 marine propeller, the pumping capacity 

coefficient Kp for water, was found to be 0.53 ~ 0.03 for a range 

of impeller speeds of 200 to 300 R.P.M. Using the same propel 1er 

with air as the fluid, the hot wire probe gave a Kp value of 

0.52 + 0.01 for speeds of 200 and 300 R.P.M. 

These experimental values of Kp agreed closely with the 

results reported so far, in the range 0.4 to 0.6 and were of the 

same order of magnitude as the theoretical values obtained in 

Appendix 1. These previously reported values were obtained for a 

variety of propel 1er types and using different measuring techniques. 

lt is also interesting to note that the fluid used in this work had 

little effect on the value of Kp· These results are reassuring and 
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lend confidence to the experimental techniques. They also help 

to substantitate the value of Kp of 0.54 as reported by Wolf and 

Manning ( 16) using an impact static shielded tube. 

ln an attempt to determine the consistency of experi

mental results, severa] material balances were conducted over the 

turbine for the air and water cases. For air, a 9 11 turbine with 

a speed of 420 R.P.M. was used. The pumping capacity determined 

from a vertical traverse across the blade width was 156 cu.ft./min., 

whi le the pumping capacity from a horizontal traverse across the 

face of the turbine was 153 cu.ft./min., which gives an agreement 

to within 2%. For water, the 411 turbine rotating at 300 R.P.M. 

was used. The pumping capacities as found by the vertical and 

horizontal traverses were 7.97 and 8.50 cu.ft./min. respectively, 

also indicating consistent measurements. Here the results dif

fered by 6.3%; this higher discrepancy was attributed to the 

lower sensi tivi ty of the pitot tube at the lower veloci ties 

across the turbine face. 

Velocity Profiles with Geometrical ly Simi Jar Turbines: 

Local fluid velocities and inclination of flow were 

measured at different vertical, i.e. z positions in a traverse 

across the width of the turbine blade~ using pitot tubes for 

water and hot wi re probes for air. The two dimensional pitot 

tube was used after the existence of two dimensional flow was 

verified by the three dimensional pitot tube. The pitch angle 

detected was negligible. A variety of geometrically simi Jar 

turbines were used, each at five different rotational speeds. 
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Unless otherwise mentioned, the turbine dimensions were D:W:L = 

20: 4: 5. 

From the point velocities and di rections of flow, the 

radial and tangential velocity profiles were determined. Appendix V 

summarizes the velocity and angle profi Je data obtained. Figures 

6 and 7 present the veloci ty profiles for the radial, tangential 

and resultant velocities for both water and air as fluids. These 

curves give a good representation of the nature of flow in the 

jet Jeaving the turbine. The radial component profi Je in both 

cases has a parabol ic shape; the tangential profile i s flatter in 

shape, indicating that the flow becomes more radial as one 

approaches the centreline of the turbine. The flatter tangential 

profi Je is to be expected, if the fluid within the turbine blades 

is assumed to move at the blade angular velocity. The ideal con

dition assumed in the theoretical development was a completely 

flat tangential velocity profile, with the fluid rotating at the 

same angular velocity as the turbine. The end effects existing 

in the experimental tangential profi Je obtained, and the angle 

profiles wi 11 be discussed later. 

Figures 8 and 9 show the radial velocity profiles 

for liquid and air for the 411 turbine at the indicated speeds. 

The curves are typical of the velocity profiles obtained where 

geometrical ly simi Jar turbines were studied in the course of 

this investigation. 

Sachs and Rushton (JO) and Ai ba ( 12) showed that the 

shape of the radial velocity profile was independent of speed. 
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Figures 10 and 11 verify their conclusions. The normalized 

radial velocity, taken as the ratio of the point velocity at 
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sorne vertical position z, to the centreline radial velocity, is 

plotted against the vertical position z. At different rotational 

speeds, almost identical curves are obtained for a given turbine, 

indicating that the curve shape is independent of speed. Figures 

JO and Il are typical normalized velocity profile curves. 

Figures 12 and 13 show severa! normalized radial velocity profile 

curves, with the vertical dimension also normalized, indicating 

how the shape of the profi Je is independent of turbine size for 

geometrically simi Jar turbines. 

The consistency of the experimental values obtained 

by this technique is weil demonstrated by the low degree of 

scatter of points in these velocity profile curves. Although 

not ail the curves are shawn here, this was found to besoin 

ali experimental cases. One can see that the velocity gradient 

in the vertical, i.e. z direction, is high, and that measurement 

of point velocities rather than width-averaged velocities is 

es senti a 1 . 

Referring to the velocity profiles of Figures 8 and 9 

the dashed !ines indicate the profiles calculated from the theo-

retical equation developed: 

VR = 0,614(.) R cot[4z + 11' J ( 4) 
3R 4 

where cl = }1!2( 1 k2) 0 ' k '- 1/2 -
cl = 0.614 if k = 1/2 
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Here the mode! parameter k, as defined in the theoretical develop

ment, was chosen to be l/2; the curve changes very little if k is 

chosen to be zero. 

The theoretical madel predicts the maximum velocity at 

the centreline (z = 0) quite accurately and indicates the general 

shape of the curve. The most serious differences between the 

experimental and predicted values of radial velocities occur as 

one approaches the top and bottom of the blades. The values 

obtained from the theoretical equation are somewhat higher than 

the experimental values. This is due to the assumption that the 

Jiquid within the confines of the turbine blades has the same 

angular velocity as the turbine. Figures 6 and 7 indïcate that 

although the tangential velocity is flat for part of the blade 

width, at the outer edges the fluid rotates at a considerably 

lower angular velocity. Apparently closer to the blade edges, 

fluid leaves the turbine system before it has been accelerated 

by the blades to the blade angular velocity. Correcting the 

value of W by multiplying the turbine velocity by the ratio of 

the tangential velocity at z to the tangential velocity at the 

centreline, as shown in the fol lowing equation: 

1 

VR = 0.614wR cot 
[ 

4z + 'TT' ] 
3R 4 

( 4) 

where W ' -- f luid angular velocity 

W' -- turbine angular velocity x tangential velocity at z 

(tangential velocity)z = 0 

the calculated radial velocity profile obtained was very close to 

the experimenta 1 profile, as shawn in Figures 8 and 9. 1 t i s 



also significant that the velocity profiles for both air and 

water differ very little, even though the fluids have widely 

different physical properties. 
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Since the shape of the velocity profile curves for 

geometrical ly simi Jar turbines is the same, the value of the 

maximum velocity of the profiles is of special interest. Values 

of the maximum or centreline radial velocity have been plotted 

against rotational speed for geometrically simi Jar turbines in 

Figures 14 and 15. The slopes of the straight !ines obtained 

in these figures give values of C1 between 0.58 and 0.75, which 

are close to the predicted values of 0.614 to 0.707 obtained from 

the theoretical equation. 

Direction of Flow 

As explained in the experimental procedure, the two 

dimensional pitot tube was used to measure the angle of the result

ant velocity in the turbine jet. To obtain an accurate angle of 

flow appeared to be the main problem in using pi tot tubes for 

measuring flow in a turbine jet. Cutter (17) reports the use of 

a Kiel-impact tube, and Wolf and Manning ( 16) used an impact

static-shielded tube. Both realized the fact that an angle 

profile existed, but were unable to measure it quantitatively. 

However, Wolf and Manning reported a range of angles for the 

flow in the discharge jet. 

ln this work the angle profile was obtained, and velocity 

components could be calculated. The angle of flow8, varied 

between 70° and 48° for geometrically simi Jar turbines ( e is zero 
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for pure radial flow). At the outer extremes of the blades, a 

value of 70° indicates that the flow here is mostly tangential. 
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Figure 16 shows a plot of the angle of flow versus 

the vertical distance from the centreline, z, for the 411 turbine. 

Most of the flow lies in the range of 50° to 60°, as is the case 

with the other geometrical ly simi Jar turbines studied. Towards 

the centreline of the turbine, the flow becomes more radial in 

direction. Like radial velocity profiles, the angle of flow 

profi Je appeared to be independent of the turbine velocity, and 

also independent of the turbine diameter. These results, along 

with velocity measurements are tabulated in Appendix V. 

This experimental data agrees with the theoretical 

development given in Appendix ! 1, where the angle of flow 

obtained is: 

tan e ( 6) 

This equation predicts an angle of flow ranging between 55° and 

71° across the blade width, showing no dependence on the turbine 

diameter or rotational speed. 

Velocity Profiles at Different Radial Distances 

To gain an insight into the flow patterns of the dis

charge jet as it leaves the region around the turbine, velocity 

measurements were made in the jet at different radîal locations. 

A 411 diameter turbine was used, and measurements were made at 

radial distances of 2", 2.5 11
, 3", 4'', and 5''. (Tank radius was 
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Sachs and Rush ton ( 10) have showed that wi th i ne reas i ng 

radial distances, the velocity profiles become more flat in 

nature. Velocity profiles are given in Figure 17 for the radial 

distances shown, and the trend to flatter profiles with increased 

radius is clearly indicated. The outermost velocity profi Je at 

a radial distance of 5 11 is evidently affected by the proximity of 

the tank wall, and hence gives an almost plug-shaped profile. Appen

dix V gives a tabulation of the velocities obtained. Figure 18 

shows how the direction of flow changes with radial distance. 

lt is significant that the flow becomes more radial with increas

ing radial distance. This is so because of the geometry of the 

system which indicates that e decreasesas the radial distance 

increases as shown in Appendix 111, and also because of the 

effect of the baffles, which decrease the tangential flow near 

the tank wall. 

Although the velocity profiles appear to be flatter 

and have lower velocities at greater radial distances, the total 

flow increases. This indicates that entrainment exi sts in the 

turbine jet. Figure 19 shows the variation of flow rate with 

radial distance, and it is noted that the limiting value of flow 

measured at a radial distance of 5 11
, is 15 cu,ft./min., which is 

1.8 times the pumping capacity at the turbine periphery. By using 

a technique simi Jar to that used by Alba (12 ), Nagata et al. (19) 

integrated the flow profiles throughout the tank and also found 

that the total recirculation rate was approximately 1.8 times 

the pumping capacity. 
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Velocity and Angle Profiles Across Turbine Face 

For the material balance between the pumping capacity 

in the discharge jet and the intake flow, the velocity profile 

across the face of the turbine was measured for severa 1 cases. 

Since the area of flow across the face of the turbine is con

siderably greater than the area round the circumference, the 

axial velocities in the intake were much lower than the discharge 

velocities. lt is noted that the velocities are almost constanl 

across the length of the blade, indicatilïg a flat vertical profile 

in this region. Towards the centre of the turbine the velocities 

decrease to zero. 

The hot wire was particularly useful in this case for 

obtaining velocity data, since it is particularly sensititve to 

lower velocities. The three dimensional pitot tube was necessary 

to determine the yaw and pitch angles. The velocity and angle 

data are tabulated in Appendix V. 

Because of the lower velocities encountered, and also 

the fact that the flow is three dimensional, pumping capacities 

determined from the axial intake flow rather than the radial 

discharge, are likely to be Jess reliablé, and this method was 

used only to serve as a check on the discha results. 



Turbine Pumping Capacities 

When the radial velocity profile measured at the 

turbine periphery is integrated across the blade width and 

multiplied by the turbine circumference, the result is the 

pumping capacity. 

From the theoretical development, an expression for 

the pumping capacity, Q is obtained, as given in Appendix 11, 

and simplified to the form: 
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Q = ( 3) 

where Kt
2 

is a coefficient depending on the W/D ratio. ln most 

of the experimental work, the W/D ratio was 1/5. 

Figures 20 and 21 demonstrate the linear re1ationship 

between the pumping capacity and the turbine rotational speed, 

whi le Figures 22 and 23 show the linear relationship of Q with 

the cube of the turbine diameter. The consistency of these 

experimental results with the theoretical development is evident. 

However, whi le Kt 2 does not vary with rotational speed, it is 

slightly dependent on the turbine diameter. Values of Kt
2

, 

evaluated for a number of cases with air and water, different 

sizes of turbines (W/D constant) and at various speeds, are tabu-

lated in Table 111. These values lie between 0.62 and 0.89. 

The theoretical deve1opment predicts values of K between 0.95 t2 

and 1 . 1 7. 
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Turbine 
No. 

1 
2 

3 
4 

TABLE 1 1 1 

Experimental Values of Kt
2 

Averaged 
for Different Speeds 

Di ame ter Water 
in. Kt2 RPM Range Kt2 

3 0.726 200-600 

4 0. 750 !00- 300 0.623 

5 0.840 100-275 0. 680 

6 0.890 50- 170 0.767 
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Air 
RPM Range 

100 -qOO 

200-600 
100-600 

A comparison of these results with previously published 

work can be obtained from Table 11. The va 1 ues of Kt in Table 11 
2 

range from 0.47 to 1.4, indicating inconsistent results. Cutter 

( 17) used the resultant velocity rather than the radial velocity 

to calculate the pumping capacity. Although the resultant veloc

ity gives a measure of the fluid flow, the flow normal to the 

turbine periphery, i.e. the radial velocity, gives the volumetrie 

through-put or pumping capacity. Holmes et al. ( 15) report a 

value of Kt 2 = 1.3, very close to Cutter's, but have not indicated 

how they were able to obtain flow components using a propel 1er 

flowmeter, which implies that in effect, they also used the 

resultant velocity to calculate the pumping capacity. 

Correcting the values of Kt
2 

obtained from the work of 

Cutter and Holmes et al. by evaluating the radial velocities using 

the angle of flow obtained from this work, it was found that Kt
2 

is in the range of 0.6 to 0.7 instead of 1.3 to 1 .4. These cor

rected values are much closer to those reported by Sachs and 

Rushton (10) and Rushton et al. (9), and very close to the values 

obtained in this work. 



Velocity Profile and Pumping Capacities 
with Varying Blade Width 

Veloci ty measurements were made in water using a 411 

turbine having six different sets of blades, ranging in width 

from 0.6 11 to 1.611
• Two speeds, 100 and 200 RPM, were studied. 
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Figures 24 and 25 show the radial velocity profiles for 

the different blade widths at the two indicated speeds. Most 

noticeable is that regardless of the blade width, the radial 

velocities become zero at a finite distance along the blade 

width (z ~ 0.4). The shapes of the curves and the magnitudes 

of the local velocities ali depend on the width used. Both 

Figures 24 and 25 show that turbines having blade widths of 

1.2-1.611 have simi Jar radial veloci ty profiles, having a blunter 

shape and higher velocities. The three other blade widths, 0.6 

to 1.0 11 can also be grouped together, since they exhibit the 

usual profiles, having a parabolic shape and lower velocities. 

The angle profi Jesat the turbine periphery are shown 

in Figure 26 for the two speeds considered. Here again the 

results can be split into two groups: 

(i) the larger blade widths, where the jet direction is morè 

radial at the outer edges of the blade, and becomes 

more tangential towards the centre of the blade. 

(ii} The usual case, where the blade widths are smaller, and 

velocity direction becomes increasingly radial towards 

the blade centre. 

The 1.2 11 blade width shows the transition between the 
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two cases. 

Apparently sorne phenomena occurs with wider blades 

not previously detected. Holmes et al. (15) assumed that some 

average velocity or typical profile would exist across the 

enti re width of the blade, regardless of the blade dimensions. 

However, the above experimental results show that this is 

evidently not the case. Moreover, this was checked with a 9 11 

turbine in air, using smoke as a tracer to indicate the flow 

patterns. 1 t was clearly visible that radial flow did not 

exist across the enti re blade width for turbines of larger W/D 

ratios. lt is interesting to note that the theoretical equation 

obtained ( 4) predicts that the radial velocity is zero at z/R = 

3~/16, whi Je the observed value is approximately z/R = 1/5. 

From the radial velocity profiles the pumping capaci

ties were calculated. Figure 27 shows the variation of Q 

with blade width for the two speeds. ln the region where 

W/D = 1/5, the pumping capacity appears to vary almost linearly 

with the width, whi le at greater values of W, a Jimiting value 

of Q is reached. 

This result is not surprising, if one considers the 

case of a turbine with an infinite blade width. To supply the 

discharge across the enti re blade width, an infinite amount of 

lntake flow would be required. Such a situation is unrealistic, 

and therefore one expects Q to reach a limiting value. 

From this work, it appears that the ratio W/D = 1/5, 

is close to the value of the optimum blade width and any 
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significant increase in width above this figure results in 

little change in the pumping capacity. lt is interesting to 

note that this W/D ratio coïncides with the standard turbine 

dimension general ly used in the design of turbines. 

Application of the Pumpinq Capacity 

Since mixing in a tank takes place chiefly in the 
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highly agitated region around the impe! 1er, the pumping capacity 

should be a main factor in the degree of mixing achieved. There

fore, measurable quantities which depend upon the degree of mix

ing, such as the intensi ty of segregation, conversion in a stirred 

tank reactor etc., should be related to the pumping capacity. 

Most experimental data avai labie for mixing systems have been 

correlated against the Reynold 1 s Number, impe! 1er speed, turbine 

diameter and others, rather than the pumping capacity, which is 

a more direct measure of m.ixing. This is primari ly a result of 

the Jack of knowledge concerning pumping capacities, particularly 

in the case of turbine impellers. Having obtained a suitable 

method for determining pumping capacities of turbines, which 

can be extended to other types of impellers, correlations of 

mixing data against this value became possible. The use of the 

pumping capacity was also extended to evaluate the Power Number. 

The intensity of segregation is a mixing tank parameter 

defined to give the 11 goodness of mixing 11 in a stirred vesse!, and 

has been measured by severa] researcher. The intensity of segre

ation was defined by Danckwerts (20) as: 
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= 

where 

a < 1 - 'êi) 

cTa 2 
- 1 im T~oa ~ jT (a - S)

2 
dt 

0 

= the variance in concentration 
of A at a point 

a = average concentration of A 
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( 7) 

a concentration of A a.t the point 

The intensity of segregation describes the goodness of mixing by 

measuring the interdiffusion of concentration clumps using the 

concept of concentration at a point. 

Using the pumping capacity and the age distribution of 

the particles in the tank, in the theoretical development given 

in Appendix IV, the following equation for the intensity of 

segregation was obtained for a continuous stirred tank operation: 

= F 
( 8) 

Q + F 

lt is noted that as Q becomes infinite (perfect mixing), the 

intensity of segregation becomes zero, whi le as Q approaches zero 

(no impeller mixing), the intensity goes to unity. 

This relationship was compared to the data avai Jable in 

the literature. Kang (21) has measured the intensity of segrega-

tian in a sti rred tank, and has studied the effect of various 

parameters such as feed rate and impel 1er speed. He obtained a 

variety of curves relating the intensity of segregation in the 
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outlet stream to the impe! ler speed for different feed rates, 

but did not report any general correlation. Figure 28, using 

Kang 1 s data, shows that a general curve can be obtained by 

plotting F/(Q + F) against the intensi ty of segregation. With 

the limited data avai Jable, a simi Jar curve has been drawn using 

the results of the work of Manning and Wilhelm (22). The ratio 

of the square root of the concentration variance to the mean con

centration is plotted against F/(Q + F). Here different sizes 

of turbines were used, and again a single curve correlates the 

results, as shown in Figure 29. 

ln both cases the intensity of segregation, whi le 

showing a definite relationship with F/(Q + F), did not equal 

this ratio. This can be explained by noting that nei ther Kang 

nor Manning and Wilhelm measured the concentration variance at 

a point, but considered the variance for a finite volume. This 

does not, however, !essen the importance of using the ratio of 

F/(Q + F) as a convenient group to correlate intensity of segrega

tion and concentration variance data. lt indicates also the 

im~ortance of measuring the concentration fluctuations for 

infinitely small volumes. 

ln other work, Worrel 1 and Eagleton (23) measured the 

conversion for a second order reaction in a continuous stirred 

tank reactor as a function of speed and residence rime. Using 

this data, Manning, Wolf and Keairns ( 6) were successful in 

correlating a dimensionless concentration against the Q/F ratio . 

The pumping capacity, which determined the degree of mixing in 
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KANG'S DATA 
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1-
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FiGURE 29 : VARjATION OF CONCENTRATION VARiANCE W TH PROPELLER PUMPING CAPACITY 
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the vesse!, was a convenient measure of the conversion deviation 

from the ideal mixing case. 

The pumping capacity is also useful to determine the 

form of the Power Number for an impeller. The power requi rement 

is the product of the mass flow rate and the head developed by 

the impe lier. For a turbine, 

Power = head x mass flow 

=head x pumping capacity x density 

p = 
1f2D2N2 

29 · 0. 75 ND3 ~ (9) 

1T
2 

x 0. 75 = 3.6 or 
Pg = 

~N3o5 2 

Groupin9 the variables together in the term on the left, results 

in a dimensionless group, and is in fact, the Power Number. The 

value of the Power Number evaluated by this method is 3.6 com

pared to 6.3 reported by Rushton et al. ( 3) for a 6-blade turbine 

for higher Reynolds Numbers. 

A simi Jar devel.opment for the case of propel lers also 

gives the dimensionless Power Number when the variables are 

grouped together. Here the velocity in the head term was taken 

as 4Q/ifD 2, where head= v2/2g. A value of Np
0 

=O. 10 is obtained 

compared to the value reported by Rushton et al. of 0.32 for a 

3-blade square pitched propel 1er . 
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CONCLUS IONS 

The two dimensional pitot tube and the hot wire probe 

were used to determine the veloci ty profiles of turbine type 

impel lers, and in turn, to evaluate the pumping capacities. 

Propel !ers were also checked for comparison. Both methods gave 

a simi Jar result and showed: 

1. The normalized radial velocity profiles of the turbine jet 

are independent of turbine speed and independent of 

turbine diameter for geometrically simi Jar turbines. 

2. The radial velocity profile is parabolic in shape, while 

the tangential profile is flatter. 

3. An angle profile exists across the width of the blade. 

The flow becomes increasingly radial towards the centre

line of the turbine, for turbines of standard dimensions. 

The angle profile is independent of speed and turbine 

size for geometrically simi Jar turbines. 

4. The radial velocity profile becomes increasingly plug in 

shape with greater radial distances. The flow becomes 

more radial in direction, and the total flow increases 

due to the entrainment effect. The maximum jet flow, 

representing the reci rculation rate, is 1.8 times the 

pumping capacity for the 4" turbine, and the system 

investigated . 

5. The pumping capacity of a turbine can be correlated by 

the expression: 
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for constant W/D or by: 

for W/D in the range of 1/5 

6. The discharge coefficient, Kt
2 

was found to be independent 

of turbine speed, but varied with the turbine diameter and 

the fluid used. Kt
2 

for water was found to vary from 0.726 

to0.89for turbine diameters ranging between 31
' and 6", 

whi Je for air, Kt
2 

ranged between 0.623 and 0.767 for 

di ame ter s of 411 to 611 
• 

7. The blade width of the turbine can be increased to a limit 

after which the radial velocities become zero. However 

the centreline velocity and the pumping capacity both 

increase with blade width, but tend to reach a limiting 

value. 

8. The flow profiles across the turbine diameter are axial in 

nature with yaw angles between 0° and 10°, and pitch 

angles between 0° and 30°. The velocity profile is 

almost flat along the blade length and decreases as the 

centre is approached. The intake velocities are much 

lower than the discharge velocities. 

9. The comparison of flows entering the turbine across the 

diameter, and leaving across the blade width were found 

to be within 6% accuracy for the pitot tube, and 2% for 

the hot wi re probe, which proved the validity of the two 

me thods. 
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10. Using a propel !er, the pumping capaci ti es and veloci ty 

profiles as determined by both experimental methods, 

gave results consistent with the work of other 

researchers (KP = 0.53), which again proved the validity 

of the methods. 

11. The use of smoke as a tracer in determining velocity 

profiles and flow patterns, qualitatively verified sorne 

of the above conclusions. 

12. The pumping capacity was found to be a convenient term to 

correlate intensity of segregation, conversion in a 

continuous stirred tank reactor and the Power Number. 
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NOMENCLATURE 

a - concentration of A at a point 

a - concentration of A in feed stream 

a -average concentration of A in tank 

A componen t "A 11 in system 

b variable used in Appendix 11 

c - concentration 

c1 parameter defined in Appendix 1 1 

D - turbine diameter 

E(t) -distribution function 

f - func ti on 

F - volumetrie feed rate to tank 

g -acceleration due to gravity 

1 ( t) 

k 

Kp 

Ktl 

Kt 
2 

L 

n 

N 

NFr 

V-1 
- intensi ty of segregation 

-age distribution function 

- parameter defined in Appendix 11 

- propel 1er discharge coefficient 

turbine discharge coefficient defined in 
e q ua t i on ( 3 ) 

turbine discharge coefficient defined in 
equation ( 3) 

- turbine blade length 

- number of propel 1er blades 

- impe 1 1er rotation al s peed ( R. P .f-1, ) 
ND2 

- Froude Number = 
g 
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Q 

r 

R 

t,T 

v 

v 

z 
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- Power Number 

- Impe! ler Reynolds Number 

- power 

-total pressure tap - 2 and 3 dimensional pitot tubes 

- static pressure taps - 2 and 3 dimensional pitot 
tubes 

- pitch angle pressure taps - 3 dimensional pitot 
tube 

- pumping capacity 

radial co-ordinate in cylindrical co-ordinate system 

- impeller radius 

- time 

- velocity 

- inlet flow rate of component A 

- inlet flow of second stream 

- volume 

-radial velocity component at r 

- radial velocity component at turbine radius R 

-vertical velocity component at z 

- turbine blade width 

- radial distance (Appendix 111) 

-vertical co-ordinate in cylindrical co-ordinate 
system 

variable used in Appendix 11 

variable used in Appendix 11 

-angle of flow at radial distance X 

- viscosity 
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e -angle of flow in turbine discharge jet 

e -pi teh angle of propel 1er (Appendix 1) 

aJa' - mean residence times (Appendix IV) 

- density 

- variance 

- angular velocity 
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APPENDIX 1 

Pumping Capacity of a Propeller 

A propel Jer with n blades and a pitch angle of e is 

considered. Figure 30a shows a simplified sketch of the 

projected area of one of the blades of the propel 1er. For 

simplicity the projected area is taken to be a segment of a 

circle with arc Jength 2il"R/n at the circum renee, and arc 

Jength 21'(r/n at any radius r. The annular section of radius r 

and width Âr is considered in Figure 30b. The height of the 

section is 211' rtan6 /n. 

If the blade makes *revolutions, a certain volume of 

fluid is displaced in a downward direction. This volume equals 

the product of the height and the projected area of the element. 

Vo 1 ume di sp laced for l revo 1 ut ions = 211" r tan e 
n n 

2Trr.dr 
n 

If the blade rotates at a speed N revolutions per unit time, then 

the volume displaced is: 

V 1 1 
. . 211' r tan e o ume un1t t1me = 

n 
211 r.dr 

n 
n x N 

Considering the summation of the differentiai sections comprising 

the blade for 0 =. r 6.R, the volume displaced per unit time is: 

R 

= rO 4 1Tn
2

N 2 Vo 1 ume 1 ti me J 
1 

tan ê . r . dr 

and the total displaced or pumping capacity for n blades is 

Q = 'fr 
2

N tan e. D 3 (A- 1 ) 
6 



FIGURE 30a 

FIGURE 30b 

2TrR!n 

\ 
\ 

\ 
\ 
\ 

\ 

2:rrrtan9/n 

FIGURE 30a SKETCH OF PROJfCTED ARfA OF PROPfllER ARfA 

FIGURE 30b ELEMENT OF PROPELLER BLADE 
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For a pitch of 45°, the expression becomes: 

(A -2) 

For a pitch of 30°, the expression for Q becomes: 

Q = 0.95 ND 3 (A-3) 

Thus the pumping capacity of a propel 1er can be written in the 

form: 

Since the frictional forces, the curved shape of the 

propel 1er and the changing pi teh angle have al 1 been neglected, 

it is expected that experimental values of Kp wi 11 be somewhat 

lower than those obtained from Equation(A-1) • 
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APPEND!X Il 

Expressions for Veloci ty Profiles and 
Pumping Capaci ties of Turbines 

lt was desired to obtain a simple relationship to 

describe the velocity profiles and pumping capacities of a 

turbine in terms of the geometry and speed of the system. 

Considering the equations of motion and continuity in three 

dimensions does not give a simple solution. The fol lowing 
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development, although over-simplified, gives the desired rela

tionship. 

Consider the cross-hatched section as shown in Figure 

31. This region represents an annular section of the fluid in 

the turbine, having outer radius Rand inner radïus kR, and 

width .Àz. The fluid in the physical confines of the turbine 

is assumed to behave like a solid core rotating at the angular 

velocity of the turbine,W, with a small inner stagnant core 

of radius kR. Since for most turbines, the length of the blade 

i s ha 1 f the radius, the 1 i mit for k wi Il be: 

0 6. k ~ 1/2 

lt is further assumed that Vz, the vertical velocity 

has a flat profile for kR L- r ~ R, and i s zero for r ~ kR. 

This mean s tha t V r = 0 at r ~ kR. 

If the equation of motion rn the radial di rection is 
2 considered in differentiai form, the term pVe /r represents 

the changes in momentum in the rotating system effected by the 
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rotating fluid. {V9 = Wr = angular velocity). 

Considering this term from kR toR: 

the centrifugai force= fR fVe 2/r.dr 
J kR 

R 

= r f'•lr.dr .• 
JkR 

and for the annular element, by multiplying by 21\RÔ.z, is: 

A material balance over the annular element gives: 
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- ~ V 2 11' ( R 2 - k 2 R 2 ) 12+ à 2 + f V 2 11' ( R 2 - k 2 R 2 ) 1 z - 2'11' R t. 2 ~ V R = 0 

(A-5) 

Neglectlng viscous forces, a momentum balance gives: 

-r V /'Il'( R
2 

-k
2
R

2
) 12 + fV /rr ( R2 

-k
2
R

2
) 12+ b. 2 + 2f'fT'RV/ t. z 

= f11'20)2R3{ J -k2) b.z (A-6) 

ln differentiai form, equation (A-5) for the material balance 

becomes: 

dV 
_z = 

dz 
(A-7) 

(A-8 

dz 
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Substituting the value of dVz/dz from (A-7) into (A-8) gives: 

VR = V
2 

+jvz 2 
+ ·H l-k2

) w2
R

2 (A-9) 

Substituting the value of VR from (A-9) into (A-7), equation 

(A-JO) is obtained: 

lntegrating (A-10) gives: 

The integral on the left is of the form: 

Integral =lx x+ d; 2 1 where x~ V2 (x +b ) 2 

and noting that x/b <.. 1, (A-12) can be written as: 

(A-JO) 

(A-Il) 

(A-12) 

Integral rOx 2b.dx (A-13) Je x2+2bx+2b2 

The integral can be solved by finding the complex roots of the 

de nom ina tor: 

1 ntegra 1 ix l
x 

-idx + idx 
x+b-ib 0 x+b+ib 

Separating by means of partial fractions, integration 



is now possible. Integration wi 11 give an expression of the 

form: i.ln (o<+~}, and noting that i.ln (o<.+8) = i.lnjo<+81 

- tan- 1 (~), the real part, tan- 1(!-) is taken. The integral 

(real part) becomes: 

Integral = -2 tan~l f_Q_]+ 1[ 
[x+b 2 

and substituting into (A-11) gives: 
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_1 [c 1wR ] ir' z 
tan v2+C 1 tù R - 4 = 2ci2R 

(A-14) 

Rearranging (A-14) gives: 

V z = Cl W R ( cot [ ZC >R + 1 J -1 ) 

Since V2 < c,~R, equation {A-9) can be written as: 

and substituting (A-15) into (A-16) gives: 

VR = C1t.ùR cot[ z 2 + ~1 
2CI R j 

(A-15) 

(A-16) 

(A-17) 

Equation (A-17) gives the velocity profile for the 

radial component as a function of the vertical distance z, where 

z is positive. When z = 0, i.e. at the centreline, the radial 

velocity is: 

VR = c
1
lJR {z = 0) 

where c1 = 0.614 for k = 1/2 

and for k = 0 
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lntegrating (A-17) between 0 and W/2, and multiplying by 2 and by 

211'R gives the pumping capacity, as shown in the following equa

tion: 

Equation (A-18) can be simplified to the form: 

Q = K ND3 
t2 

where Kt
2 

= f (W/0, k) 

(A-18) 

For W/0 • 1/5, as is the case in most of this work, the pumping 

capacity expression is evaluated and: 

Kt
2 

= 0.946 for k = 1/2 

Kt2 = 1.17 for k = 0 

The angle of flow, B can be found from: 

tan ê = (JR 
VR 

Substituting (A-17) for VR• the fo11owing expression is obtained: 

tan 9 • ~ . ta{2c>R + ~] (A-19) 
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APPEND 1 X 1 1 1 

Direction of Flow with lncreasing Radial Distance 

lt is desired to show that the direction of flow in 

the turbine jet becomes more radial as the radial distance 

increases. Part of this effect results from the decreased tan-

gential velocity near the tank walls because of the presence 

of baffles. However, an important effect is due to the geometry 

of the system. Figure 32 demonstrates this clearly: 

F 1 GURE 3.2. Re 1 at i onsh i p between..d and 8 

1 fa i s the angle of flow at the turbine peri phery, and~ the 

angle of flow at sorne radial distance X, it is evident that 8c!.8 

and in fact, i t can be shown that: 

• .1!1 R • Li 
.s 1 n .L} = X. s 1 n C7 (A -20) 

As the radial distance X increases,L9 decreases and the flow 

becomes more radial in direction . 
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APPENDIX IV 

ReJationship between lntensity of 
Segregation and Pumpinq Capacity 

79 

Suppose two different streams are entering a continuous 

flow stirred tank of volume V. The first stream containing corn

ponant A of concentration a has a flow rate of va; the other 

stream containing no A, has flow rate v0 , and the total flow in 

is F. 

The fraction of particles in the tank having age 

between t and t+dt for a system of ideal residence time distribu-

ti on i s: 

( a ge d i s t r i but i on ) = e-t 18 • d t (A-21) 

where 8 = V/F 

Within the tank there is an internai loop or recirculation having 

a flow rate Q. Of the particles having age between t and t+dt, 

a certain fraction will have passed through the impeller, which 

is given by the following distribution: 

(A-22) 

whe re fi = V /Q 

So the fraction of particles in the tank having age between t 

and t+dt and having passed through the impeller is: 

f ra c t i on = e - t /e . ~1 • e - t 1 e 1 

• d t (A-23) 

If the entire contents of the tank are considered, particles have 
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ages ranging from zero to infinity. The fraction of particles 

in the tank having passed through the impe! 1er is then the sum 

of the fractions at different ages that have passed through the 

impeller, and is given by: 

fraction through 
impe Ile r 

= 

= 

e' +' 
{J 

Q (A·24) 
Q + F 

The fraction of particles in the tank that have not 

passed through the impel 1er is then 1 - Q/(Q + F) = F/(Q + F), 

and since the outlet stream is representative of the contents of 

the tank, the unmixed fraction in the exit stream is F/(Q + F). 

Having obtained the unmixed fraction in the outlet stream, the 

intensity of segregation can be found, by considering the con

centration fluctuations resulting from mixed and unmixed clumps 

or particles in the exit stream. 

If the concentration in the outlet stream is measured 

for a long period of time, and molecular diffusion is neglected, 

the following concentrations wi 11 be noted: 

(i) most clumps wi 11 have an average concentration= a. 
This is the fraction of material in the exit stream 

that is perfectly mixed, representing Q/(Q + F) of the 

total exit stream, and having concentration a= a.va/F. 
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(ii) sorne material wi Il consist of clurnps of pure A, having 

concentration a, and representing a fraction va/(Q + F) 

of the total stream. 

(iii) sorne rnaterial contains no A {zero concentration), and 

this represents fraction v
0

/(Q + F) of the total 

stream. Note that(Vo + Va) = F. 

Grouping clurnps of like concentration together, the situation 

can be described schematical ly in Figure 33 below: 

a -

c 
0 
...., 
10 
1.. ...., 
c 
Q) 
u 
c: 
0 
u 

_g_ 
Q+F 

tirne 

FIGURE 33. Outlet concentration fluctuations 
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Then o-a 2 
i s represent·ed by the ~-sum of the squares, of thê 

cross-hatched aréas: 

J') 

0"'" a 
2 

• i t ( a - i) 
2 

dT 

• ~F (a _ va/y + Q~ (':a;/)
2 
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o-a2 = va .a2 ( 1 - ~) (A-25) 
Q+F F 

Substituting O"'a 2 into Danckwerts' equation for Jntensity of 

segregation yield~: 

o-a2 = _...;;;.__ 

and fi na Il y = 

a( l ~a) 

F 
Q+F 
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APPENO 1 X V. TABLES OF RESULTS 

1. RESULTANT VELOCITY AND ANGLE OF FLOW IN DISCHARGE JET AT TURBINE PERIPHERY 

3'' Turbine in Water {D:W:L = 20:4:5) 

Vertical 200 R. P .M. 300 R. P .M. 400 R. P. M. 500 R.P.M. 600 R. P. M. 
dis tance 

z, in. V in/sec eo V in/sec ao V in/sec eo V in/sec (jO V in/sec t:)o 

0. 30 7.7 61 14.4 67 9.5 65 5.5 60 18. t 66 
0. 25 15. 4 66 22.5 68 25.6 72 21 . 2 58 34.5 71 
0. 20 20.4 64 27.3 66 35.4 70 37.4 62 46.7 69 

,. 

0. 15 25.0 62 38.6 63 44.4 66 52. 1 58 62.3 62 
0. 10 31 .8 56 46.0 58 50.6 60 63.9 54 74.0 56 
0.05 34.5 52 50.0 52 54.6 54 70. 1 50 80.8 50 

0 34.4 51 50.9 50 55.2 5 1 71.4 49 8 2. 1 48 
-0 .os 34.5 51 50.3 52 54. 1 55 69.3 5 1 80.3 so 
-0. 10 31 . 8 57 46.0 56 50.6 60 62.3 52 73.3 55 
-0. 15 28.9 60 38.6 61 45.7 65 51 . 8 57 60.6 61 
-0.20 23.2 64 29.9 64 36.2 69 38.6 60 47.0 67 
-0.25 18. 1 66 24.4 68 26.2 72 22.5 58 34. 1 69 
-0.30 12.2 66 16.4 68 18.9 66 5.5 60 20.4 72 

Q ft~/min 2.81 3.74 3.81 5. 40 5.99 

Kt2 0.892 0. 798 0. 610 0. 692 0.638 

00 
VJ 



e 

2. 

Vertical 
distance, 

z, in. 

0.4 
0.3 
0.2 
0. 1 

0 
-0. 1 
-0.2 
-0.3 
-0.4 

Q ft~/min 

Kt2 

TABLES Of RESULTS (contA~·.-. 

RESULTANT VELOCITY AND ANGLE OF FLOW IN DISCHARGE JET AT TURBINE PERIPHERY 

411 Turbine in Water (D:W:L = 20:4:5) 

100 R.P.M. 150 R. P .M. 200 R. P .M. 250 R. P. M. 300 R. P. M. 

V in/sec 80 V in/sec eo V in/sec $0 V in/sec eo v in/sec eo 

3.9 67 9.5 62 9.5 62 18.9 66 21.2 62 
10.2 61 16.4 67 20.8 66 32.3 67 33.7 66 
14.4 6J 23.8 65 33.2 65 46.7 63 49. 1 65 
21.2 58 31.4 58 45.7 56 56.0 56 61.1 58 
23.2 51 34. 1 52 48.8 51 57.5 52 66.2 53 
21.5 55 31 . 4 54 47.0 55 53.5 60 63.2 58 
16.4 61 25.6 62 37.4 63 45.4 66 50.9 66 
9.5 64 18. 1 66 20.4 68 28.9 69 34.5 68 
3.9 68 9.5 64 JO .9 68 19. 7 69 20.4 68 

2.78 4.20 5.73 7. 15 7.97 

0. 750 0. 756 0.774 0.772 0.714 

e 

<:X> 
..j::'" 



e 

3. 

Vertical 
di stance 

z, in. 

0.5 
0.4 
0.3 
0.2 
0. 1 

0 
-0. 1 

-0.2 
-0.3 
-0.4 
-0.5 

Q ft~/min 

Kt2 

TABLES OF RESULTS (cont.) 

RESULTANT VELOCITY AND ANGLE OF FLOW IN DISCHARGE JET AT TURBINE PERIPHERY 

511 Turbine in Water (D:W:L= 20:4:5) 

100 R. P. M. 

V in/sec 

7.7 
10.9 
17.3 
22.5 
26.8 
28.9 
27.3 
23.8 
18. l 

13.4 
7.7 

5. 67 

0.784 

eo 

62 
69 
63 
59 
53 
49 
53 
60 

62 
68 
62 

150 R.P.M. 

V in/sec eo 

12.2 62 
17.3 63 
27.3 63 
35.8 59 
41 . 9 52 
44.4 48 
42.7 51 
37.0 58 
28.4 63 
18.9 63 
JO. 9 62 

9. 14 

0.842 

200 R. P .M., 

V in/sec eo 

15.4 58 
22.5 60 

37.8 61 
47.0 58 
55.4 5 1 
58. 1 47 
55.4 50 
47.9 58 
35.8 60 
23.2 64 
13.4 58 

12. 31 

0.850 

250 R. P .M. 275 R.P.M. 

V in/sec eo V in/sec 8° 

21.8 57 22.5 59 
31.4 60 34.5 60 

47.0 61 50.9 61 
62.0 57 66.7 59 
70.6 52 77.4 52 
74. 1 48 81.2 48 

71.0 52 78.8 52 
62.0 57 67.8 57 
47.3 61 50.6 62 
28.9 65 32.8 63 
16.4 55 19.7 59 

15.74 17.08 

0.870 0.859 

• 

CP 
V1 
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TABLES OF RESULTS (cont.) 

4. RESULTANT VELOCITY AND ANGLE FLOW IN DISCHARGE JET AT TURBINE PERIPHERY 

611 Turbine in Water (O:W:L = 20:4:5) 

Vertical 50 R. P .M. 100 R.P.M. 1 25 R. P. M. 150 R.P.M. 170 R. P. M, 
distance 

z, in. V in/sec eo V in/sec eo V in/sec eo V in/sec eo V in/sec eo 

0.6 7.7 62 10.9 62 13.4 55 14.4 64 1 7. 3 62 
0.5 10.9 60 14.4 60 18. 1 59 19.7 59 23.8 58 
0.4 14.4 58 19. 7 59 24.4 60 27.8 61 33.2 60 
0.3 18.9 58 25.0 59 31 . 4 59 39.0 61 44.4 58 
0.2 21 .8 56 29.9 55 38.2 56 45.7 55 53.2 54 
0 . 1 23.8 50 33.2 50 41 .6 50 51 . 2 51 58. 1 49 
0 25.6 48 34.5 48 43.0 48 53.8 48 59.8 47 

-0. 1 24.4 50 34. 1 50 41.9 50 52.7 50 58.6 49 
-0.2 21 . 8 56 31.4 55 39.4 54 47.6 54 52.9 54 
-0.3 18. 1 58 25.6 59 32.8 59 40.5 58 44.7 57 
-0.4 15.4 58 21.2 61 26.2 61 29.9 62 34.5 60 
-0.5 10.9 58 15.4 62 18.9 61 21.1 63 23.8 60 
-0.6 7.7 58 10.9 63 14.4 57 15.4 56 1 7 . 3 56 

Q ft~/min 8.06 JO. 96 13.82 16.62 19.30 

Kt 2 
J • 29 0.879 0.884 0.886 0.908 

(X) 

()'\ 



e 

5. 

Ver ti ca 1 
dis tance 

z, in. 

0.4 
0.3 
0.2 
0. 1 

0 
-0. 1 
-0.2 
-0.3 
-0.4 

Q ft~/min 

Kt 
2 

TABLES OF RESULTS (cont.) 

RESULTANT VELOCITY AND ANGLE OF FLOW IN DISCHARGE JET AT TURBINE PERIPHERY 

411 Turbine in Ai r ( D: W: L = 20: 4: 5 ) 

200 R. P. M. 300 R. P .M. 366 R.P.M. 500 R. P .M. 600 R. P .M. 

V in/sec eo V in/sec eo V in/sec eo V in/sec eo V in/sec 60 

1 3. 1 68 21.3 68 22.8 68 28.4 68 35.0 68 
15.6 66 22.8 66 30.9 66 37.9 66 46.0 66 
22.3 65 35.0 65 43.4 65 56.3 65 70.7 65 
35.0 58 51.4 58 7 3. 1 58 91.9 58 109. 1 58 
43.4 53 60.5 5~ 86.2 53 121 . 2 53 144.2 53 
37.9 58 53.3 58 75.6 58 104.2 58 130.4 58 
24.9 66 35.0 66 48.6 66 64.9 66 86.2 66 
16.4 68 22.8 68 30.9 68 ltO. 2 68 53.3 68 
12. 4 68 19.0 68 22.8 68 29.6 68 35.7 68 

4.43 6.38 8.79 11.71 14.42 

0.598 0.574 0. 648 0.632 0.650 

• 

CX> 
""'-~ 
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TABLES OF RESULTS (cont.) 

6. RESULTANT VELOCITY AND ANGLE OF FLOW IN DISCHARGE JET AT TURBINE PERIPHERY 

5 11 T ur b i ne i n A i r ( 0 : W : L = 20 : 4: 5 ) 

Vertical 200 R·. P .M. 300 R. P .M. L,()O R.P.M. 500 R. P .M. 600 R. P .M. 
distance 

z, in. V in/sec eo V in/sec eo V in/sec eo V in/sec eo v in/sec (:9° 

0.5 14.8 59 21.6 59 27.8 59 35.3 59 43.3 59 
0.4 18.6 60 26.0 60 35.3 60 ;6.0 60 54.7 60 
0.3 23.7 61 35.3 61 46.0 61 61.2 61 73.2 61 
0.2 33.8 59 50.7 59 71.9 59 92.9 59 1 1 2. 8 59 
0.1 43.3 52 68.2 52 94.5 52 123.9 52 148.4 52 
0 47.8 48 73.2 48 105.9 48 133.7 48 159.6 48 

-0. 1 44.2 52 68.2 52 97.6 52 125.8 52 150.6 52 
-0.2 35.3 57 56.8 57 75.8 57 100.9 57 l 18. 2 57 
-0.3 25.4 62 37.6 62 53.7 62 65.8 62 79.9 62 
-0.4 18.6 63 26.6 63 36.0 63 47.8 63 56.8 63 
-0.5 14.4 59 20. 1 59 27.2 59 35.3 59 42.5 59 

Q ft~/min 9.34 14. 2 1 19.81 25.60 30.63 

Kt2 0.646 0.654 0. 684 0.708 0. 706 

00 
00 
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TABLES OF RESULTS (cont.) 

7. RESULTANT VELOCITY AND ANGLE OF FLOW IN DISCHARGE JET AT TURBINE PERIPHERY 

611 Turbine in Ai r ( D: W: L = 20: 4:5} 

Vertical 100 R. P. M. 200 R. P .M. 300 R. P .M. 500 R.P.M. 60q R. P .M. 
distance 

z, in. V in/sec eo V in/sec eo V in/sec eo V in/sec (:;0 V in/sec eo 

0.6 1 1 . 8 62 21.5 62 28.9 62 45 .9 62 53.5 62 
0.5 1 4. 5 60 25.6 60 33.0 60 53.5 60 63. 1 60 
0.4 16.0 59 30.0 59 39.8 59 64. 1 59 77.4 59 
0.3 21 . 3 59 38.4 59 54.4 59 90.0 59 108.5 59 
0.2 25.5 55 50.0 55 71.6 55 123 .o 55 140.7 55 
0. 1 30.9 50 61.1 50 83.5 50 148.2 50 172.8 50 
0 34.3 48 65.2 48 90.0 48 160.2 48 186.2 48 

-0. J 32.9 50 61 . 1 50 83.5 50 15 2. 1 50 177.2 50 
-0.2 27.8 55 5 l . 7 55 71 . 6 55 129.8 55 150.3 55 
-0.3 23.9 59 41.2 59 56.3 59 10 1 . 1 59 l 16. 4 59 
-0.4 J 8. 1 61 3 1. 2 61 41.2 61 68.3 61 83.5 61 
-0.5 1 4. 1 62 25.6 62 33.0 62 56.3 62 66.2 62 
-0.6 Il . 8 63 21 . 3 63 28.9 63 46.7 63 53.5 63 

Q ft~/min JO .09 23.21 25.70 44.79 52.36 

Kt2 0.808 0.928 0.686 0.716 0. 698 
00 
\.0 
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TABLES OF RESULTS {cont.) 

8. RESULTANT VELOCI TY AND ANGLE OF FLOW 1 N Dl SCHARGE JET OF TURBINES 

AT DIFFERENT RADIAL DISTANCES 

( 411 Turbine in Wa ter at 280 R. P. M. ) 

Vertical R* = 2'' R = 2.5" R = 3" R = 4" R = 5" 
dis tance 

z, in . V in/sec so V in/sec ao V in/sec eo V in/sec eo V in/sec eo 

0.4 14.4 64 5.5 71 14.4 54 16.4 34 15.4 30 
0.3 33.2 65 19.7 62 21 . 8 46 21 . 8 30 19. 7 26 
0.2 49. 1 62 35.0 54 28.4 44 23.8 30 19. 7 26 
0. 1 61.5 54 43.3 48 34. l 40 26.2 29 19.7 26 

0 65.8 50 46.7 44 38.2 38 27.3 28 19.7 26 
-0. 1 60.6 56 44.7 47 35.8 38 26.8 28 19. 7 26 
-0.2 49.4 63 36.2 52 29.9 42 25.6 28 19.7 26 
-0.3 32.8 68 21.8 60 20.4 46 22.5 28 19.7 26 
-0.4 18. 1 68 9.5 71 15.4 50 18.9 32 17.3 30 

Q ft~/min 8.32 8.64 JO. 84 14.61 15 .06 

*R = Radial distance from centre 

• 

\.0 
0 
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TABLES OF RESULTS (cont.) 

9. RESULTANT VELOCITY AND ANGLE OF FLOW IN DISCHARGE JET FOR TURBINES 
OF DIFFERENT BLADE WIDTHS 

(4'' Turbine in Water at 100 R.P.M.) 

Ver ti ca J w = 1.611 w = 1 . 4'' w = 1 • t' W = 1 . O" W* = 0. 6" 
distance 

z, in. v in/sec $ 0 V in 1 sec eo V in/sec (:)0 V in/sec (Jo V in/sec 90 

0.8 0 
t 

0.7 0 - 0 
0.6 0 - 0 - 0 
0.5 0 - 0 - 0 - 0 
0.4 6.7 40 7.7 50 5.5 38 0 
0.3 16.4 40 16.4 36 12.2 38 9.5 62 JO. 9 72 
0.2 22.5 44 19.7 42 18.9 39 16.4 56 16.4 62 
0. 1 23.8 45 22.5 41 23.2 40 21.2 52 20.4 54 

0 24.4 45 23.2 40 23.8 39 21 . 8 49 21 . 8 50 
-0. 1 24.4 45 21.8 42 23.8 40 21.8 52 21.1 53 
-0.2 22.5 44 19.7 42 20.4 40 1 7 . 3 56 16.4 62 
-0.3 18. 1 40 15. 4 36 12. 2 38 10.9 62 10.9 72 
-0.4 6.7 40 5.5 50 5.5 38 0 
-0 .5 0 - 0 - 0 - 0 
-0.6 0 - 0 - 0 
-0.7 0 - 0 
-0.8 0 

Q ft~/min 5.38 5.22 4.99 3.09 2.57 

*W = 0.8" given in Table 2 \.!) 
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TABLES OF RESULTS (cont.) 

l 0. RESULTANT VELOCITY AND ANGLE OF FLOW IN DISCHARGE JET FOR TURBINES 
OF DIFFERENT BLADE WIDTHS 

(4 11 Turbine in Water at 200 R.P.M.) 

Vertical w = 1. 611 w = 1 . 411 w = 1 . 211 W=I.O" W* = 0. 6" 
distance 

z, in. v in/sec 8° V in/sec eo V in/sec eo V in/sec ao V in/sec 90 

0.8 0 
0.7 0 - 0 
0.6 0 - 0 - 0 
0.5 0 - 0 - 0 - 5.5 72 
0.4 23.8 34 12. 2 32 JO. 9 45 12.2 64 
0.3 33.2 ~ 30.9 36 27.3 40 23.2 56 18. 1 70 
0.2 LfO. 9 44 42.3 39 41.2 LfO 35.8 56 27.8 64 
0. 1 42.7 44 45.4 ~ 46.0 41 43.0 51 38.6 56 

0 44.4 44 45.4 LfO 46.7 38 45.7 46 40.9 51 
-0. 1 43.0 44 45.4 LfO 46.3 LfO 44.4 5 J 39.4 56 
-0.2 LfO .9 44 43.0 39 41 . 2 41 36.6 56 29.4 64 
-0.3 36.2 LfO 30.9 36 27.8 40 23.2 56 18. 1 70 
-0.4 17.3 34 10.9 30 JO .9 44 13.4 63 
-0.5 0 - 0 - 0 - 5.5 72 
-0.6 0 - 0 - 0 
-0.7 0 - 0 
-0.8 0 

-
Q ft~/min 10.56 JO. 61 10.00 7. 25 4.44 

*W = 0.8 11 given in Table 2 
\,.0 

N 
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TABLES OF RESULTS (cont.) 

Il. AXIAL VELOCITIES AND YAW* ANGLES 

(8 11 Propeller in Water) 

Radial 200 R. P .M. 250 R.P.M. Radial 300 R.P.M. 
Distance v Yaw 0 v Yaw 0 Distance 

v . 1 Yaw 0 

from Centre axial axia 1 from Centre ax1a 
r i nches in/sec in/sec r i nches in/sec 

4.0 9. 1 47 1 2. 2 42 4.0 12.5 46 
3.8 11.8 44 13.6 42 3.9 13.9 45 
3.6 13.9 l.tO 15.3 42 3.7 15.2 42 
3.4 17.0 34 19.5 36 3.5 19. 2 38 
3.2 18.9 33 20.8 34 3.3 23.6 34 
3.0 21.4 29 25.0 30 3. 1 29.7 28 
2.8 22.4 29 26.2 29 2.9 30.9 28 
2.6 23.4 29 27.8 29 2.7 32.0 30 
2.4 24.4 29 29. 1 29 2.5 35. 1 28 
2.2 24.8 29 28.5 28 2.3 34.5 28 
2.0 24.8 29 28.2 28 2. 1 34.4 27 
1.5 21.9 29 26.9 28 1 . 9 34.0 27 
1.0 23.5 30 24.5 30 1.7 33.8 28 
0.5 20. 1 30 19.9 32 1.5 33.4 28 
0 0 - 0 - 1 .0 24. 1 30 

0.5 20.7 32 
0 0 

Q ft~/min 34.26 39.40 46. 14 

Kp 0.58 0.53 0.52 
\.0 

*where yaw angle is the inclination from the vertical in the plane perpendicular to the w 

radius 
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TABLES OF RESULTS (cont.) 

12. AXIAL VELOCITY AND YAW* ANGLES 

(8'' Propel 1er in Air) 

-
Radia 1 200 R. P .M. 300 R. P .M. 

Dis tance v Yaw 0 v Yaw 0 
from Centre axial axi a 1 

r i nches in/sec in/sec 

4.0 16.7 47 16.7 46 
3.8 18.9 44 24. 1 45 
3.6 18.9 40 25.2 42 
3.4 18.9 34 26.4 38 
3.2 18.9 33 27.0 34 
3.0 21.4 29 30.2 28 
2.8 21.4 29 30 9 28 
2.6 21.4 29 30.9 30 
2.4 21.4 29 31.5 28 
2.2 18.9 29 28.9 28 
2.0 16.7 29 27.0 27 
1.5 14.7 29 23.0 28 
1 . 0 12.8 30 18.9 28 
0.5 10.2 30 24. 1 32 

0 0 - 0 

Q ft~/min 31 .82 45.65 

Kp 0.54 0.51 

*where yaw angle is the inclination from the 
vertical in the plane perpendicular to 

\0 the radius -1:'" 
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TABLES OF RESULTS (cont.) 

13. MATERIAL BALANCE 

( 411 Turbine in Wa ter at 300 R. P. M. ) 

Horizontal Traverse Vertical Traverse 

Radial 
v . 1 Pi teh* Ver ti ca 1 v resultant Dis tance ax1a Angle Di stance from Centre 

r inches in/sec 0 z, in in/sec 

2.0 10.9 0 0.4 21. 1 
1.8 12.2 0 0.3 33.7 
1 . 6 12.2 0 0.2 49.1 
1.4 12.7 20 0. 1 61.1 
l . 2 1 z. 1 28 0 66.2 
1 . 0 9.0 37 -0. l 63.2 
0.8 8. 1 33 -0. 2 50.9 
0.6 9.0 18 -0.3 34.5 
0.4 9.0 18 -0.4 20.4 
0.2 9.0 18 

0 û 

Q ft~/min 8. 50 7.97 

a 
0 

62 
66 
65 
58 
53 
58 
66 
68 
68 

*Pitch angle is the inclination from the vertical 
The yaw angle was found to be negligible. 

in the (r,z) plane. 

• 
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TABLES OF RESULTS (cont.) 

1 4. MATER 1 Al BALANCE 
(9" Turbine in Air at 420 R.P.M.) 

Horizontal Traverse Vertical Traverse 
Radia 1 v Ver ti ca 1 vresu1tant eo 

Distance axial* 0 i stance 
from Centre 

r inch in/sec z in in/sec 

4.5 38.5 0.9 62. 1 62 

4.3 40.8 0.8 80. 1 60 
4. 1 lfO. 8 0.7 9 1 . 1 58 

3.9 40.8 0.6 123.7 58 

3.7 40.8 0.5 153.4 58 
3.5 40.0 0.4 '176.0 56 
3.3 40 .o 0.3 198.3 54 
3. 1 39.3 0,2 219.9 52 

2.9 36.3 0. 1 228.4 48 

2.7 34.2 0 231.3 47 
2.5 32.8 -0. 1 219.9 48 
2.3 27.8 -0.2 206.2 52 
2. 1 26.6 -0.3 180.8 54 

1 . 9 23.4 -0.4 t 57.7 56 

1.7 22.3 -0.5 1 31 . 2 58 
1.5 20.4 -0.6 JO 1 . 7 58 
1.0 16.9 -0.7 80.' 58 

0.5 14.9 -0.8 73.7 60 

0 14.9 -0.9 62. J 62 

Q ft~/mi n 153 .o 156 .o 
I.D 

*Velocity measurements were made sufficiently far from the 0' 

turbine ( l") that yaw and pitch angles were negligible 


