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An experimental study was performed to investigate the effect of

flow channel geometry on fully developed turbulent flow in "clean" rod

bundle flow channels. This information was sought to obtain a better

understanding of crossflow mixing between rod bundle subchannels. The

experiments were performed in water with a Reynolds number range from

50,000 to 200,000. The experimental flow models considered pitch-to-

diameter ratios of 125 and 1.125. Axial components of velocity, turbu-

lence intensity and Eulerian autocorrelation function were the primary

measurements. The autocorrelation function provided an indication of

the dominant frequency of turbulence and an estimate of the longitudinal

macroscale by using Taylor's hypothesis. A limited amount of lateral

component turbulence intensity data was also obtained.

The experimental results show that rod gap spacing (pitch-to-

diameter ratio) is the most significant geometric parameter affecting

the flow structure. Decreasing the rod gap spacing increased the

turbulence intensity, longitudinal macroscale, and the dominant



frequency of turbulence. These turbulence parameters were found to be

rather insensitive to Reynolds number. The turbulence parameters within

a rod gap were found to be insensitive to the shape of adjacent sub-

channels and only slightly affected by the amount of lateral freedom

allowed by the various size flow models.

The results indicate that macroscopic flow processes exist adjacent

to the rod gap. This includes secondary flows and increased scale and

frequency of flow pulsations when the rod gap spacing is reduced. When

interpreted in terms of crossflow mixing, the results are consistent

with present crossflow mixing correlations.
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MEASUREMENT OF TURBULENT VELOCITY, INTENSITY

AND SCALE IN ROD BUNDLE FLOW CHANNELS

1.0 INTRODUCTION

The subchannel analysis method (48) has become an important tool

for predicting the thermal hydraulic performance of rod bundle nuclear

fuel elements. This "lumped-parameter" method considers a rod bundle

to be a continuously interconnected set of parallel flow subchannels

such as those shown in Figure 1.1. The subchannels are assumed to con-

tain one-dimensional flow and are coupled to each other by crossflow

mixing. For single-phase flow, turbulent crossflow mixing is dominant

and is usually assumed to be an eddy diffusion process. By applying

the conservation equations of mass, energy, and momentum to the inter-

connected flow channels, a set of coupled differential equations can

be derived to describe the mass and thermal transport in the rod bundle.

The resulting set of equations are usually solved by using a digital

computer (8,55,56).

One of the important empirical inputs to the subchannel analysis

method is the turbulent crossflow mixing. This is usually defined by

experiment because a definitive correlating equation for crossflow

mixing has not been developed. While several correlations

exist (15,22,29,45,47,48,52,53) none have been proven to apply generally

to all rod bundle geometries. The primary difficulty seems to be their

inability to include geometric parameter effects on crossflow mixing.
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This involves parameters such as rod gap spacing, subchannel shape and

subchannel size. The development of a universal correlation, if there

is one, is hampered by the incomplete description of turbulent trans-

port processes in rod bundles and how it is affected by the bundle

geometry. Flow processes from simple channels such as round tubes are

often extrapolated to rod bundles with only partial success (47,48).

There is a definite need to obtain a more fundamental understanding of

the turbulent flow structure in bundles so that an improved under-

standing of crossflow mixing processes can be developed.

The objective of this work is to investigate experimentally the

turbulent flow behavior in rod bundle subchannels and in particular

those turbulence parameters of interest to the crossflow mixing process.

As shown in the subsequent discussion those parameters are the inten-

sity and scale of turbulence.

FUEL ROD

SUBCHANNEL

Figure 1.1. Method of subchannel selection.
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2.0 THEORETICAL ASPECTS AND LITERATURE SURVEY

The following sections review two topics related to the objectives

of this research. The first is a discussion of turbulent flow pro-

cesses and those parameters of interest to the description of crossflow

mixing processes in rod bundles. The second section presents a review

of recent literature concerned with natural mixing in bundles and sum-

marizes the present thinking concerning the turbulent crossflow mixing

processes in bundles.

2.1 TURBULENT TRANSPORT PROCESSES

Two-dimensional scalar transport in the absence of sources or

sinks can be described (23, p.25) by the equation

Bru--+ 1= B BF

Bx By
(Dy .-) + (Dy (2.1)

where F is the scalar quantity being transported and Dy is the molecular

diffusion coefficient. Instantaneous values of u, v, and F can be

defined in terms of the time averages and fluctuating components

By substituting these definitions into Equation (2.1) and performing

a time average gives

+ = - (Dy - - u'y) + (Dy - v' y) (2.5)

F = T +y (2.2)

U = + U' (2.3)

V = + v'. (2.4)
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This is identical to Equation (2.1) except for the added transport

terms. Thus, the distribution of F by the mean motion is affected not

only by the molecular diffusion but also by the turbulent convective

motions defined by the double correlations u' y and v' y.

Now consider the distribution of the scalar in the x direction,

under conditions of = 0 and without axial mixing. Under these condi-

tions Equation (2.5) becomes

- F
u = [(Dy + ) (2.6)

where the eddy transport coefficient has been introduced by assum-

ing that can be approximated by a gradient diffusion term. This is

the form of the scalar transport equation often used as the basis for

formulating lumped parameter crossflow mixing coefficients for the sub-

channel analysis method. The quantity in brackets represents the flux

of transported scalar F. In this example and for further discussion,

is assumed to be a scalar quantity; however, in general it could be

a tensor of the second order. At the present time Equation (2.5) can-

not be effectively applied to the analysis of turbulent transport pro-

cesses because of the incomplete description of

Eddy diffusion coefficients have classically been defined in terms

Lagrangian turbulence parameters (23,p.42). Unfortunately it is diffi-

cult to measure the Lagrangian turbulence parameters since the measure-

ments must be referred to a moving coordinate system following the

fluid motion. There are, however, analogous Eulerian turbulence

parameters (23,49) that can be measured in a fixed coordinate system.
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While exact relationship between these two types of parameters do not

presently exist, the measurement of Eulerian parameters can provide

considerable insight into the turbulent flow processes. Eddy diffusion

coefficients can also be represented in terms of classical mixing

length theory (23, p.277,63). While mixing length theory has its

limitations, it provides a "physical feel" for the mixing process.

The following sections discuss these topics in more detail and discuss

some recent work concerning new models for turbulence.

2.1.1 Diffusion by Lagrangian Turbulence Parameters

An estimate of the eddy diffusion coefficient can be made in terms

of Lagrangian turbulence parameters by following Taylor's (61)treatment

of turbulent diffusion by marked particles as reported by

Hinze (23, p.45). The distance traveled in the y direction by a par-

ticle in homogeneous turbulence during time t can be expressed as

Pt

y(t0+t)
-J

v(t0+t') dt' (2.7)

where v is the Lagrangian velocity and to is the starting time. By

assuming that the flow field is homogeneous and by averaging with

respect to a large number of particles with different starting times

the variance of y is

y2(t) = f y2(t0+t) dt0. (2.8)

By substituting Equation (2.7) Equation (2.8) can be eventually written

as

i.t pt

y2(t) = 2 v'2J
J

RL(T) dT dt' (2.9)



where the Lagrangian correlation function is defined by

RL(T) = v(t)v(t+T)

Equation (2.9) can be integrated partially to give

y2(t) = 2 v'2 (t-T) RL(T) dT.

.10

or

y2(t)

2t

= v'AL

6

(2.10)

(2.11)

(2.14)

(2.15)

For short times RL(T) 1
andy2(t) v't, thus diffusion proceeds

proportionally with time. For long time RL(-r) + o as T . Under

these conditions Equation (2.11) becomes

y(t) 2 v'2TLt (2.12)

where the Lagrangian macrotime scale is defined by

TL RL(T) dT. (2.13)

This is usually considered to be a measure of the longest time during

which, on the average, a particle's motion persists in a given direc-

tion,. For long diffusion times it is customary to define an eddy

diffusion coefficient in analogy to diffusion of particles in a

gas (23, p.48). The turbulent eddy diffusion coefficient is therefore

defined as



where the space macroscale is defined as

AL = ' (2.16)

The product1 of the Lagrangian fluctuating velocity and space macro-

scale defines the eddy diffusion coefficient.

Unfortunately, the Lagrangian parameters v'
TL

and AL are diffi-

cult to measure since they must be determined with respect to a moving

flow field. They are usually inferred from turbulent diffusion experi-

ments (1). It is natural to seek a relationship between these

Lagrangian parameters and similar Eulerian parameters since the latter

are measured with respect to a fixed coordinate system. Unfortunately

a relationship between the two representations has not been found.

Only by making rather gross simplifications and assumptions can some

approximate relations be obtained.

2.1.2 Eulerian Turbulence Parameters

The longitudinal Eulerian spatial correlation coefficient is

defined (23, p.37) by

u' (x0)u' (x0+x)

f(x)

U

and the corresponding macroscale is defined as

Af

=5
f(x) dx

7

(2.17)

(2.18)

'It is worth noting that the introduction of a mixing promotor for the

purpose of increasing the overall rate of mixing may not always serve

this purpose. Such a mixing promotor must not be too fine, because

the reduction in the coefficient of eddy diffusion by the decrease in

the scale is often greater than the increase in value caused by the

augmented intensity of turbulence.



where Af is usually taken to be the longest connection distance

between eddies. This could also be taken as the size of the largest

eddies. Similar relationships exist for macroscales in other compo-

nent directions.

It is also possible to define an Eulerian time correlation

(23, p.39) as

u'(t) u'(t-T)
RE(T)= T2

The macro time scale is defined as

TE RE(T) dT.

A convenient, but approximate, relationship exists between the

longitudinal space and Eulerian time correlations (23, p.41). If the

flow field is homogeneous, and if it has a constant mean velocity ü

in the x direction and if u' << then

f(x) = RE(T)

where

lx - x°l = jt - t°l
(2.21)

In other words, the space and time Eulerian correlations are equivalent

and the macro scales can then be related by

A = TE
(2.22)

8

(2.19)

(2.20)



9

This approximation, called "Taylor's hypothesis", greatly

simplifies measuring procedures since RE(T) can be easily measured by

using a signal correlator with a single input velocity signal. To dis-

tinguish between the true macroscale Af the symbol A is used throughout

the remainder of the discussion to denote the product GTE.

2.1.3 Relationships Between Lagranqian and Eulerian Parameters

It would be very helpful to have a relationship between Eulerian

and Lagrangian turbulence parameters. This would allow data from

Eulerian experiments to be transferred to a Lagrangian description of

the flow. Unfortunately not much is known (23, p.52) about relation-

ships to define the Eulerian equivalents for v' , TL and AL. The

situation for v' is not too bad for homogeneous turbulence where the

value of v' could be set equal to the lateral component of turbulence

velocity (23, p.49). In nonhomogeneous turbulence this would not be

true but v' could be expected to be of the same order as u'

Relationships between AL and Af are believed to exist; however,

even for isotropic turbulence, such relationships apparently have not

been found theoretically. According to Hinze (23, p.323), experi-

mental evidence has shown that, at least at large Reynolds numbers,

the overall shapes of the Langrangian correlation coefficient RL(T)

and the longitudinal spatial correlation coefficient f(r) can be

approximated by the exponential functions exp(_T/TL) and exp(-r/Af)

respectively. Thus, these correlations have the same functional

form. If this is assumed true, then the Lagrangian and Eulerian



RE(6,0) = exp (-6/LE)

RE(O,T) = exp (--rITE),

The Lagrangian correlation can be written as

1 0.8
RL(T) = exp [- (

+ LE
)

T]
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integral scales must be proportional. Experiments referred to by

Hinze (23, p.324) have shown that Af/AL ranges from about 0.5 up to

about 0.8 for grid produced isotropic turbulence and in the case of

pipe flow.

Baldwin and Walsh (1) discuss a relationship between what is called

the Eulerian space-time correlation RE(x,T) and RL(T) where x = T. In

this case RL(T) represents the decay of the peak values of RE(x,T) as

x proceeds at the fluid velocity.

The Russian literature (2-7,27-28,59,60) contains some interest-

ing work relating Lagrangian and Eulerian scales for temperature fluc-

tuations by using space-time correlations. Bobkov, et al. (7), write

the Lagrangian correlation for temperature fluctuations as

RL(T) = RE(6,T) (2.23)

where 6 and T are related by

6 = 0.8 V'T (2.24)

By assuming

RE(6,T) = RE(6,O) RE(O,T) (2.25)

and

(2.28)

(2.26)

(2.27)



and the Lagrangian time macroscale is

where TE is the time macroscale obtained from an autocorrelation func-

tion and LE is the transverse space macroscale. This can be rearranged

to give

TL

TE- LE

T
L_ 1

TE 0.8 v'TE

+ LE
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(2.29)

(2.30)

Equation (2.30) has been found to apply to the central part of a tube

for Reynolds numbers up to 216,000. The values of TL/TE are weakly

dependent upon Reynolds number and have values on the order of 0.8.

Bobkov, et al. (5), extend the basic ideas given above to define

eddy diffusion in noncircular channels.

2.1.4 Classical Mixing Length Theory

Mixing length theory has been used rather extensively in the past

to model the transport properties of a turbulent flow. Even with the

known deficiencies of mixing length theory, it provides a valuable

physical description of turbulence transport processes. Consider the

classical mixing length theory for scalar transport presented by

Welty, et al. (63, p.323). Assume that a packet of fluid retains its

mean value while moving a distance L normal to the flow from its

point of origin. Upon reaching its destination, the packet will differ



from its surroundings by an amount
y±L

- By assuming the

mixing length is small this difference may be expressed by the

approximation

=+
y±L y -

Now let the instantaneous scalar be written as

r =

or

Br

- By

The cross product term can be written as

v'i = v'L (2.34)

By
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(2.31)

(2.32)

Since the fluctuating quantity -' is responsible for the scalar transfer

in Equation (2.31),

(2 . 33)

=VT (2.35)

From Equation (2.35) the product [ is recognized as the eddy diffu-

sion coefficient. The product of intensity and scale is the same result

as obtained from Taylor's diffusion by continuous movements where L

would be equivalent to the Lagrangian macroscale. The advantage of the

mixing length representation is that L physically represents the

lateral distance traveled by the fluid packet moving at velocity v'.

This distance is determined by the turbulence scale and more specifi-

cally by the lateral macroscale. It could be expected that this scale
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would also be of the same order but probably smaller than the size

of longitudinal eddies in the turbulent core away from the wall.

2.1.5 Recent Developments in Turbulence Models

With the increased use of high speed digital computers for solving

the transport equations, there has been considerable effort devoted to

the formulation of turbulence models. Ng and Spalding (40) present a

brief review of turbulence models where they show a progression of

model developments that started with Kolmogoroff (34) who characterized

the local properties of turbulence by formulating a partial differential

equation for the energy of the fluctuating motion and the average fre-

quency of this motion. Prandtl (43,44) proposed a somewhat simpler

model where only the differential equation for the turbulence energy

was solved while deducing the local average length scale from an

empirically derived algebraic relation. Rotta (49) proposed obtaining

a length scale from a differential equation while also using a differen-

tial equation to obtain the turbulent shear stress. Several other

models are mentioned that consider variations on the above methods.

Ng and Spalding's (40) approach to turbulence modeling is to consider

the eddy viscosity to be the product of two characteristic local quanti-

ties of turbulence, namely, the product of the turbulence kinetic energy,

defined as k' = 1/2 (u'2 + v'2 + w'2), and an integral scale of turbu-

lence. They develop two differential equations - one for the product

and another for the kinetic energy of turbulence only. Their computa-

tions for the configurations of a flat-plate boundary-layer, pipe-flow,
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flow in a plane-walled channel and a plane wall-jet compare quite well

with experimental data. The important point brought out by their

approach is that both scale and turbulence energy are fundamental

parameters necessary for the understanding of turbulent flows. These

quantities can also be defined in terms of equations that describe

their generation, transport and dissipation.

2.2 TURBULENT FLOW IN ROD BUNDLES

The previous section has shown that eddy diffusion and therefore

crossflow mixing is closely related to the turbulence intensity and

scale. Unfortunately not much is known about the details of these

parameters in rod bundles. What is known has been inferred from cross-

flow mixing experiments and from studies of turbulent flow in simple

ducts. Only very recently have there been any data concerning turbu-

lence in rod bundles.

2.2.1 Crossflow Mixing

Turbulent crossflow mixing is very important to the thermal-

hydraulic performance of rod bundles as it provides an important

mechanism to equalize temperatures throughout the bundle. Crossflow

mixing is measured experimentally and then correlated by using

appropriate dimensionless parameters. Although these semiempirical

correlations are usually quite accurate for a particular experimental

configuration, no definitive general correlation has been developed

for crossflow mixing in spite of the many recent publications on

the subject (48).
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The subchannel analysis method is used to incorporate the effects

of crossflow mixing into the analysis of rod bundles. The mixing

between subchannels is usually assumed to be of the eddy diffusion type

as defined by Equation (2.6) where the scalar transport per unit length

can be written in terms of the difference equation

PSE = pSE
LJ

(2.36)

and the turbulent crossflow mixing per unit length is defined as

I pSE (2.37)

Dividing Equation (2.37) by GD gives

w'_f\fs 238
GD UD) Ay

This dimensionless equation gives the mixing parameter w'/GD in terms

of the inverse turbulent Peclet (E/UD) number and a geometric ratio

parameter (s/ay). The group w'/GD has been called the mixing Stanton

number based on hydraulic diameter. Many correlations use gap spacing

for this dimension which gives the equivalent form

(2.39)

An early assumption (48,56) regarding crossflow mixing was that

the right side of Equation (2.39) was nearly constant or weakly depen-

dent upon Reynolds number with the implication that w' was proportional

to gap spacing. While the form was valid for a single experiment, it

was not found to be valid for different rod gap spacings. Experiments
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in water by Rowe and Angle (50-52) showed that mixing between two

parallel subchannels was about the same for a gap spacing of

0.020 inches and 0.085 inches for 0.563 inch diameter rods. Thus

experimental observation contradicted the assumption that mixing was

proportional to gap spacing. The authors concluded (52, p.36) that

"some phenomena in addition to eddy diffusion is responsible for the

weak influence of spacing on subchannel mixing rates". These experi-

ments also showed that mixing was less between square-square subchan-

nels as compared to square-triangular subchannels. This observation

supported the concept of eddy diffusion because reduced mixing would

be expected if the diffusion length was longer.

At about the same time Rapier (45) independently arrived at

similar experimental results for mixing through a single gap and

multiple gaps. For a rounded gap entrance as in a rod bundle he

did not find a detectable reduction of mixing with reduction of gap

size. For experiments with sharp edge (slit orifice) gap he found

only a factor of 2 reduction in mixing for a factor of 8 reduction

in gap width.

In 1968 Rogers and Todreas (48) presented a comprehensive review

of crossflow mixing in rod bundles. Their paper summarized the results

of many prior studies and put the various proposed mixing correlations

on a common basis by using consistent terminology and nomenclature. A

portion of their paper was devoted to the effect of gap spacing on

mixing in rod bundles. The correlation forms available at that time

generally considered eddy diffusivity to be expressed in the form
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using Rogers and Todreas notation.
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:H: ReV (2.40)

from which it is seen that

(2.41)

Since the friction factor was weakly dependent upon Reynolds number,

so was the inverse turbulent Peclet number. The correlations also

dealt with a geometry factor2 D/Ay in several different ways. The

result of the more successful correlations was that Ay changed about

as fast as the gap spacing thus giving a mixing rate that was weakly

dependent upon gap spacing. No correlation was considered to be

definitive for all rod bundle configurations.

Since the paper of Rogers and Todreas, several additional experi-

ments have been performed and correlations prepared. Skinner,

et al. (58) investigated gas mixing in a 7-rod bundle. Although they

did not vary gap spacing, they found (58, p.272) "the rate of transfer

of nitrous oxide through the gap is greater than can be accounted for

by turbulent diffusion alone." Away from the gap Skinner found that

(58, p.272) "the behavior could be explained by turbulent diffusion

using an acceptable value of eddy diffusivity. The higher rate of

diffusion in the gap region is attributed to a secondary flow."

Gaibraith (14) performed a mixing experiment where he varied

gap spacings over a range from 0.011 to 0.220 inches for 1 inch diameter
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rods. He found a significant reduction in mixing at the 0.011 spacing;

however, at spacings of 0.028 and above, mixing increased only modestly

with increased gap spacing. At a Reynolds number of 30,000 mixing

increased by 60% for a nearly 8 fold increase in gap spacing.

There has been some attempt to obtain a better mixing correlation

based upon the emerging physical description of the mixing process.

Rowe (54) used the observations from his experiments to formulate a

correlation of the form

W_ E f* S

GD. UD L\y Ay*

where the ratio Ay*/Ay is the centroid (diffusion) length ratio

(1.0 for square-square; 0.79 for square-triangular) and s*/ty* is ratio

of the effective gap spacing to the centroid distance. The value of s

can be larger than s which is also the assumption made by Rapier (45).

Rowe and Angle found that (52, p.35) "eddy diffusion could explain the

effect of subchannel shape, but it could not explain their weak gap

spacing effect". This is the basis of the (Ay/y*) term. They also

postulated the existence of macroscopic transverse flow fluctuations

which would augment eddy diffusion near the gap. They assumed a mixing

mechanism where the eddy diffusion in the subchannel was controlling

and the gap was relatively nonrestrictive because of the assumed macro-

scopic flow processes. By using Equation (2.42) all of their previous

mixing data for three independent experiments can be correlated well

by using a single value for (s*/Ay*) and dUD Re° No other data

are considered for this correlation.

(2.42)



Ingesson (29,30) and his coworkers formulated a mixing correla-

tion based upon their work and much of the available mixing data includ-

ing the recent data of Gaibraith (14,15), Hetsroni (22), and Van der Ross

and Bogaardt (62). The form of Ingesson's correlation is

w'_fE\fs
V

GD - UD) Ay
(2.43)

where V is a correction factor, Ay is the centroid distance, s is the

gap spacing and

19

(2.44)

The correction factor V corrects for the assumed eddy diffusivity

correlation and the ratio of the centroid distance to some diffusion

length. His correlating variable V - oo as p/d - 1 and decays rapidly

as p/d increases. The combination of s Y/y therefore results in a

mixing rate that is at most modestly affected by gap spacing and

channel geometry.

Rogers and Rosehardt (47) recently evaluated their earlier mixing

correlations in light of the previously described data. They found it

necessary to use two equations to correlate the available data. One

is for bundle geometries and the other for simple geometries. In

either case their correlation contains the features described previously

for Ingesson's correlation. The mixing rate is rather insensitive to

the gap spacing but depends upon the shape of the channel in a way

related to the centroid-to-centroid distance.
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Rogers and Rosehardt (47) also make some inferences regarding

structure of turbulence in the gap regions of fuel bundle. By defining

eddy diffusivity as E = V'AL and by using their correlation, they con-

clude that the ratio of AL/s is only a function of gap spacing and sub-

channel equivalent diameter. For s/d above 0.1, AL is essentially

proportional to the gap spacing. Their reasoning is based upon the

assumption that the gap region controls the mixing between channels.

This is somewhat contradictory to the features of their correlation.

If centroid-to-.centrojd distance is an important parameter and gap

spacing is not, it would seem to indicate that diffusion through the

gap is not controlling.

Although the recent and more accurate correlations for crossflow

mixing show a weak dependence of mixing rate with gap spacing, a

satisfactory explanation of this phenomena has not been demonstrated by

experimental data. This is due to the lack of understanding of the

turbulence structure in rod bundles.

2.2.2 Rod Bundle Turbulence

The presently incomplete understanding of turbulent flow and cross-

flow mixing in bundles is largely due to the lack of experimental mea-

surements of turbulence in rod bundles. Most of what is known has been

inferred through analysis of measured velocity distributions and mixing

experiments of the type previously discussed.

One of the earliest analyses of turbulent flow through rod bundles

was performed by Diessler and Taylor (11). They applied expressions

for eddy diffusivity of momentum, which were verified in tubes, to
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calculate velocity profiles normal to a wall. One of their primary

assumptions was to neglect circumferential eddy diffusion. With this

assumption the analysis was limited to channels with slowly varying

shape. Calculations based on this method deviated considerably from

experimental data in channels of rapidly varying shape. Wall shear

stress was overpredicted because of the smoothing effect of large

circumferential turbulence is neglected.

Ibragimov, et al. (26), proposed a procedure similar to that of

Diessler and Taylor for calculating wall shear stress and velocity pro-

files in complex channels; however, they considered two momentum terms

in a manner similar to that reported by Hinze (23, p.288). The first

was a gradient transfer of momentum due to molecular friction and

small-scale turbulent eddies. The second was a convective transfer of

momentum due to 1argescaie motion of eddies. The turbulent transverse

shear was given by

p u'v' = (D + c)
U

+ (2.45)

where V is the pulsation velocity of large eddies in the y direction.

These authors state that (26, p.733) "These two forms of momentum

transfer differ considerably. Whereas the gradient transfer is deter-

mined by the local characteristics of the flow, the convective trans-

fer depends mainly on the geometric features of the channel as a whole.

In complex channels the effect of large-scale eddies on the veloc-

ity field should appear most strongly in the directions in which the
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velocity varies slowly (along the channel perimeter). Along the normal

to a channel perimeter, however, convective transfer plays a small part

since the velocity gradient is very high and hence so is the gradient

of momentum.

Convective transfer should appear more strongly in channels with

a sharply varying cross-sectional shape (e.g. close-packed rods), when

exchange between eddies of considerably different velocities may occur."

The above comments are interesting as they offer an independent

view concerning the possible existence of macroscopic turbulent flow

processes in complex channels. By using these concepts the authors

develop a computational method for calculating wall shear stress and

velocity distribution. They show excellent agreement with experimental

data.

Subboteri, et al. (60), recently published a paper that experimen-

tally reinforces the concept of transverse macroscopic flow processes.

They measured velocity profiles in a pair of triangular pitch flow

channels for p/d of 1.05, 1.10 and 1.20. They performed the measure-

ments in air by using small pitot tubes. The velocity profiles at

p/d = 1.05 showed distinct curvature of isovels (lines of constant

velocity) due to the existence of secondary flows as shown in

Figure 2.1. This behavior was not observed at p/d of 1.10 and 1.20.

This tends to be consistent with the ideas of Ibragimov because the

shape varies more rapidly at p/d = 1.05 than for p/d of 1.10 or 1.20.

It is interesting that the inferred secondary flow patterns are not

symmetric about all lines of symmetry in the flow model.
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Figure 2.1. Secondary flow pattern indicated from the data of

V. I. Subbotin, et al.

Subsequent to the completion of the experimental work reported

herein, Kjellström (32,33) reported what is believed to be the first

known measurements of rod bundle turbulence parameters available in

the open literature. He performed an experimental and theoretical

study of turbulent flow in a rod bundle of triangular array with a

pitch-to-diameter ratio of 1.217. The experiments included measure-

ments of pressure drop and local distributions of axial and secondary

velocities, turbulence intensities, Reynolds stresses and wall shear-

stress. The results of the turbulence measurements were used for

calculation of local eddy diffusivities. He found that the eddy

diffusivity (momentum) is strongly nonisotropic - the diffusivity in

23
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the peripheral direction being a factor 5 to 1.5 higher than that in

the radial direction. The higher value applies to the wall region and

the lower one to the core of the flow. His theoretical studies included

the calculation of the distributions of the axial velocity and the

kinetic energy of turbulence. A modified version of Prandtl's energy

length model (44) in combination with Buleevs (10) method was used

for estimating the turbulent length scale. The report presents an

extensive review of previous studies for predicting velocity distribu-

tions in rod bundles.

The experiments performed by Kjellström investigated the turbulent

flow in an enlarged flow channel formed by nine 4.77 inch diameter

tubes on a triangular array. Most of the experimental measurements

were made in air with a hot wire anemometer just upstream from the dis-

charge plane located at 129 channel average hydraulic diameters from

the inlet.

The experimental observations of secondary flows and turbulence

intensity are of particular interest to this study. Secondary flow

velocities were found to be less than 1% of the axial velocity,

although the data had considerable scatter. The secondary flow pattern

midway between the gap and subchannel center generally showed flow

moving along the centerline toward the gap and away from the gap along

the rod surface. No significant secondary flows were observed in the

gap or near the subchannel center.
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Figure 2.2 shows the measured turbulence intensities and compares

the results with the data of Laufer (36,37). The data compare quite

well when normalized to the shear velocity defined by

u* (2.46)

where is the wall shear stress which can be defined through the

relationship

f

8 Tw
(2.47)

(pU )

Combining Equations (2.46) and (2.47) gives the relationship

(2.48)
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Figure 2.2a. Experimental turbulence intensity data of Kjellström

at = 0 compared to the data of Laufer.
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Kjellström also compared his measured velocity profiles with the

analytical predictions by Eifler and Nijsing (13) and found excellent

agreement with the universal velocity distribution proposed by Eifler.

The experimental data also indicate secondary velocities on the order

of 0.25% of the axial velocity with a pattern the same as assumed by

Eifler and Nijsing. This secondary flow moved toward the rod gap along

a centerline and back along the rod surfaces then out to the central

part of the subchannel.

The results of Kjellström's study could not explain the high mixing

factors recommended by Ingesson and Hedberg (29). The experimental

data indicated a value of V = 1.6 whereas Ingesson and Hedberg's cor-

relation would indicate V = 7.9 for the geometry considered.

Kjellström has also undertaken a rather ambitious project to

develop a mathematical description of turbulent flow in rod bundles.

He has formulated a set of three-dimensional transport equations for

the flow field by using an eddy diffusion model based on Prandtl's

model where the eddy diffusion is represented by

= K Z k' (2.49)

where k' is the kinetic energy of turbulence and 9 is a length scale

defined by using the semiempirical model of Buleev (10). Various

values of K are used for the different coordinate transport directions.

The length scale 9 is assumed to be known from purely geometric con-

siderations. This contrasts with the approach of Ng and Spalding (40)



28

where 2. is a property of the turbulent flow. Kjellström has had

partial success in actually performing numerical calculations of the

flow field. His results are generally promising as far as the distri-

bution of turbulence kinetic energy and axial velocity are concerned.

However, the axial velocity tends to be too low in some regions which

is attributed to a coarse grid size near the wall. The calculations

were also only possible (convergent) when the secondary velocities

were held to zero.

No actual experimental data are known to exist concerning turbu-

lence scale in rod bundles. Several theoretical calculations of scale

in noncircular channels have been performed. Kjellström (32,33) esti-

mated the length scale of turbulence by using the assumption of

Buleev (10) which gives a scale estimate of

where y is the distance from the point under consideration to the wall.

For pipe flow the above equation gives 2. = D/2'rr = 0.16 D. An estimate

for tubes as reported by Kjellström, is given by Prandtl's equation

0.07 - 0.04 (L) -0.03 () (2.51)

which gives 2.10 = 0.07 at the center of a pipe. Kjellstrms estimates

for tricusp channels were generally on the order of 2./D = 0.05.

Kashcheev and Nomofilov (31) performed theoretical estimates of

turbulence scale in closely packed rods. Their estimates were

iif2i
d (2.50)
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generally of the magnitude LID = 0.03. The calculated distribution

was nearly cosine which was not flat as indicated by their comparison

with two data points of Buleev, et al. (10).

All of the above estimates of scale are considerably less than

the size of the flow channel characteristic diameter D. Estimates of

the longitudinal macro space scale are made in the present study by

using Taylor's hypothesis. Since the lateral and longitudinal scales

in tubes are known to be quite different because of elongation in the

direction of flow, similar results could be expected in bundles.
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3.0 LASERD0PPLER MEASUREMENT TECHNIQUE

Since the laserDoppler technique is new to fluid flow research

in rod bundles, this chapter gives a brief account of its theory and

applications.

The recent development of laser-Doppier technique for measuring

fluid velocity provides a new and important tool for performing fluid

flow research. Since the velocity measurement is performed with light

beams, no probe disturbs the flow. Furthermore, the fluid volume over

which the measurement is performed is very small. The measurement

point can also be put into very small spaces and measurements can be

performed where the laser beams can pass through the flow channel

without distortion.

3.1 PRINCIPLES OF LASER-DOPPLER VELOCITY MEASUREMENT

The laser-Doppler velocity measurement technique uses the principle

that coherent laser light scattered from a moving particle experiences

a frequency shift (65). This phenomena, known as the Doppler shift,

is detected by optical heterodyne mixing of the scattered light with

the reference light from the same laser. The resulting heterodyne or

"beat" frequency is equal to the difference of the frequencies of the

reference and scattered beams. The velocity c:ari be calculated

directly by measuring this frequency shift with a given geometric

arrangement of the optical detection apparatus.

Several authors have discussed derivation of the basic Doppler

shift equation. Using a variety of approaches. (3O) they all derive



the same equation for the condition that the particle velocities are

much less than the velocity of light.

The equation relating the Doppler shift to the velocity and

geometry is given by

K (3.1)

where
D

is the Doppler shift frequency arid is the velocity. R is

the scattering vector given by

r<

-
(3.2)

where is the unit vector for scattered light, is the unit vector

for the reference light and is the "in vacuo" wavelength of the laser

light. Combining Equation (1) and (2) gives

= (S - (3.3)

which is a more convenient equation for computation. The Doppler

shift is seen to depend upon the "in vacuo" wavelength of the laser

light, the index of refraction of the medium, the velocity and the

optical geometry. While a variety of optical schemes can be used to

perform the optical heterodyning presently required to detect the

Doppler shift, the basic idea is shown in Figure 3.1. The laser beam

is focused to a point in the fluid. The light passing directly through

the fluid is not scattered and is therefore available as the reference

light. Light scattered within a solid angle centered at angle 0 is

gathered by a lens and is combined with the reference light at the

photomultiplier tube by adjusting the appropriate mirrors, lenses and

beam splitters.
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Figure 3.1. Laser-Doppler velocimeter optical system.

The light intensity of the two beams is optimized for efficient

heterodyning by using an attenuating filter to reduce the reference

beam intensity before optical mixing.

The Doppler signal measured by the photomultiplier tube can be

determined by considering the reference and scattered light to be

monochromatic with angular frequency w1 and w2, respectively. Let

their electric field be given by

E1 E10 cos w1t (3.4)

= cos w2t (3.5)

The current from the photomultiplier tube is proportional to the

square of the electric field incident upon it; therefore,
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LENSE

MEAS UREMENT
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i (E + E2)2 (3.6)

or

i (E cos wt + E20 cos (3.7)

Expanding this gives

2
+ E0

+
cos 2 w1t

+
cos 2

+ E10 E20 COS
l

+ w2)t + E10 E20 cos (w1 -

(3.8)

The first term represents the dc component of the signal. The three

middle terms contain frequencies about twice that of the laser light.

Since the photomultiplier can only respond to frequencies up to a few

hundred MHz, these high frequency terms do not contribute to the cur-

rent. The last term represents the Doppler frequency and is the ac

part of the photomultiplier tube current. For most applications it

ranges from a few kHz up to maybe 100 MHz.

Several methods may be used to measure the Doppler frequency as

detected by the photomultiplier tube. The simplest is to observe the

Doppler signal on an oscilloscope and determine the frequency from the

scale calibration. This is of limited value because the signal cannot

be read with an accuracy greater than about 10%. The scope is an

indispensable accessory, however, because it can be used to aid optical

alignment, to perform quick velocity surveys of the flow field, to

help optimize the Doppler signal and to indicate relative levels of

turbulence. The most common method for measuring the mean Doppler

33



34

frequency is to analyze the photomultiplier tube output with a spectrum

analyzer. The peak of the Doppler spectrum is taken to be the mean

frequency. The Doppler spectrum also contains information concerning

turbulence and Brownian motion; however, no satisfactory method has

been devised to extract this information directly from the output of a

spectrum analyzer. Considerable effort has been directed toward obtain-

ing a direct Doppler frequency-to-voltage conversion since this provides

instantaneous values of velocity that are analogous to those obtained

from hot-wire anemometers. Several successful schemes are in operation

and are commercially available; however, they all have operational

limitations. They must be able to process very noisy Doppler signals

that contain broadening due to frequency, amplitude and phase modula-

tion. The noise originates from both electronic noise and from light

scattering process itself.

3.2 ABiLITIES AND LIMITATIONS

The laser-Doppler velocity measuring technique has the advantage

of not disturbing the flow field. This is a significant improvement

over previous methods such as hot-wire anemometers and pitot tubes.

The laser-Doppler technique also allows the sample volume to be

positioned easily in the flow channel by traversing the optical

components. Measurements can be made in regions where an undisturbed

optical path exist between the laser and the receiving optics. This

requires that flow channel windows be flat and clean.
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The laser-Doppler technique can also provide very fine spatial

resolution through the selection of suitable optics. The optical

resolution of the laser-Doppler velocimeter is determined by the inter-

section of the scattered and reference light beams. An estimate of

the effective diffraction limited beam diameter at the focal point is

given by

2 Xf
d = 2G = -

lTD
(3.9)

where is the standard deviation of intensity, D is the beam diameter

at the l/e2 intensity points of a Gaussian beam at the lens and f is

the focal length of the lens. Small beam diameters are achieved by

small values of f/D. This means a short focal length lens produces a

small beam diameter thus a small sample volume.

The angular position of the reference and scattered light beams

also affects the size of the sample volume. The smallest volume is

achieved when the scattered light is detected at right angles to the

reference beam. Since the light is primarily forward scattered, this

arrangement is not always satisfactory because of low scattered light

intensity. Most laser-Doppler systems operate with forward light

scattering with the angle B less than about 45°. This gives a sample

volume elongated in the directimi of the laser beam. Mathews and

Rust (39) have shown that additional elongation also occurs because

of the refractive index effect in water.

Although very small sample volumes can be obtained through a

suitable choice of optical parameters this is often not desirable.
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Figure 3.2. Power density spectrum of turbulence showing the effect

of laser-Doppler signal broadening.
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George and Lumley (16,17,18) have shown that an optimum sample volume

exists for turbulence measurements, however, regardless of the volume

size there is a limit to the possible resolution of turbulence with

a laser-Doppler velocimeter. According to the theory developed by

George and Lumley, the Doppler ambiquity broadening causes a constant

noise base level on the power density spectrum of turbulence energy as

illustrated in Figure 3.2. The determination of turbulence intensity

(or energy) therefore depends upon the importance of the noise tail at

high frequency. If the base level is made low by using an optimum

sample volume size then it may be of little concern. If it is not,



37

its effect on the measurements can be reduced by "cutting off" the high

frequency components with a low pass electronic filter prior to pro-

cessing the turbulence signal.

Signal broadening can originate from several sources.

3.2.1 Transit Time Broadening

The finite transit time of the scattering centers through the

sample volume causes a broadening of the Doppler frequency. This phe-

nomenon has also been called the "Radar Ambiguity" (42). In general

its effect is to produce a spectral broadening that is inversely propor-

tional to the size of the sample volume. This broadening can be

expressed as

i:i
(3.10)

min

where
°rnjn

is the minimum standard deviation of the intensity distri-

bution within the sample volume. The above equation shows that the

frequency broadening increases as the inverse transit time through the

sample volume. This equation has been derived and verified experi-

mentally by several investigators (12,16,42). This broadening is also

considered to be the time rate of change of phase in the sample volume

as the particles enter and leave. As the sample volume decreases this

rate of change increases.

3.2.2 Aperture Broadening

Receiving aperture broadening has also been attributed to the

uncertainty of the scattering angle defined by the beam divergence or
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receiver aperture size. This effect has been shown to be equivalent

to finite transit time broadening by Edwards, et al. (12).

3.2.3 Velocity Gradient Broadening

Velocity gradients across the sample volume are also a source of

broadening. This can be expressed as

2

(Ji X

where the combination of steepest velocity gradient and maximum effec-

tive sample volume dimension must be considered. A theoretical study

of velocity gradient broadening by Edwards, et a]. (12), shows that

the velocity gradient also introduces a skew in the Doppler spectrum

and decreases the mean frequency slightly. Data obtained in regions

of steep velocity gradients should be treated with caution.

3.2.4 Temporal Turbulence Broadening

Temporal broadening refers to the time variation of the Doppler

frequency. Doppler frequency is proportional to velocity, therefore,

the temporal turbulence broadening can be expressed as

(3.12)

This is the quantity to be meas'red in studies of turbulent flow by

using the laser-Doppler technique.

3.2.5 Spatial Turbulence Broadening

Spatial turbulence broadening is caused by variation of velocity

across the finite sample volume. George and Lumley (16,17,18) have

investigated this theoretically to show that this broadening can be



related to the turbulence intensity, microscale and sample volume

size. As a limiting case using George's asymptote formula, the

broadening can be expressed as

Aw 2a u
(3.13)

w

where a is the effective maximum sample volume size and X is the

microscale. For this term to be small, the sample volume must be

smaller than X. This can be interpreted physically by noting that

u'/X is a measure of maximum velocity gradients produced by turbulence.

With this interpretation, only the small scale turbulence would be sig-

nificant in this term. Large scale turbulence would be associated

with the temporal broadening.

The previous discussion identifies some of the abilities and limi-

tation of laser-Doppler measurements. Generally the size of the sample

volume limits the resolution of the instrument for measuring small

scale turbulence. Small sample volumes are desirable for high resolu-

tion and to minimize broadening due to velocity gradients and spatial

turbulence. Small sample volumes, however, cause transit time broad-

ening. Lumley and George show that there is an optimum size for mini-

mum broadening however, it is somewhat difficult to choose it prior to

actually performing an experiment. In many cases of moderately high

turbulence, the sample volumes can be made quite small before the

transit time broadening begins to dominate.
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4.0 EXPERIMENTAL PROGRAM

The experiments were performed in Battelle-Northwest's Thermal-

hydraulic Laboratory located in the 189-D Building on the Hanford Atomic

Project near Richiand, Washington. All experimental work was done in

the Hydraulics Loop which is an isothermal recirculating flow loop with

flow capability of 900 gpm at temperatures up to 200°F. Turbulent

velocity measurements were made within a rod bundle test section by

using a two-component laser-Doppler velocimeter. The folloing sections

describe the test section, the laser-Doppler velocimeter and the method

of data acquisition.

4.1 DESCRIPTION OF TEST SECTION

Figure 4.1 shows a view of the test section use for the experi-

mental program. Flow entered the bottom of the flow housing, flowed

vertically up through the test, emerged at the top of the flow housing,

and returned to the flow loop. Rubber expansion bellows were used to

help isolate the flow housing from the normal vibrations of the flow

loop.

Figure 4.2 shows a detailed view of the test section construction.

It consisted of a front and back plate and flow housing body. The back

plate contained the inlet and outlet nozzles and was permanently

installed in the flow facility. The front plate was bolted to the back

plate with the flow housing body placed between them. A continuous

"0-ring" sealed the joint between the plates and the flow housing body.

Dimensions of the rectangular cavity within test section were maintained
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by the restraining shoulder next to the "0-ring groove on the front

and back plates. To assure that the insert rested against this shoulder

during experiments, the bolts were only brought snug during assembly.

Then with the system under pressure the insert was forced against the

shoulder and the bolts were torqued to 10 ft-lb. This type of construc-

tion allowed quick access to the test section for changing internals.

It also allowed the size of the test section to be changed by only

fabricating a new flow housing body to be inserted between the front

and back plates. The entire test section was fabricated from 300 series

stainless steel.

The front and back plate each contained 5 window ports 2 inches

high by 4 inches wide for entrance and exit of the laser beam. Opti-

cally flat (x/4) view windows were fabricated from quartz. The windows

were sealed by "0-ring" and were held in place by thick cover plates.

A shim was placed between the window and cover plate to position the

window to be "flush" with the inner surface of the flow housing

(±0.001 inch).

To obtain flow channels that were typical of nuclear reactor rod

bundles filler blocks consisting of rectangular sections and sectors

of rods were placed within the test section. Figure 4.3 shows the

fillers that were necessary to obtain the flow channels considered in

this study. Table 4.1 summarizes the geometric parameters for each

flow channel. The rod sectors for some flow channels contained small

windows so that the laser beam could pass through the rods. These
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TABLE 4.1. Geometric Parameters of Test Sections
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Test

Section

Rod

Diameter

(inches)

Flow

Area

(inches)2

Wetted

Perimeter

(inches)

Hydraulic

Diameter

(inches)2

A 1.000 7.110 35.06 0.8111

A 1.125 5.545 37.63 0.5894

B 1.000 2.644 13.92 0.7595

C 1.000 1.890 11.52 0.6563

D 1.000 1.137 9.115 0.4990

E 1.000 1.113 7.878 0.5651

CHANNEL B CHANNEL C

CHANNEL D CHANNEL E
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windows and their rods had 1/8 inch wide flats to eliminate distortion

of the laser beam. All rods and sectors were 1 inch diameter except

for the 1-1/8 inch diameter rods used for the experiment in Channel A

with reduced rod gap spacing. The full round rods were made from

aluminum and the half rods were made from stainless steel. Stainless

steel was selected for the half rods to minimize differential thermal

expansion at elevated temperatures. To maintain a clean geometry no

spacing devices were used in the subchannels. The solid rods in

Channel A were supported at the ends only. Paint was applied to the

rods to help reduce light reflections.

An 8 inch long flow straightening section was placed at the inlet

of each flow channel. This consisted of a "bell" entry from the inlet

nozzle plenum, followed by a flow conditioner. The flow conditioner

consisted of four eccentric screens (60% open) with 1/4 inch holes in

a triangular array followed by a bank of 1/4 inch 0.020 inch thick

wall tubes 3-1/4 inch long. The screens tended to equalize the inlet

velocity distribution and the tubes helped to establish a fixed scale

of turbulence and straighten the flow. The inlet ends of the rods and

rod sectors has 600 taper to minimize further disturbances of flow

due to flow area change upon entering the rod section. The flow

straightening abilities of this section were verified by velocity mea-

surements in the rectangular flow channel prior to inserting the rods

and rod sectors.
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The exit from the rod section was an abrupt expansion to the

plenum at the discharge nozzle. This was about 9 inches above the

measurement plane at the top window. All measurements were made at the

top window which was over 60 L/D from the inlet for all rod bundle flow

configurations. This long entrance length was considered sufficient to

achieve fully developed turbulent flow.

Pressure taps 1/32 inch diameter were drilled into the back plate

two inches below the three upper window ports to allow measurement of

pressure drop.

4.2 LASER-DOPPLER VELOCIMETER

A two-component laser-Doppler velocimeter manufactured by Laser

Systems and Electronics was used to perform measurements of turbulent

velocities. The velocimeter consisted of optical, mechanical and

electrical systems.

4.2.1 Optical System

The optical arrangement shown in Figure 4.4 was used for all one

component velocity measurement. For this arrangement, the equation

for the Doppler frequency obtained from Equation (3.3) was

n=
- [u sin a + w (1-cos e)]

Since the contribution of the w component was small for 0 = 100 and

w << u, Equation (4.1) could be satisfactory approximated by

= -u sin 0 (4.2)

for X = 0.6328 x lO_6 m and n = 1 (air), u 11.96
D
where u is the

velocity in ft/sec and f0 is the frequency in MHz.

(4.1)
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Figure 4.4. One-component laser-Doppler velocimeter optical

arrangement.

The beam from a Spectra Physics Model 124 He-Me laser was focused

to a point within the flow channel by using a 237 mm focal length lens.

The beam passing through test section was used as the reference beam

and was routed to the photomultiplier tube by a polarized filter, a

42 mm focal length combination lens, a mirror, a second polarized

filter, a second beam splitter and a 0.030 inch diameter aperture. The

reference light was gathered at an angle of 100 by a 42 mm focal length

combination lens with an aperture of 16 mm. The scattered light passed

through a beam splitter and on to the photomultiplier tube where it was

optically mixed with the reference light to produce the Doppler signal.

The alignment of the reference and scattered light was achieved visually
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by adjusting the beam splitters with the small aperture and photo-

multiplier tube removed. The aperture and photoniultiplier tube were

then replaced and the polarized filters adjusted to give the optimum

Doppler signal.

For two-component velocity measurements the optical arrangement

shown in Figure 4.5 was used. This was essentially two single-component

optical arrangements located at right angles to each other. The posi-

tion of the optics was rotated 45° about the laser beam axis for two-

component measurement; therefore, the Doppler signals corresponded to

the two velocity components each located 45° from vertical. These two

velocities were resolved into the axial and lateral velocity

components.

FLOW CHANNEL

X CHANNEL P.M. TUBE

Y CHANNEL P.M. TUBE

LA SER
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LENSES

p. MEASUREMENT

POINT

Figure 4.5. Two-component laser-Doppler velocimeter

optical arrangement.

vf
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In principle, taking two-component data would be similar to taking

one-component data; however, this was not the case when turbulence data

was to be obtained. In this case the location of each sample volume

had to intersect sufficiently close to allow proper resolution of

velocity. This meant that each receiving optics channel had to view

essentially the same point on the laser beam to assure valid resolution

of the measured turbulent velocity into the u and v components. Since

this could not be done exactly, an acceptable tolerance of 0.010 inches

was selected. This distance was acceptable because it was about half

the size of the sample volume longitudinal dimension.

4.2.2 Traversing System

The measurement point was positioned within the flow channel by

using a traversing system that moved the laser and receiving optics as

an integral unit. The traversing system was supported on a precision

linear ball bearings and was driven by variable-speed servo-motors.

The motor speed control and position readout could locate the measure-

rnent point to within 0.001 inch in both the z and y directions in a

horizontal plane.

4.2.3 Electronic Readout

A Laser Systems and Electronics readout system was used to measure

local instantaneous velocity consisting of the time average value plus

the fluctuating component. The bascc elements of the readout system

are shown in Figure 4.6. The signal from the photomultiplier tube

entered a 10 MHz low pass filter to eliminate high frequency noise. An
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Figure 4.6. Electronic readout system schematic.

amplifier increased the signal level from about 10 mV to about 1 volt.

The signal was then mixed with the output from a local oscillator

whose frequency was measured with a digital frequency meter. The band-

pass filter with a center frequency of 1 MHz rejected the upper side-

band of the mixed signal. The lower side-band was frequency detected

by the signal correlator which consisted of a delay-line and a mixer.

The outputwas short-time integrated by the operational amplifier. The

output was connected to a null meter where, at null, the local

oscillator frequency was related to the average Doppler frequency. The

output provided an analog signal that was proportional to the fluctuat-

ing component of velocity.

The method by which this system extracts turbulent velocity informa-

tion from the Doppler signal can be shown by considering the electronic

signal in the form

1MHz ± 0.5
B.P. FILTER

MIXER
-__ DELAY

LINE

NULL

METER
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E (t) = e(t) cos WDt + n(t)
0

where e(t) is a random amplitude, WD is the radial frequency of the

Doppler signal and n(t) is noise. Mixing this signal with the local

oscillator signal gives

E1(t) = e(t) cos Dt cos w0t + n(t) (4.4)

where the amplitude of the oscillator signal is assumed to be unity.

Expanding this by using a trigonometric identity and by taking the

lower side-band (difference frequency), the output from the band pass

filter is

E2(t) -
2

Lcos (w WD)t + n(t)] (4.5)

Delaying this signal by time i gives

E2(t-T)
e(t-T)

cos [(we - WD) (t - T)] + n(t - T) (4.6)

If this is now multiplied by the undelayed signal, the result is

E3(t)
ft) e(t-T) I

- 1cos ( WD)t + n(t)}

OS [( -
WD) (t - T)] + n(t - T)} (4.7)

0

Expanding this by using trigonometric identities gives

e(t) e(t-T) {cos
-

D)T + cos [(w0
-
WD) (2t - T)]E3(t)

8

+ cos (w0 WD)t n(t - T)

+ cs ( - WD) (t - T) n(t)

+ n(t) n(t - T)} (4.8)
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All terms in brackets, except the first, are of high frequency. The

noise term is high frequency because of the high center frequency of

the band pass filter. By integrating over a short time with the

operational amplifier, but for a time significantly larger than T,

the high frequency components can be filtered leaving as the output

E4 ( t) cos [(w0 - D)T]
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(4.9)

The term e(t) e(t-T) can be expressed as

T

e(t) e(t-T) = f e(t) e(t - T)dt (4.10)

This is an autocorrelation function of the amplitude modulation in

the Doppler signal for I - cx If T is less than the period of the

highest frequency turbulent fluctuations and larger than the period

of the lowest frequencies of amplitude modulation, then e(t) e(t-T)

is essentially constant. The value of T in the readout system is about

0.8 x 10 sec which permits measurement of turbulence with frequencies

up to about 12 kHz. This time is two orders of magnitude greater than

the delay time T = 0.25 x 10-6 sec

Equation (4.9) shows that the time average output signal is pro-

portional to cos (
-

w0). The first zero crossing occurs when

(w0 - WD) ir/2. Since the center frequency of 1 MHz is used in the

readout system, a value of T = 0.25 x lO_6 is required. Thus, when

f0 - f0 = 1 MHz the average output of the readout is zero, or null.

For other values of (w0 - W0)T within the width of the band pass filter

the average value of E4(t) is shown in Figure 4.7. At high frequency
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there is no output. As the frequency is decreased a swing in voltage

is observed at the edge of the band pass. A linear frequency to voltage

conversion takes place within the band pass by using electronic linear-

izing circuits to shape the cosine function. At low frequency the

output is zero because the frequency is below the lower side of the

band pass filter. From this frequency-to-voltage characteristic the

average Doppler frequency is measured from = f0 - 1 (MHz) where

f0 is the local oscillator frequency that produces the nul voltage.

Figure 4.7. Frequency-to-voltage characteristic of readout system.



E4(t)
e(t) e(t-T)

Co 5- 8

Expanding this yields

e(tJ e(t-T) [cos (w0 - WD)T COSE4(t)
- 8

+ sin (w0 - WD)T sin w5T] (4.13)
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The width of the band pass filter puts a lower limit on the

velocity and an upper limit on the band width of turbulence. Consider-

ing the instantaneous Doppler frequency to be
= D

+ f the lower

limit is f0 > O.5if, where Af is the filter band width. This limit

occurs when is reduced to the point where the upper side band

+
begins to pass through the band pass filter. Note that the

lower limit of
D
depends on the level of turbulence because of the

turbulence broadening contained in f. The band pass filter also limits

the band width of the turbulence such that f1 must be less the filter

band width. The readout system has 500 kHz and 1000 kHz band pass

filters.

Now consider how turbulence can be measured. Since the radial

Doppler frequency WD
varies with the velocity, let

UiD =
+ (4.11)

where is the fluctuating component and WD is the time average

value. Substituting this into Equation (4.9) gives

[(we D)T - WT] (4.12)



At null, cos (w0 - WD)T = 0 and sin (w0 - = 1;

therefore,

e(tJ e(t-T) . -

E4(t)
- 8

sin WD

For small WT

E4(t)
e(t) e(t-T)

8 TWD
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(4.14)

(4.15)

and since T is constant E4(t) varies as w. The instantaneous voltage

output at null is, therefore, proportional to the turbulent component

of velocity u. From Figure 4.7 the voltage E4(t) can be considered

to be the voltage fluctuating about null as the frequency WD fluctu-

ates. The constant of proportionality T e(t) e(t- )/8 is the slope

of the frequency-to-voltage curve in Figure 4.7. The slope is deter-

mined by observing the average output of the null meter LE for a

selected frequency offset Af.

4.3 SIGNAL PROCESSING

A variety of auxiliary equipment was used with the basic readout

system as shown in Figure 4.8. A scope was used to monitor the output

of the first amplifier in the readout system. This was very valuable

as it aided in optical adjustments and provided a check on the magni-

tude and quality of the Doppler signal being processed.

The output signals were processed by using the amplifier, low-pass

filter, null meter, true "rms" meter, signal correlator, and X-Y

recorder shown in Figure 4.8. Model 3400 CALICO amplifiers with

10 kHz bandwidth and selectable fixed gains were used to amplify the
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Figure 4.8. Auxiliary readout for velocity measurement.

signals. Following the initial amplification the signals were low-

pass filtered by a Rockland Laboratory Model 1020F filter. A Model 4l9A

Hewlett Packard differential voltmeter was used to detect null voltage

for measuring average velocity and also for measuring the slope of the

frequency-to-voltage detector. A Model 931AB, Fluke differential 'true

rms" volt meter was used to measure the mis voltage E'

The autocorrelation function of the signal was computed "on-line"

by using a Model 100 Princeton Applied Research Signal Correlator. This

correlator computed the autocorrelation function

x -Y

X TUB[ READOUT
x UM AND X

LOW PASS

Y P.M. TUBE SYSTEM
Y DIFFERENCE

AMPLIFIERS
V

El LTER



I.t

C(T)
urn :i I E(t') E(t' - t) dt'
t<° t

4)

over a selected total delay range T. The correlator divided the total

delay range into 100 increments AT = 1/100 and simultaneously computed

C(T) for each of these increments. For a short total delay time where

AT was small, C(Ai) C(o) and

C(o) = E(t)2 (4.17)

Thus the height of the correlation function at t = 0 was the mean

square voltage. Since the correlator memory time constant was 20 sec-

onds, letting the correlator accumulate data over a period of about

1 minute satisfied the condition of t The correlation functions

were plotted on a Honeywell Model 520 X-Y recorder.

For two-component measurements the two output signals were pro-

cessed simultaneously using the sum and difference amplifiers shown in

Figure 4.9 where E and E represent the output of the X and Y readout

channels, respectively. Each output was first amplified by a CALICO

amplifier. The Hewlett Packard null meter was switched into either

channel and the gain of one amplifier adjusted until each channel had

the same sensitivity AE/Af. Since the vertical velocity component u

and the horizontal component v were proportional to the sum and dif-

ference of E and respectively, two CALICO amplifiers were used

to form sum and different circuits. The operation of these circuits

were verified by putting identical time varying signals (l volt) into

57
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the system and observing that their difference was zero (<1 mV noise)

and their sum was twice the input. A switch was used to select the

desired velocity component for processing.

To

Ey* LO1 PASS
FILTER

Figure 4.9. Sum nd difference ar1ifir circuit.

4.4 METHOD OF DATA ACQUISITION

The flow loop was operated according to standard laboratory pro-

cedures. The loop had a very stable flow, pressure, and temperature

control and did not require adjustment during data acquisition.

Once the loop was operating at the selected conditions the optical

system was adjusted to give optimum Doppler signals as observed on the

scope and by maximizing the frequency-to-voltage conversion slope
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E/Lf. Milk was injected into the loop to provide sufficient scatter-

ing centers. For singlecomponent measurements the optical adjustment

procedure was reasonably fast and straightforward. For two-component

measurement, however, a trial procedure was required to assure that

the sample volumes for each optical channel were sufficiently close.

This procedure was rather time consuming and tedious; however, with

patience the two sample volumes could be adjusted to be about

0.010 inch of each other. This was verified by observing the loss of

signal from each optical channel on a dual-beam oscilloscope as the

sample volumes were traversed into the glass window at the side of the

test section. This procedure was also used to determine the reference

location for the z direction traverse. This procedure located the

reference value for z to within about ±0.015 inch. The y direction

was determined similarly but to within ±0.001 inch accuracy because

of the smaller sample volume size in the y direction.

Data was taken sequentially along a selected traverse through or

across the test section. The sample volume could be positioned to

within 0.001 inch for each measurement point.

For each location the local oscillator was adjusted to obtain the

null point. Then the rms meter, oscillator frequency and position

location were recorded. Then the value of tE was recorded for a

selected frequency offset Af. After approximately one minute, the

output of the correlator was plotted on the X-Y recorder for selected
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data points. The same procedure was used for two component data except

two readout channels were involved. Also the gain of one CALICO ampli-

fier was adjusted to give identical values of E/f for each channel.

All data were recorded on computer coding forms for later punching to

cards and automatic data processing.

For one-component velocity measurements the experimental data

were reduced to average velocity by using Equation (4.2) or

=ll.96(f0-l) (4.18)

where f0 is the oscillator frequency in MHz.

The fluctuating Doppler frequency was computed from

- - Af
(4.19)

and the local rms turbulence velocity was calculated from

V Af
U AE

For two component measurements the axial component Doppler frequency

was calculated from

2 (f +fD12 'D D

The axial component fluctuating Doppler frequency was calculated

from

u Af
(Ex + Ey)

LE
D

x y

and for the transverse component

Af (E Ey)

(fDX +
:Dy)

(4.20)

(4.21)

(4.22)

(4.23)
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Pressure drop data were taken for each of the flow channels over

the Reynolds number range of interest in the experiments. Pressure

drop was measured over onefoot increments between taps 3 and 4 and

between taps 4 and 5. Pressure drop was measured with a manometer con-

taining 2.95 specific gravity oil.

4.5 METHOD OF DATA REDUCTION

A digital computer program was written to reduce the recorded data.

For each data point it was necessary to (1) shift the measurement loca-

tion to a consistent set of coordinates and correct for refractive

index; (2) convert the Doppler frequency to velocity; (3) convert the

rms voltage to turbulence intensity; and, (4) estimate the Eulerian

macroscale from the correlation function plots. A listing of the

digital computer program used for these calculations is given in

Appendix A.

The measurement locations corrections were made according to the

equations

and

z = (z - z ) C
0 fl

y = y -

(4.24)

(4.25)

The refractive index correction C was required for the z direction

because of the change in direction of the light path at the glass

water interface as shown in Figure 10. This correction was derived

from Snell 's law of refraction,

n1 sin 01 = sin 02 (4.26)



Figure 4.10. Refractive index correction for light ray

path in water.

For air, n1 = 1.0; therefore,

_i (sin 01

O = sin
2 n

8i LIGHIRAYINAIR

where n2 is the index of refraction in water.

From Figure 4.10 the true position "b' and the indicated position

"a" were related by

a tan 01 = b tan 02 (4.28)

therefore
a tan 01

b - (4.29)

1

sin 0

tan [sin

(
n2

1)]

LIGHT RAY IN WATER

(4.27)

GLASS
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and

ta

tan isin

isin

- \

n2

,_

Although this expression was used in data reduction, Cn reduced to just

n if the small angle approximation (tan = 0 = sin 0) was used.

The calculation of velocity and turbulence intensity was a straight

forward application of Equations 4.18 through 4.23. The shear velocity

used to normalize the intensity data was calculated from the measured

channel friction factors.

The calculation of the Eulerian macrotime scale in the direction

of flow was determined by fitting the autocorrelation function to an

equation of the form

R(i) e cos 2T (4.31)

This equation allows for periodicity in the correlation function.

From Equation (2.20) the macrotime scale is given by

TE 2 2

+

and from Taylor's hypothesis the longitudinal macroscale is

A = TE
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(4.30)

(4 32)

(4.33)

The autocorrelatiori function data was fit to Equation (4.31) by

using a "least-squares' curve fitting routine written by Howell (25).

This routine was used in a 'least-squares and a 'least-squares-

distance" mode with identical results. Eleven equally spaced points
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taken from the correlator plots and normalized to unity at T = 0 were

used as input to the curve fitting routine. This curve fitting proce-

dure provided a consistent method of quantifying the correlation func-

tion data from which it was possible to estimate the local macroscale

and the frequency of flow pulsations.

A complete tabulation of the reduced data is presented in

Appendix B.
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5.0 EXPERIMENTAL RESULTS

Measurements of local velocity, turbulence intensity and Eulerian

time-scale were obtained within selected regions of the flow channels

shown in Figure 4.3. In summary, the results of the experiments indi-

cate the following:

The axial (u'/i) and lateral (v'/) components of turbulence

intensity are highly nonuniform with relative minima near the

center of subchannels and at the center of rod gaps. Maxima

occur midway between the gap and subchannel center and near

solid boundaries.

The lateral component of turbulence intensity (v'/i) ranges

from about 50% to 80% of the axial component (u'Iu) at

p/d = 1.25.

The axial macroscale of turbulence as estimated by Taylor's

hypothesis is on the order of 0.4 times the average channel

hydraulic diameter.

Rod gap spacing significantly affects the intensity and scale.

Reducing the spacing by a factor of two nearly doubles the scale

in some regions and increases the turbulence intensity along

the centerline through the rod-rod gaps.

The data indicate the presence of secondary flows; however, their

direct measurement was not possible because their magnitude was

less than the measurement accuracy of the instrumentation.



The flow structure within a symmetrically shaped gap between a

pair of simple subchannels at p/d = 1.25 is not significantly

affected by the shape of the adjacent subchannels. Increasing

the degree of lateral freedom by adding more subchannels

increases the intensity moderately. Flow structure in the gaps

along the housing wall are moderately affected by the asymmetry

of the gap.

Reynolds number generally has a weak affect on the velocity

Cu/U), turbulence intensity (u'/E), and Eulerian longitudinal

niacroscale (A/D) as estimated by using Taylor's hypothesis.

The following sections discuss this data in detail. The first

section is concerned with the flow structure in the subchannels of

flow channels A, B, and C. The second section is concerned with the

flow in the rod gaps of all channels. The final section presents a

brief presentation and correlation of the pressure drop data.

5.1 SUBCHANNEL FLOW STRUCTURE

The subchannel flow structure was investigated in Channel A

which is shown in Figure 4.3. Velocity, turbulence intensity, and

turbulence scale were measured in this channel to: (1) map the

velocity and turbulence intensity distribution; (2) evaluate the

effect of rod gap spacing; and (3) determine the effect of Reynolds

number. Limited two-component data were also taken in a wall sub-

channel of Channel A to determine the magnitude of the lateral

component of intensity.
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3This is actually a "saddle point" because the intensity increases

toward the wall.
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Additional maps of velocity and intensity were taken in Channels B

and C to determine how a mor'e restrictive flow configuration affects

the subchannel flow structure.

5.1.1 Maps of Velocity and Intensity

Figures 5.1 and 5.2 show naps of velocity and turbulence intensity

distribution in the side, corner, and interior subchannels of Channel A.

The velocity profiles are quite symetrical and are similar in shape to

the profiles predicted by Deissler and Taylor (11) except for the

isovels (constant velocity lines) being farther from the rod surfaces

in the open part of the subchannel. This is believed to be caused by

secondary flows which are discussed later in more detail.

The axial component turbulence intensity (u'/) map in Figure 5.2

show some new and interesting information regarding turbulence flow

structure in rod bundles. An interesting feature of these data are

the relative minima of turbulence intensity in the subchannel centers

and rod gap centers. The minimum values of 0.041 and 0.045 in the

center and wall subchannels are both higher than 0.035 which is typical

for fully developed pipe flow (36,37,46). The. relative minima of

0.050 and 0.052 in the interior rod gaps are higher than the subchannel

center values. Another interesting feature is the relative maximum3

that occurs along the centerline between subchannel centers and the



Figure 5.1. Axial component velocity (i/U) map in Channel A,

Re = 100,000 p/d = 1.25.
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rod gap. The corner and wall subchannel map show behavior similar to

that found in the interior channel; however, it is modified by the

presence of the flow housing wall. The relative minima and maxima are

comparable to those in the interior.

Figures 5.3 and 5.4 show maps of turbulence intensity obtained

in two component directions within a wall subchannel. The axial com-

ponent intensity distribution is very similar to that shown in Fig-

ure 4.1; however, the values of intensity are about 10% lower. The

reason for this difference is believed to be caused by the lower turbu-

lence cutoff frequency (3.0 kHz) compared to the previous data

(4.0 kHz). The lateral component of turbulence intensity is seen to

be less than the axial component by about 40% near the gap and about

30% lower near the subchannel center. The lateral component near the

wall is also lower by about 50%. The gradients of the lateral component

are also seen to be smaller in the interior part of the subchannel and

gap. It should be noted that the lateral component is in the cartesian

coordinate y direction.

One of the most obvious features of the intensity map is the dis-

tortion of the intensity distribution. These are believed to be

caused by secondary flows. Secondary flows are known to occur in the

corner of square channels where a pair of secondary flow circuits move

along the bisector of the corner angle toward the corner, along the

channel wall and out into the main flow stream. These secondary flows

also transport the properties of the flow such as the turbulence kinetic
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Figure 5.3. Axial component turbulence intensity (u'/U),

Channel A, Re = 100,000, p/d = 1.25.
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Figure 5.4. Transverse component turbulence intensity (v'/U),

Channel A, Re = 100,000, p/d = 1.25.
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energy. In the corner subchannel of Figure 5.2 a secondary flow moves

toward the corner carrying lower intensity flow into the corner thus

causing the intensity lines to "bulge" toward the corner. Likewise,

the return path carries high-intensity wall-turbulence toward the open

part of the channel, causing a "bulge" away from the wall.

Examination of Figure 5.2 indicates several other regions of

secondary flow. Of particular importance are those that occur in

regions between the rod gaps and subchannel centers. The secondary

motion are not entirely consistent as indicated by the different inten-

sity distortions in the various subchannels. It is interesting to note

that the interior subchannels do not have the same shape intensity dis-

tributions and there is incomplete symmetry about these lines of sym-

metry normally associated with unit cell analyses. A more complete

discussion of the secondary flow patterns is presented later.

Figures 5.5 and 5.6 show a plot of the velocity, intensity, and

longitudinal scale along the centerline from the wall through a rod-rod

gap to an interior subchannel and from the corner subchannel through a

rod-wall gap to a wall subchannel. These plots are used in subsequent

comparisons to show the effect of experimental parameters. The plot of

axial turbulence intensity (u'/i) for the interior channel shows the

relative minima and maxima indicated by the previous intensity maps. An

average value along the centerline of about 0.05 is somewhat higher than

the value 0.035 that would be expected at the center of pipe flow.

Figure 5.5 shows a rather uniform distribution of longitudinal
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Figure 5.6. Centerline traverse from corner through wall subchannel,

Re = 100,000, p/d = 1.25, y = 1.875 inches.
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turbulence scale. There is no evidence of significantly smaller scale

in the gaps and larger scale in the subchannel as has been postulated

by other investigators (47). For an average value A/D = 0.35 and

D = 0.811 inches, A = 0.28 inches. Figure 5.6 shows a more nonuniform

distribution of scale along a line through the center of the rod-wall

gaps. Although this is not a symmetric centerline traverse as in

Figure 5.5 the scales are of comparable magnitude. The corner subchan-

nel shows somewhat smaller scale as compared to wall and interior sub-

channels. This could be expected because of the smaller subchannel

hydraulic diameter as compared to the bundle average value. The scale

in the gap between the corner and wall subchannel is about one-half that

in the side subchannel. The scale in the gap between the sidewall

channels is only a little smaller than the scale in the wall subchannels.

The general result for Channel A is that the scale is rather uniform

with moderately reduced values in some rod gaps. The longitudinal scale

is generally 0.3 to 0.4 times the hydraulic diameter.

5.1.2 Effect of Rod Gap Spacing

The effect of rod gap spacing on the velocity, intensity, and

scale was investigated in Channel A by increasing the rod diameter from

1 inch to 1-1/8 inch. This decreased the center rod gap spacing from

1/4 to 1/8 inch and decreased the side wall gap spacing from 1/4 to

3/16 inch. The increased radius of curvature would be of little con-

cern since the geometric parameter of interest is the pitch-to-

diameter ratio.
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Figures 5.7 and 5.8 show the effect of reducing the gap spac-

ing at a Reynolds number of 100,000. The reduced gap spacing signifi-

cantly increases the intensity and modifies the scale distribution,

especially near the rod gap. As for the larger spacing, relative

minima in intensity occur near the subchannel center and the center of

the rod gap. The average intensity is about 60% higher along the

interior channel centerline for the 1/8 inch gap spacing as compared

to the 1/4 inch gap spacing. Most of this increase is due to signifi-

cantly higher intensity on each side of the gap. The gap intensity is

also higher but less than the adjacent peak values. Figure 5.7 also

shows a significantly modified distribution of scale and a general

increase of scale in the wall and interior subchannel at the reduced

gap spacing. Maximum and minimum values of A/D = 0.60 and 0.25 corre-

spond to values of A = 0.57 inches and 0.20 inches, respectively. This

magnitude of scale as compared to the 1/8 gap spacing suggests elon-

gated eddies in the axial direction. Because of the bounding surfaces

of the rod gap the scale in the direction normal to the wall would

probably be much smaller. In the other lateral direction, however,

there is no reason for the scale to be so restrained. If the supposi-

tion of Ibragimov (26) is correct, the motion in the circumferential

would be of large scale; however, it is not known what its relation

would be with the longitudinal scale.

This distribution of scale is rather interesting because the

largest scales are in the rod gap and at the subchannel centers. The
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smaller scale turbulence is located between the gap and subchannel

center. The correlation functions also show this to be a region of

significant periodic flow pulsation; whereas, no significant flow

pulsations are indicated in the data at the larger gap spacing.

The results for the corner and wall subchannels are quite different.

The intensity data do not show an increase but a decrease for the

reduced gap spacing (3/16 inch). This occurs mostly near the gap with

a small reduction near the subchannel center. The longitudinal scale,

however, shows nearly a factor of two increase for the reduced spacing.

The scale is a little smaller in the gap as compared to the scale in

the subchannel. Maximum and minimum values of A/D = 0.78 and 0.49

correspond to values of A = 0.60 inches and 0.30 inches, respectively,

for the 3/16 inch wall gap spacing. These are a little smaller than

the maximum and minimum values obtained at the interior. This is rather

paradoxical because the interior channels and gaps are smaller.

The different behavior betweeninterior and wall subchannels sug-

gests a subchannel shape effect on intersubchannel mixing. Subsequent

data show that different shape adjacent subchannels do not significantly

affect the flow structure near the rod gap; however, all of those sub-

channels had symmetry about the centerline through the gap. The wall

subchannels are different in that they do not have the same symmetry.

Figure 5.9 shows plots of the autocorrelation functions obtained

at identical centerline locations in the interior channels for the two

gap spacings. There are some interesting features in these plots.
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Notice that the correlation functions for the larger gap spacing

decrease faster which indicates smaller eddy size. The larger gap

spacing correlation functions always have a nearly exponential decay

which indicates a rather wide spectral distribution of turbulence but

with energy dominance at low frequency. The correlation functions

for the smaller gap spacing have a negative overshoot and periodicity

which indicate a higher dominant frequency in the turbulence. This

periodic behavior is limited to those regions between the subchannel

center and gap center and only to the interior gaps at the 1/8 inch

gap spacing. This periodic behavior was not found at any other loca-

tions or in any other of the flow channels considered in this study.

The occurrence of this periodic motion in a region of expected secondary

flow together with the large-scale and high-intensity suggests vigorous

lateral turbulent flow near the rod gap. As shown by the nearly expo-

nential decay of the autocorrelation in Figure 5.9, the periodic

behavior does not exit (or is very weak) near the flow housing wall,

in the rod gap, and at the subchannel center. This indicates that the

periodic macroscopic flow process are limited to the region between the

gap and subchannel center; however, these flow processes do affect

the turbulent flow in the adjacent regions.

Figure 5.10 shows selected autocorrelation functions obtained in

the corner and wall subcharinels for the two gap spacings. These plots

do not show significant periodic behavior as for those obtained at the

interior part of the bundle.
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The observed effect of gap spacing on the interior subchannels is

very significant as it is the first known measurement of turbulence

parameters that can explain why intersubchannel mixing rates in rod

bundles are weakly dependent upon gap spacing. These results show that

the scale, periodicity and intensity increase as the lateral mixing

area decreases. The implication is that, for sufficiently large gaps,

a reduction in the gap spacing does not significantly reduce the

lateral mixing process in rod bundles.

5.1.3 Effect of Reynolds Number

Figures 5.11 through 5.16 show profiles of velocity, intensity,

and scale along centerlines through rod gaps for Reynolds numbers of

50,000, 100,000 and 200,000. The lower value was obtained by reducing

the flow by a factor of two at a given temperature and the higher value

was obtained by increasing temperature to decrease the kinematic vis-

cosity by a factor of two. The data in Figures 5.11 and 5.12 show

very little change with Reynolds number at the 1/4 inch gap spacing.

The scale data seem to show some increase with increasing Reynolds num-

ber; however, the effect is not large considering the four-fold change

in Reynolds number.

Figures 5.13 and 5.14 show similar data obtained for the 1/8 inch

gap spacing. A more significant effect of Reynolds number seems to

exist in this data; however, this effect is not believed to be real.

An explanation for this apparent effect was found subsequent to data

acquisition and reduction. Examination of the flow model showed that
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Figure 5.11. Effect of Reynolds number, centerline traverse from wall

through interior subchannel, 1/4 inch rod-rod spacing,

y = 0.625 inches.
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it had been severely corroded beneath a paint coating that was put on

the rods to minimize light reflections. The surface at the time of

examination was similar to very rough sandpaper with patches of paint

peeling off the rods. The bundle was reinstalled to check the pressure

drop and was found to have a friction factor about 80% above that of a

smooth tube. It was apparent that the previously described Reynolds

number effect was affected by an increased roughness of the rods since

the data were obtained in order of increasing Reynolds number over about

a five day period after installing the bundle.

The bundle was disassembled, cleaned and reinstalled for some check

runs to re-evaluate the effect of Reynolds number. The results in

Figures 5.15 and 5.16 show that the Reynolds number effect is weak and

that the data runs AI000 through Al49l probably experienced the effect

of progressive roughening of the rods. The results in Figures 5.15

and 5.16 show moderate differences from the first set of data in Fig-

ures 5.13 and 5.14 obtained at Re = 50,000. In particular, the turbu-

lence intensity is about 20% lower and the scale about 20% higher near

the outer rod-rod gap. The reason for this is believed to be caused

by slightly different rod spacings. Lateral traverses indicated a gap

widtn of about 0.105 inch originally4 and 0.125 inch for the rerun.

When the data in Figures 5.13 and 5.14 are viewed in light of

increasing rod surface roughness (unknown magnitude) with Reynolds

4This gap width reduction was caused by a bowed rod which was straight-

ened for the rerun. This was the only case where dimensions differed

from the nominal tolerances of the flow model.
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number, some rather interesting observations can be made. The velocity

profile changes moderately with increasing Reynolds number. The veloc-

ity in the wall subchannel tends to increase and move toward the wall

while the velocity in the gaps and interior subchannel tends to decrease

and shift toward the interior. The turbulence intensity shows a defi-

nite increase with increasing Reynolds number especially for the change

from 100,000 to 200,000. The largest changes are seen to occur near

the outer rod-rod gap. The intensity distribution in the outer gap also

shifts slightly toward the interior as does the velocity. The turbu-

lence scale is not affected very much by increasing the Reynolds number.

The only trend is a small increase in scale in the corner subchannei

and a small decrease in the scale near the center of the interior sub-

channel. Figure 5.14 shows the results for the 3/16 inch rod-wall

spacing. The velocity profile shows a significant increase in the open

part of the subchannels in going from a Reynolds number of 100,000 to

200,000. The observed increase in the wall subchannel velocity is con-

sistent with the shift shown previously in Figure 5.13. The intensity

data show a sudden shift but it is limited to the gap region of both

rod-wall gaps. An increase in scale occurs with increasing Reynolds

number primarily near the corner rod-wall gap. Only small changes in

scale occur at other regions in the wall subchannels.

The observed shift in the corner and wall region suggests a change

in the turbulence flow pattern. Since flow transitions are known to

occur in turbulent flows in the presence of secondary motions; and,
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since secondary flow circuits exist as a finite number, a change in

their number could cause shifts in velocity, intensity, and scale dis-

tributions. These changes could be caused by nonuniform changes in

wall shear stress such as by roughened rods in the presence of a

smooth housing wall.

Figures 5.17 through 5.19 present autocorrelation function plots

at identical channel locations at the three Reynolds numbers considered.

Figures 5.17 and 5.18 show very little effect of Reynolds number on the

shape of the curves for the 1/4 and 1/8 inch gap spacing in Channel A.

This is consistent with the weak Reynolds number effect found in the

interior channels as previously shown in Figures 5.11 and 5.12. The

data in Figure 5.19 indicates increasing scale with increasing Reynolds

number in the corner rod-wall gap. The region near this gap is the only

location where any meaningful increase in scale was observed with

increasing Reynolds number.

5.1.4 Effect of Flow Model Size

It is desirable to use a simple rod bundle flow model for mixing

studies; however, the model should not restrict or alter the basic

flow processes being investigated. To investigate the effect of

reduced flow model size and its effect on reduced lateral freedom,

turbulence data were taken in Channels B and C shown in Figure 4.3.

These contained side-by-side subchannels of different shapes that are

often used in simple crossflow mixing studies.
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Figures 5.20 through 5.23 show the velocity and turbulence inten-

sity maps in the interior and wall subchannels. The velocity and

intensity profiles in the side and center subchannel are seen to be

nearly identical for these two flow models. The only difference

between Channel B and C is the flow channel shape on the left side

of the centerline.

The distinguishing feature of the contour maps in Channels B

and C is the secondary flow currents in the corners of the flow chan-

nels as indicated by the distortion of the lines of constant velocity
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Figure 5.20. Velocity (a/U) map in Channel B,

Re = 100,000, p/d = 1.25.
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Figure 5.21. Axial component turbulence intensity (u'/) map in

Channel B, Re = 100,000, p/d = 1.25.
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Figure 5.22. Velocity (u/U) map in Channel C,

Re = 100,000, p/d = 1.25.

Figure 5.23. Axial component turbulence intensity (u'/u)

map in Channel C, Re = 100,000, p/d = 1.25.
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and intensity. These distortions are very similar to those of

Channel A shown in Figures 5.1 and 5.2. Except for the corners in

Channels B and C, the shape of velocity and intensity profiles are

nearly identical to those in Channel A; however, the values of intensity

are about 20% lower. These lower values are believed to be real since

the cutoff frequency for these channels was equal to or higher than for

Channel A. The lower intensity could possibly be attributed to less

lateral freedom in the flow channel.

Figure 5.24 shows data obtained along a centerline traverse in the

interior subchannel of Channel B. The distributions of data are quite

similar to the data for the interior subchannel of Channel A except

for the channel extremities. The magnitude of turbulence intensity

and scale compare well.

5.2 FLOW STRUCTURE IN ROD GAP

Since there has been considerable interest and speculation con-

cerning turbulent flow structure in rod gaps of rod bundles, consider-

able experimental effort was directed toward investigating this region.

The effects of subchannel shape, multiple degrees of lateral freedom

and gap spacing were considered.

5.2.1 Effect of Subchannel Shape

Figures 5.25 and 5.26 present the velocity, intensity, and scale

distribution along a traverse across the rod gaps of Channels D and E.

Channel D has identical subchannels on each side of the gap whereas

Channel E has different adjacent subchannels. The results in
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Figure 5.25. Velocity, intensity and scale in gap, Channel D.
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Figures 5.25 and 5.26 are nearly identical for the two channels. They

both show only a slight influence of Reynolds number. The slight

decrease in the velocity profile with increasing Reynolds number is

within experimental error so it is not conclusive. The turbulence

intensity profiles show a slight decrease and flattening with increas-

ing Reynolds number. The lateral component of intensity is seen to be

about 50% to 70% of the axial component depending upon the location in

the gap. The shapes and values of the intensity profiles are similar

to those found for flow in round pipes (36,37,46).

All data obtained in Channels D and E were taken with a frequency

cutoff of 1 kHz. Subsequent to taking these data, a higher frequency

cutoff was adopted. The consequence of this lower cutoff is that the

turbulence intensity data are too low, especially for the two higher

Reynolds number as they were at the same velocity. It is estimated

that the intensity should be increased by 10% to 15% for Re = 100,000

and 200,000. The scale should also be reduced for these two Reynolds

numbers. A lower frequency cutoff would lower the value of the auto-

correlation function at T = 0; therefore, it would decrease the slope

in that region. This would give a larger value of and therefore a

larger value of A.

Comparison of Figure 5.25 and 5.26 shows a small change in the

velocity profile magnitude. The velocity profiles are about 5% lower

in the gap of Channel E as compared to Channel 0. This is due to the

lower velocity in the triangular shaped subchannel. The intensity data
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are essentially identical for the two channels. The dimensionless scale

A/D within the gap of Channel E is about 20% smaller than in Channel 0.

If average values of A/D = 0.50 and 0.42 are taken at a Reynolds number

of 50,000 for Channels 0 and E, respectively, then the corresponding

scales are 0.25 and 0.24 inches.

These results show that the turbulence intensity and scale are

nearly identical for Channels D and E; therefore, the shape of the

adjacent subchannels in this case has little effect on the flow struc-

ture in rod gaps. Furthermore, the results are not significantly

affected by Reynolds number which is in agreement with the results

presented previously.

5.2.2 Effect of Lateral Freedom

Channels 0 and E represent a very simple model of a rod bundle

subchannel pair. It is natural to wonder if adding more subchannels

would change the gap flow structure by allowing more lateral freedom.

The data obtained in Channels B and C represent added side-by-side

lateral freedom. The results are presented in Figures 5.27 and 5.28.

A comparison of these data with the data in Channels 0 and E show that

the added lateral freedom has only a small effect on the flow structure

in the rod gap. The slightly higher turbulence intensity for the side

gap as compared to the center gap in Channel B is due in part to the

data being taken inadvertently 0.080 inches from the gap centerline.

As for Channels D and E, there appears to be no affect of adjacent

subchannel shape. A comparison of the scale indicates slightly larger
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scale in the gaps of Channel C. However, if a mean values of A/D of

0.37 and 0.46 are taken for Channels B and C, then the corresponding

scales are 0.28 and 0.30 inches, respectively. This turbulence scale

is larger than the rod gap spacing and is also about 15% larger than

the data from Channels D and E. This seems to indicate that the added

lateral freedom causes larger scale turbulence in the gap region; how-

ever, the effect is small.

Since the data of Channels D and E were obtained with a frequency

cutoff of 1 kHz, data were taken in Channels B and C to assess the

importance of the cutoff frequency. The results of these measurements

are presented in Figures 5.27 and 5.28. These data show about 10%

increase in intensity and a corresponding decrease in scale for the

higher cutoff frequency. At a cutoff of 1 kHz the intensity in

Channels B and C are about 20% higher at the center of the gap than in

Channels D and E. Toward the wall the results are nearly identical.

These results indicate that adding side-by-side lateral freedom

has only a small effect on the turbulence intensity and scale in the

rod gap. These results also agree with the insensitive subchannel

shape effect found in Channels D and E.

Now consider the data taken in the gaps of Channel A. This channel

allows even more degrees of lateral freedom than in Channels B, C, D,

and E. The results for the rod gaps of Channel A are presented in

Figures 5.29 through 5.32.
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Figure 5.27 presents the results for both single- and two-

component turbulence data obtained in the center rod-wall gap. The

several sets of data obtained at this location show good reproducibility

and minimal data scatter. A comparison with the previous data obtained

in Channels B, C, D, and E shows that the turbulence intensity is

definitely higher than in those channels. At the minimum point the

axial component of intensity is about 0.050 as compared to 0.04 for

Channels B and C and 0.03 for Channels D and E. The lateral component

of intensity is also significantly higher. At its minimum point it has

a value of 0.040 as compared to about 0.03 for Channels D and E. The

ill
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scale parameter A/D has a value of about 0.30 which corresponds to an

actual scale of approximately 0.25 inches. This scale is comparable

to the scale found in Channels B, C, D, and E,

The turbulence intensity for the other gaps of Channel A shown in

Figures 5.30 through 5.32 also indicate higher intensity than observed

in the simpler flow channels. A further comparison shows that there is

an effect of rod gap location on the values of turbulence intensity in

the gaps of Channel A. The corner rod-wall gaps have the lowest values

of intensity. The next highest intensities are the center rod-wall gaps

followed by the outer rod-rod gaps. The interior rod-rod gaps seem to

have the highest turbulence intensity. Distortions of the velocity and

intensity profiles in the rod gaps are believed to be caused by slight

displacements of the rods and the presence of secondary flows.

In conclusion, these data indicate that allowing lateral freedom,

as in an actual rod bundle, gives about 20% higher turbulence intensity

than in simple channels with limited lateral freedom. The lateral com-

ponent of turbulence intensity ranges from about 60% to 80% of the

axial component. A small subchannel shape effect seems to appear with

the added lateral freedom, especially in the rod gaps near the flow

housing wall.

5.2.3 Effect of Rod Gap Spacing

The effect of reducing the gap spacing was investigated by increas-

ing the rod diameter in Channel A from 1 inch to 1-1/8 inch. This pro-

duced a 1/8 inch rod-rod gap and a 2/16 inch rod-wall gap. The experi-

mental results within these two gaps are shown in Figures 5.31 through

5.36.
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The data obtained in the 3/16 inch rod-wall gaps show turbulence

intensities with distribution and magnitude, about the same as those

obtained with a 1/4 inch rod-wall gap. Minimum values in both cases

are typically 0.04. The exception to this is at Re = 200,000 for the

3/16 inch spacing where the distribution shifted and the magnitude of

the minimum values increased by about 25%. This exception is believed

to be caused by a change in secondary flow patterns and gradual roughen-

ing of the rods as mentioned earlier.

The rod-rod gaps show a significant increase in intensity and

flattening of the intensity profile for the 1/8 inch gap as compared

to the 1/4 inch gap. Similar behavior was found for both the interior

and exterior rod-rod gaps; however, the exterior gap changes were more

extreme. An increase of average intensity from about 0055 to 0.08

occurred for the exterior gap and from about 0.06 to 0.07 occurred

for the interior gap. The shift in distribution and an increase in

intensity at Re = 200,000, is believed to be caused by a secondary

flow pattern change as was mentioned earlier.

5.3 CHANNEL FRICTION FACTORS

Pressure drop was measured in all of the experimental flow models

used for the turbulence measurements. A tabular list of the data are

presented in Table B-2, Appendix B.

Figure 5.37 presents the pressure drop data as a plot of friction

factor versus Reynolds number and compares it with the well known smooth

tube friction factor correlation. The agreement is seen to be quite
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Figure 5.37. Friction factor data for experimental flow models.

good for all of the flow channels but with the data tending to fall

lower. There appears to be a small decrease in friction factor for

successively smaller flow channels and also a steepening of the slope.

A least squares fit of the friction factor data was performed by

assuming a correlation of the form

= l

Re2

where a1 and a2 are the correlation parameters. The results of the

curve fit are presented in Table 5.1 together with the computed

standard deviation.
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TABLE 5.1. Friction Factor Curve Fit Parameters
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Channel G

A 1 in. Diam Rods 0.1566 -0.1869 0.00024

A 1-1/8 in. Diam Rods 0.2112 -0.2110 0.00012

B 0.2182 -0.2196 0.00003

C 0.2008 -0.2142 0.00011

D 0.3746 -0.2725 0.00020

E 0.3431 -0.2678 0.00018
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6.0 DISCUSSION OF RESULTS

The experimental results have shown that turbulent flow in rod

bundles has complex turbulent motions and probably secondary flows.

The following discussion presents several topics concerning the inter-

pretation of the experimental data as it is related to turbulent flow

in rod bundles. First, selected experimental results are compared

with the rod bundle data of Kjellström (32,33) and with the round pipe

data of Laufer (36,37). A discussion of secondary flows follows next

in an attempt to estimate the probable secondary flow patterns in the

rod bundles considered in this study. The next section presents a

discussion of the correlation functions that were used to estimate

the turbulence macroscale. Finally, the data are discussed in relation-

ship to the crossflow mixing processes in rod bundles.

6.1 COMPARISON WITH OTHER EXPERIMENTAL DATA

The only rod bundle turbulence data known to exist is that of

Kjellström (32,33). As discussed in Chapter 2.0 he performed experi-

mental measurements of turbulence parameters for air flowing through

an enlarged flow channel (lox). The flow channel modeled a triangular

array subchannel surrounded by three adjacent subchannels as shown in

Figure 6.1. His measurements were reported for the shaded region.

Although the measurements of the present study cannot be compared

directly because of flow channel differences, several interesting

comparisons can be made.
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Figure 6.1. Experimental flow model and coordinate system used

by Kjellström.

The data obtained for traverses across the rod gaps at the larger

spacing (p/d = 1.25) provide a reasonable basis for comparison with

his experiment at p/d = 1.217. Figures 6.2 through 6.7 compare the

data of Kje1lstr5m and Laufer to the present data in terms of the

turbulence intensity based on the shear velocity U* where it is calcu-

lated from the channel average velocity and the friction factor cor-

relations for each flow channel.

Figure 6.2 compares the two-component turbulence intensity data

obtained along a traverse through the gap in Channels D and E. Recall-

ing that the data for Channels D and E are low by about 10% because
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of the low cutoff frequency (1 kHz), an upward shift of that amount

would give good agreement with Kjellsträm's data for both the lateral

and axial components of intensity. The data also tend to confirm

Kjellströms trend of lower lateral intensity than for round tubes.

The generally higher values of intensity at Re = 50,000 are attributed

to the flow conditions being more correctly matched with the cutoff

frequency rather than a Reynolds number effect on the data. Figure 6.3

shows a similar comparison for the axial component turbulence intensity

in the gaps of Channels B and C. As in Channels D and E the data show

good agreement with the data of Kjellström. Data are also presented

in Figure 6.3 to show the effect of cutoff frequency. The difference

between the 6 kHz and 1 kHz cutoff is seen to be on the order of 10%.

Comparing Figures 6.2 and 6.3 it could be concluded there is no effect

of adjacent subchannel shape or flow model size on the turbulence

intensity in the gap. The slight flow channel differences noted

earlier appear to be eliminated by normalizing the intensity with the

shear velocity.

Figures 6.4 and 6.5 present two-component data obtained in the

rod-wall gaps of Channel A. Again the agreement is good; however,

there is an indication of lower axial component intensity near the

walls. Normalizing the intensity with the shear velocity also removes

the apparent turbulence intensity increase with increased bundle size

reported earlier when using the intensity based on local velocity.

This is because Channel A has higher friction factors than the other

channels; thus, giving higher shear velocity and lower intensity.



127

Figures 6.6 and 6.7 present turbulence intensity data obtained in

the side rod-wall gaps and interior rod-rod gaps. These data show about

the same average values as the data of Kjellstr5m and Laufer; however,

the distributions are significantly different. The intensity map

(Figure 5.2) suggests that secondary flows could exist in, or near,

these rod gaps. Secondary flows carrying turbulence from the wall or

subchannel interior into the rod gap could produce the observed redis-

tribution effects.

Comparison of the data in Figure 6.6 with the data in Figures 6.4

and 6.5 shows a dependence on the orientation of the wall.

In Figure 6.6 the wall was parallel with the laser beam and was smooth

over its entire length. The front wall, however, was normal to the

laser beam and contained five window ports located every foot. Each

window, or filler plug, was flush with the inner surface of the flow

housing wall but very small slots approximately 0.010 inches wide and

full width existed at the leading and trailing edge of each window port.

These slots could have modified the boundary layer and secondary flow

development along the wall so as to reduce the effect of secondary flows

on the turbulence in the gaps.

Figures 6.8 and 6.9 present a comparison of the turbulence inten-

sity in regions away from the rod gap at angles of = 18° and 30°.

Although the comparison with the tricusp channel data of Kjellström

is not entirely valid because of the different geometries involved,

the trends are of interest. At both 18° and 30°, the values estimated
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from the experimental data fall above the data of Kjellstom and Laufer

and with a flatter distribution. Kjellström's data shows an increase

at q = 18° but no significant increase at = 30°. It is interesting

to note that this increase is about midway between the gap ( = 0) and

subchannel center ( = 30°). The data from this study show the same

trend but the angle is larger (4 = 45°) to the subchannel center. The

increase at the intermediate location is higher for the present experi-

ment than for Kjellström's experiment. This result suggests a subchan-

nel shape effect on the flow structure within a subchannel where a

square-pitch array has higher turbulence intensity than in a triangular-

pitch array. The reason could be attributed to a more rapid change in

flow channel shape in the square-pitch array as compared to the tri-

angular array.

Examination of the data for the smaller rod gap spacing in Fig-

ures 5.33 through 5.36 show turbulence intensity profiles that are of

significantly different shape than those found at larger gap spacings.

For the interior rod-rod gaps the intensity profiles are quite flat and

with high values. The larger rod-wall gaps show lower intensity levels

than in the interior but with significant distortion. These data can

not be compared on a meaningful basis with Kjellstrini's turbulence data

for rod bundles or with any other data.

Another comparison of the experimental data can be made with a

commonly used method to determine velocity profiles in rod bundles.

This method assumes the validity of some sort of universal velocity

profile along normals from the rod surface to the line of maximum
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velocity. If the wail shear stress can be determined the entire turbu-

lent velocity profile can be calculated. One possibility is the Krmn-

Prandtl velocity profile derived from circular tube data. For the

region in the turbulent core the velocity is given by

U
= 2.5 in + 5,5 (6.1)

where U is the shear velocity based on the wail shear stress. For

purposes of comparing the present velocity data to this equation, it is

most convenient to normalize the velocity to the maximum velocity at

y = ?; therefore,

= 2.5 in (6.2)

y

The value of y was taken to be one half the nominal gap spacing

plus a 0.010 inch allowance for the window fiat on each rod. The cen-

terline was established from considerations of symmetry of the velocity

field.

Figures 6.10 through 6.17 provide a comparison between the experi-

mental data obtained in rod gaps and the above expression. The data

generally fall below the universal profile, especially toward the wall.

The typical values of u+ = are the range from about 15 to 22 where

the lower values are toward the wall. Values of U approaching 15 for

tubes are known to start dropping below the universal profile.

Kjellström found that a slope of 2.23 agreed best with his experiments.

This also agreed with the value determined by Eifler and Nijsing (13)

in their studies. To make a more accurate comparison with the 2.23



Figure 6.11. Velocity distribution in rod gap of Channel 0,

1/4 inch spacing.
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Figure 6.10. Velocity distribution in rod gap of Channel E,

1/4 inch spacing.



Figure 6.12. Velocity distribution in rod gaps of Channel C,

1/4 inch spacing.
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Figure 6.13. Velocity distribution in rod gaps of Channel B,

1/4 inch spacing.
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Figure 6.15. Velocity distribution in rod gaps of Channel A,

1/4 inch spacing.
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Figure 6.17. Velocity distribution in rod gaps of Channel A,

1/4 inch spacing.
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Figure 6.16. Velocity distribution in rod gaps of Channel A,

1/4 inch spacing.
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factor, a local shear velocity, rather than a bundle average value,

would be more correct. By assuming the shear stress is proportional

to the square of the velocity along a normal to the rod surface

equation can be written as

u
- 2.23 ln (6.3)

Much of the experimental data in Figure 6.10 agree quite well with

this equation but some data still fall lower toward the wall. The data

also show a flatter profile near the centerline than given by the

universal velocity profile. This can be seen by the bulge upward from

about - = 0.7 to 1.0. This same trend is also evident in the results
y

of Kjellström. Round tube data (36,37) does not show the same trend.

6.2 SECONDARY FLOW PATTERNS

The driving forces for secondary flows can be found by considering

the axial vector component of vorticity (41) given by the equation

0 0 0 /
= + / /

+

2_2)
+ (

:

2\

(6.4)

z YJ
where

y z

u 2w

v u

- x -
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This equation can be derived by eliminating pressure from the two equa-

tions of motion normal to the x direction. For fully developed flow in

straight channels some of the terms are zero5 as indicated. The remain-

ing terms are the substantial derivative of stream wise vorticity, the

viscous diffusion and the Reynolds stress driving terms. If the

Reynolds stresses have no variation in the z or y direction (homogeneous

turbulence) secondary flows do not exist. Secondary flows also do not

exist in inhomogeneous turbulence if there is proper symmetry to

balance the turbulence stresses. Examples of this are flows between

parallel plates or in circular channels where there is no lateral shear

stress (uw') and the normal stresses have no variation in either the

z or y direction. In inhomogeneous turbulent flows, secondary flows

occur where the second derivatives of the Reynolds stress are nonzero.

In terms of geometry, non-uniform changes in flow channel boundaries

will cause secondary flows and, the greater the rate of change of

shape, the greater the secondary flow.

Perkins (41) has considered the features of this equation in con-

siderable detail. He concludes that (41, p.723), "anisotropic wall

turbulence in any boundary-layer situation is potentially a source

of secondary currents whenever the flow is additionally inhomogeneous

parallel to the bounding surfaces in the y,z plane'. His experimental

measurements show that the transverse direct stresses (v'2
2)

are

the most important terms responsible for the production of stream wise

u u v u w
n-+

z x y x
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vorticity. The transverse shear stresses are much less important. The

difference between v'2 and is strongest in the vicinity of the wall.

If V is the component normal to the wall, it is damped by the proximity

of the wall. In the same region the w'component is relatively

unaffected. This ceases to be true on approaching the wall because both

V and V are rapidly damped by fluid viscosity.

A physical description for the secondary flow driving force attrib-

uted to Prandtl and reported by Perkins (41, p.722), "is that velocity

fluctuations tangential to the isovel (line of constant velocity) exceed

those perpendicular to the isovel so that centrifugal acceleration is

induced in regions of isovel curvature, propelling the fluid outward.

Secondary currents, he concluded, must therefore be established in the

direction of the isovel distortions and be supported by the anisotropy

of the turbulent direct stresses. All subsequent secondary flow mea-

surements in fully developed (axially-homogeneous) straight noncircular

duct flows have substantiated this qualitative argument."

Gessner and Jones (19,20,21) have investigated secondary flows in

rectangular channels for Reynolds numbers ranging from 50,000 to

300,000. They found typical secondary flow velocities on the order of

1% of the axial velocity and that this fraction tended to decrease for

increasing Reynolds number with the largest change near the wall.

Brundrett and Baines (9) found the basic secondary flow pattern to

be independent of Reynolds number but, with increasing values of

Reynolds number, the flows penetrated the corners and approached the
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Figure 6.18. Examples of velocity and kinetic energy of turbulence

distributions for square channels.

139

walls. The corner bisectors were found to separate independent

secondary flow circulation zones, Measurements of turbulence kinetic

energy showed a significant penetration of low turbulence energy

toward the corner along the bisector and high turbulence energy carried

out from the wall away from the corner. The pattern was very similar

to the corner distortion of turbulence intensity shown in Figure 6.18.
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Brundrett and Baines also discuss secondary flows in nonrectangular

ducts and in particular polygons. From symmetry of the Reynolds stress

tensor about lines connecting the center to the mid.-points of the sides

and to the corners they concluded (9, p.391), "there must be twice as

many sectors as sides and that the circulation be of opposite sense in

adjoining sectors". Also, (9, p.391) "as the number of sides is

increased, the longitudinal vortices must be smaller in magnitude and

more concentrated in the neighborhood of the corners. Thus, there must

be a critical Reynolds number for each polygon below which (vorticity)

is zero everywhere since the zone of production will be within the

"inner-law" flow regime, a regime which does not appear to be associated

with vorticity production." There is strong evidence to indicate that

corner symmetry applies to all polygons such that the turbulence corre-

lation (w'2 -v'2) which is responsible for vorticity production is zero

on the corner bisector. As a consequence, each corner polygon will

have two circulations which are separated by the corner bisector and

which direct fluid into the corner and therefore are of opposite

rotation.

Although the direct measurement of secondary flows was not possible

in the present study the distortions in the maps of the axial turbulence

intensity provide some insight concerning secondary flow circuits in

bundles. Prior to doing this however, consider the distortions of

velocity and intensity observed in rectangular channels with known

secondary flow patterns. Figure 6.18 shows the lines of constant
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velocity and constant turbulence kinetic energy in a square duct as

reported by Brundrett and Baines (9). The secondary flows are known

to move toward the corner, out along the wall and then back toward the

center of the duct. The turbulence kinetic energy is seen to be more

distorted by the secondary flow than is the axial velocity field. The

distortions show the transport of lower kinetic energy turbulence from

the center of the duct toward the corner along the corner bisector and

higher kinetic energy turbulence from the wall near mid-span toward

the center of the duct. Since the axial turbulence intensity is one

of the components of the turbulence kinetic energy, it would have

similar distortions in the presence of secondary flows.

Based upon the previous reasoning and the distortions of the turbu-

lence intensity and velocity maps of Figures 5.20 through 5.24, Fig-

ure 6.19 was prepared as an estimate of the secondary flow patterns in

Channels B and C. The secondary flows appear to be quite strong in the

corner regions as indicated by the velocity and intensity distortions

in Figures 5.21 and 5.23. The interior subchannel appears to have a

single secondary flow circuit, except for the corner, along lines of

symmetry. This circuit moves toward the gap, then toward the wall, out

along the rod surface and then back toward the subchannel center. The

wall subchannel appears to contain a similar secondary flow circuit --

the strongest one being in the corner. Although the other indicated

secondary flow circuits are larger they do not have the strength of

those in the corner. It is not entirely clear whether the secondary
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Figure 6.19. Estimated secondary flow circuits in Channels B and C,

Re = 100,000.

flow circuits along the wall consists of three pair of circuits . The

inflections in the u'/u distributions shown in Figures 5.21 and 5.23

suggest that there are three pair of circuits. Since the entire flow

field could not be mapped, the dashed secondary flow circuits are pro-

vided only as an estimate.

Figure 6.20 presents an estimate of the secondary flow map for

Channel A based upon the velocity and intensity maps shown in Fig-

ures 5.1 and 5.2. The interior rod-rod gap appears to have a pair of

symmetric flow circuits moving along the centerline toward the rod gap

and back along the rod surface and out toward the central part of the

subchannel. The rod-rod gap between the wall and interior subchannel
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Figure 6.20. Estimated secondary flow circuits in Channel A,

Re = 100,000.

appears to be more complex where two pair of symmetric secondary flows

appear to be involved. One moves toward the gap along the center line,

then toward the rod, along the rod and out toward the center of the

subchannel. The other smaller flow circuit appears to be limited to

the gap region and rotates in the opposite direction. Such an addi-

tional pair does not appear to exist for the interior rod-rod gap.

The secondary flow in the corner subchannel is largely dominated by
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the square corner of the flow housing. The flow circuit moves toward

the corner, along the channel wall and out into the subchannel much

as a secondary flow would move in a rectangular channel. The distor-

tions toward the gap suggest two symmetric secondary flows moving as

those near the interior rod gaps. It is not clear, whether or not,

another flow circuit exists near the rod, next to the diagonal from

the rod to the corner. The wall subchannel secondary flow circuits

appear to be very complex and uncertain in some regions because of only

slight intensity distortions, presumably due to smaller velocities.

Secondary flow circuits as in the interior region are presumed to occur

in the wall subchannel as in the wall subchannel of Channel B. The

multiple distortions suggest that there are three pair of circuits

along the wall between the rod gap and subchannel center; however, it

is conceivable that this could be just a pair of circuits.

The distortions of turbulence intensity in the side-wall subchan-

nels was different than for the wall subchannels adjacent to the viewing

windows. The reason for this difference is not known for sure but it

could have had something to do with the periodic interruption of the

boundary layer at each window. There were 5 window ports with two full-

width slots approximately 0.010 inches wide and 2 inches apart at each

window. Although the windows were flush with the inside the boundary

layer would be interrupted by the slots and, therefore, have a different

development than in the smooth side-wall subchannels. The different

boundary layer development could also be responsible for the intensity

asymmetry observed in the corner subchannel.
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Most of the experimental data expressed as dimensionless ratios

were weakly affected by Reynolds number. In all cases the lower of

the three Reynolds numbers for this research was obtained by reducing

flow at constant temperature and the higher value by holding flow but

increasing the temperature. The only apparent exception to the weak

Reynolds number dependence was found for the reduced gap spacing. As

explained earlier this apparent effect is believed to be caused by a

gradual roughening of the flow model which may have also changed the

secondary flow pattern. Recirculating flows are known to change their

flow patterns with increasing Reynolds number. Classic examples are

the development of Kaman vortex streets in the wake of obstacles placed

in a flow stream. Figure 6.20 shows the estimated secondary flow pat-

tern for the larger rod spacing in bundle A. It is conceivable that,

with the proper conditions, the corner flow circuit could become domi-

nant and shift the secondary flow pattern. Inspection of the data in

Figures 5.13, 5.14, 5.33, and 5.34 show two distinctive trends:

1) shift of the velocity peak and minimum intensity away from the wall

and toward the rod in the rod-wall gaps; and, 2) shift of the velocity

peak and minimum intensity toward the wall in both the corner and wall

subchannels. Based on these observations the secondary flow pattern is

believed to have been similar to that in Figure 6.20 for a Reynolds

number of 50,000 and 100,000 but to have shifted to the pattern shown

in Figure 6.21 at a Reynolds number of 200,000. The basic change is

believed to be large scale recirculation zones as compared to smaller
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Figure 6.21. Estimated secondary flow circuits in Channel A

Re = 200,000, reduced gap spacing.

ones at lower Reynolds number and at larger gap spacing. The flow

patterns agree quite well with observed data shift. The maximum

velocity in the rod-wall gaps are shifted toward the rod with a cor-

responding shift in turbulence intensity. A similar but opposite shift

occurs in the corner and wall subchannel. The result is a significantly

asymmetric distribution of velocity and intensity in the rod-wall gaps.

The interior gaps possess symmetry which indicates that the postulated

secondary flow pattern shift did not reach beyond the wall subchannels.

146



147

The postulated shift in secondary flow pattern indicated by these

results pose some interesting points of conjecture regarding some of the

inconsistencies observed in rod bundle mixing experiments. There have

been notable differences reported between so-called "simple channel

and "bundle' experiments. Rogers and Rosehart (47) has proposed a mix-

ing correlation for each type. For the simple channel, significantly

different results have been found between investigators (48). These

differences have been attributed to such things as experimental error,

pressure bias, heated experiment versus tracer experiment and model con-

figuration. The role of secondary flows found in this study indicate

that secondary flow patterns of various models could significantly

affect the results of crossflow mixing experiments. The secondary flow

pattern differences could be caused by the shape and the relative rough-

ness of the surfaces of the flow channel.

6.3 MACROSCALE AND CORRELATION FUNCTIONS

The estimate for the longitudinal macroscale A was obtained by

using Taylor's hypothesis which is discussed in Chapter 2. To use this

approach it is necessary to obtain an estimate for the Eulerian macro-

time scale. This is defined formally by Equation (2.20) where the auto-

correlation function is integrated from zero to infinity. Unfortunately,

it is not possible to perform such an integration when a complete cor-

relation function does not exist or where the correlation function

oscillates about the horizontal axis. Since the correlation functions



C1T
RE(T) = e COS c2T

This is a convenient but approximate way to quantify the correlation

function yet preserve its essential features, namely, the decay and

any periodicity. A presentation of all correlation function plots

would be cumbersome and unwieldly.

It is well known that the Fourier cosine transform of the autocor-

relation function gives the power spectrum of turbulence energy. The

power spectrum defines the distribution of energy as a function of

frequency; therefore, the sum of energy contained in all frequencies

must equal the total turbulence energy. Following the notation of

Hinze (23, p.54) for the one dimensional spectrum in the axial direc-

tion, this can be stated mathematically as

E(n)dn (6.9)
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in this study were limited to a finite time delay and some functions

had oscillatory behavior, it was necessary to devise a way to quantify

the essential features of the function and obtain an estimate of the

macrotime scale. The approach chosen was to fit the correlation func-

tion plot to the function of the form (6).

(6.8)

The relationship between the power spectrum and the autocorrelation

function is given by the cosine transform

E(n) = 4 u2 RE(T) cos 2 dT (6.10)



and the inverse transform is defined as

R(T) =

By using the correlation function given by Equation (6.8), the Fourier

cosine transform can be shown to be

E(n) cos 2 rn Tdn (6.11)

E(n) = 2 U'2
2

a1 a1

[a1 + (a2+2n)2 + a + (a2-2n)2

149

(6.12)

If - 0 the correlation function given by Equation (6.8) has only an

exponential decay and the power spectrum has a monotonic decay with

increasing frequency n. If a2 is nonzero, the correlation function

exhibits periodic behavior with an exponential decay and the power

spectrum has a peak at a frequency corresponding to the dominant fre-

quency of correlation function. Periodic behavior shown by the corre-

lation function, therefore, indicates a dominant frequency in the power

spectrum. The relative importance of the periodic component can be

judged rather quickly by just inspecting the correlation function.

Most of the measured correlation functions in this study had nearly

an exponential decay with little or no evidence of dominant periodic

behavior; however, some of the correlation functions obtained in certain

regions of Channel A at the smaller rod gap spacing did show definite

periodic behavior. These were limited to the region between the sub-

channel center and rod gap where there was also evidence of secondary

flows.
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The estimate of longitudinal scale was made by first fitting the

correlation with Equation (6.8) and then performing the integration of

Equation (2.20) to obtain TE. The validity of this approach depends

upon the ability of the function to fit the correlation plot which in

turn affects the coefficients and a2. The importance of the coef-

ficients can be evaluated by considering the macrotime scale which is

defined by Equations (2.20) and (6.10) as

(6.13)

For no significant periodic motion compared to the time of decay

(a2
<<

a1) the time scale is just TE = -1/a1 and the value of a2 has

little if any effect on the estimate of TE. If a2 is of the same mag-

nitude of a1 then the value of TE becomes less than the value given by

a1 and the value of a2 has importance

Figure 5.9 shows correlation functions obtained along the interior

subchannel centerline of Channel A at a Reynolds number of 100,000 for

the 1/4 and 1/8 inch gap spacings. Note the definite change in the cor-

relation function with distance from the wall and on through the gap

into the interior subchannel . Near the wall , subchannel center and in

the rod gap the correlation function is nearly exponential . Here the

macroscale estimate depends primarily on the exponential decay. In

the region between the gap and subchannel center the correlation func-

tion at the 0.125 inch gap spacing clearly shows periodic behavior.

Here the macroscale estimate also depends on the frequency of the

function.
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Figures 6.22 and 6.23 show plots of the frequency distribution

along the centerline through the rod gaps of Channel A at the 1/8 inch

gap spacing. They clearly show the regions of dominant periodic motion

between the rod gap and subchannel center. A comparison of the data

listed in Appendix B shows that most data at the 1/4 inch gap spacing

did not exhibit this dominant periodicity.

It can be concluded that the reduction of rod gap spacing leads to

more dominant periodic flow pulsations in the regions adjacent to the

rod gap. This, together with secondary flows, increased turbulence

intensity and increased macroscale suggest an enhancement of crossflow

mixing processes.

6.4 IMPLICATIONS REGARDING CROSSFLOW MIXING

A simplified crossflow mixing model commonly used in the subchannel

analysis of rod bundles was discussed in Chapter 2. The crossflow mix-

ing was given by Equation (2.38) as

w
GD - ¼UD1 'L\y

(6.14)

The ratio s/Ay was shown to present some conflicting views regarding

the role of geometry on the crossflow mixing processes.

In the present study, experimental data has been obtained that

indicates geometry effects cannot be solely accounted for by the s/Ay

parameter. Present data suggests significant variations of E/UD also

occur with changes in geometry and that additional macroscopic flow

processes contribute to E/UD in regions adjacent to the rod gaps.



DISTANCE FROM WALL, z (INCHES)

Figure 6.22. Dominant turbulence frequency along a centerline traverse

from the wall through an interior subchannel, 1/8 inch

gap spacing.
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be expressed as the ratios

E ,u\ (U\ (A\ (V1
UD - kji

'A

X (-) () (L)
UD U D
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Referring to Equation (2.15) the eddy diffusion coefficient could

(6.15)

The first three parameters are those measured in this study. The last

two are the ratios required to convert from an Eulerian to a Lagrangian

representation of lateral scalar transport. As discussed in Chapter 2,

not much is known about this conversion even for very simple channels.

It would be necessary to perform a scaler mixing experiment together

with turbulence measurements to obtain estimates of their values. For

homogeneous turbulence the value of v' would be of the same magnitude

as the lateral component of turbulence velocity. Based on the measure-

ments in this study the ratio v/u' would be less than unity and would

probably have values in the range from about 0.5 to 0.8. The Lagrangian

lateral macroscale could be expected to be of the same order of magni-

tude as the Eulerian lateral macroscale of turbulence which would

probably be less than the longitudinal macroscale measured in this

study. The ratio (AL/A) would probably be less than unity but with

uncertain value. An estimate for r/UD would therefore be

(6.16)

where the constant of proportionality would be less than unity and

with uncertain functional variation with geometry and flow conditions.
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The present data is not complete enough to determine channel

average values for the above parameters; however, from the centerline

traverses some estimates can be prepared to give an indication of how

the parameters change with geometry. The summary estimates in

Table 6.1 are taken from the figures in Chapter 5 pertaining to Chan-

nel A. The data show an increase in (u'/U)(A/D) that varies inversely

with the gap spacing. The change is primarily due to an increase in

macroscale with a decrease in gap spacing. This macroscale increase is

rather interesting because the scale in round pipes would vary directly

with pipe diameter. The present data indicates that scale cannot be

estimated just from channel geometry alone by using methods such as

those proposed by Buleev (10). The flow structure within the subchan-

nels of rod bundles has an important influence on the scale of

turbulence.

TABLE 6.1. Representative Average Estimates of Turbulence

Parameters Along Traverse Centerlines,

Channel A

Interior Subchanriels:

U

A 5

Ay

u' A u'As

1/4 in. gap spacing 0.050 0.35 0.20 0.018 0.0035

1/8 in. gap spacing 0.060 0.60 0.15 0.036 0.0036

Wall Subchannels:

1/4 in. gap spacing 0.060 0.35 0.20 0.021 0.0042

3/16 in. gap spacing 0.050 0.70 0.15 0.035 0.0052

Corner Subchannels:

1/4 in. gap spacing 0.055 0.30 0.22 0.017 0.0037

3/16 in. gap spacing 0.045 0.60 0.17 0.027 0.0046
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The macroscale estimates presented here are for the longitudinal

direction. It is probable that the scale is smaller in the lateral

directions. While the scale may be restricted in size in the direction

normal to the wall, the scale in the direction parallel to the wall may

not be so restricted. The present data suggests that the lateral free-

dom of the open array allows rather large scale turbulence to move

through the gap with relative ease. As discussed in Chapter 2, this

is consistent with the ideas of Ibragimov, et al. (26), involving the

motion of large scale eddies being felt most strongly along the perime-

ter of a channel with a sharply varying cross sectional shape, such as

a rod bundle. This ease of movement through the gap could not exist

for very small gap spacing because the turbulent motion would be

"damped" by the laminar boundary layer. Galbraith (14) found a signifi-

cant reduction in crossflow mixing when his rod gap was reduced from

0.028 inches to 0.011 inches when using 1 inch diameter rods.

The changes of (u'/U)(A/D) shown in Table 6.1 are nearly inversely

proportional to gap spacing and taken together with the ratio s/Ly

yield a value for w'/GD that is relatively constant. This result

together with the weak effect of Reynolds number on the turbulence

parameters is consistent with the predicted trends of present crossflow

mixing correlations. This is a significant result because it helps to

explain why crossflow mixing in bundles is weakly dependent on rod spac-

ing over a rather wide range of sufficiently large spacings.



The direct measurement of the turbulence parameters related to the

crossflow mixing processes provides additional insight concerning the

physical processes of crossflow mixing. The experimental data of this

study indicate that the regions adjacent to the rod gaps have flow pro-

cesses that are both diffusive and convective; whereas, the subchannel

center and rod gaps are more nearly diffusive. The data also indicate

that the eddy diffusion estimates could not be predicted from pipe data

alone. The eddy diffusion in bundles seems to be augmented by macro-

scopic flow processes. This result supports the earlier contentions of

Rowe (54), Skinner, et al. (58), and Ibragimov (26) that macroscopic

flow processes in addition to eddy diffusion must be responsible for

lateral mixing in rod bundles. It does not support the contention of

Rogers and Rosehart (47) that the Lagrangian macroscale is nearly pro-

portional to the gap spacing.

Hinze (23, p.288) has suggested an equation of the form

to account for scalar transport in the presence of macroscopic flows

and eddy diffusion. The same equation has been suggested by

Ibragimov (26) for bundles. From the discussion of classical mixing

length theory presented in Chapter 2, V'y' can be expressed as

VIII =VT- , (6.18)

therefore

v'y'=-c -+V'y'
y'

y

1 56

(6.17)

VIII =_ (c + V't) (6.19)
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The macroscopic part of the scalar transport is seen to add to diffusive

term by using mixing length theory. The total could also be thought of

as an eddy diffusion coefficient but it would not necessarily correspond

to an eddy diffusion coefficient for simple channels. Equation (6.19)

contains the effects of flow channel geometry through the geometric

effect on intensity and scale.
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7.0 ACCURACY OF EXPERIMENTAL DATA

This chapter discusses the accuracy of the experimental data as

affected by the inherent limitations of the LDV measurement technique,

the design capability of the measuring instrument, and the accuracy to

which the instrument can be read. These are discussed as they are

related to the location of the data point and the measurement of the

mean velocity, turbulence intensity and turbulence scale.

The accuracy of the experimental results are estimated by using

the method of compounding errors presented by Wilson (64). In this

method, a computed experimental result is assumed to have a known func-

tional form given by

y = F(x1, x2,-- , x ). (7.1)
n

Small variations dx1 in x alter y by the amount

dy

= il i

dx
(7.2)

The square of the error is

2 v' F F
(dy) L Bx. x.

dx1 dx (7.3)

If the components dx1, dx2, --- , dx are independently distributed

and symmetrical with respect to positive and negative values as they

are in the following discussion, then the product dx dx (ij) vanishes

so that

(7.4)



This may also be written in terms of the variance as

2
n

BE
22

G

=j
1

7.1 SAMPLE VOLUME SIZE AND LOCATION

The measurement point, or more properly called the sample volume,

is estimated to have cylindrical shape of approximately 0.026 inches

long by about 0.0034 inches in diameter. Its location within the flow

channel is estimated to be known within ±0.019 inches in traverses

parallel to the laser beam and ±0.006 inches in traverses perpendicular

to the laser beam. The basis for this estimate is summarized in

Table 7.1.

The sample volume location is calculated from the equations

z (z - z )

*ç

r 0 fl

y = (' - y0)
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(7.5)

TABLE 7.1. Summary of Accuracy Estimate for Sample Volume

Normal

Along Beam to Beam

Size and Location

Sample Volume Size 0.026 0.0034 in.

Components affecting location:

1. Flow channel dimensions ±0.006 in. ±0.006 in.

2. Traverse position ±0.001 in. ±0.001 in.

3. Uncertainty due to sample

volume size

±0.013 in. ±0.0017 in.

Total ±0.019 in. ±0.006 in.

(7.6)

(7.7)



By using Equation (7.5) the variances are

c2-(C
2 2

+ (Cn)2c2 + (Zr - z0)2
2

(7.8)

0

2 2 2
E +ç
"1r

(7.9)

The variance of the index of refraction correction is assumed to be

negligibly small since the refractive index is used as a fixed property

of the fluid and for small angles C n. The variance is then just

the sum of variances involved in the reading and the reference values

except for the z direction which must be increased by the square of

refractive index.

The sample volume size was estimated by using the equation

2 Xf
d = 2c = - -

'lTD
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(7.10)

where G is the standard deviation of intensity, D is the beam diameter

at the l/e2 intensity points of a Gaussian laser beam at the lens and

f is the focal length of the focusing lens. For He_Ne laser with

X = 0.6328 tim, f = 237 mm, D = 1.1 mm the value of d was 0.087 mm or

0.0034 inch. The receiving optics had focal lengths and aperature

diameter that were rio more limiting than the focusing optics; therefore,

the sample volume was estimated to have the focused beam diameter and

length corresponding to the diameter viewed at the 10° scattering angle,

times the factor 1.33 to account for elongation due to the refractive

index. This gives an estimated length of 0.026 inch.
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Several factors influenced the position of the measurement point

within the flow channel. Since the dimensions were referenced to the

flow channel, its fabrication tolerance were considered. The flow chan-

nel was fabricated with a general tolerance of ±0.002 inches for all

decimal dimensions unless otherwise noted. Those tolerances governing

the size of the flow channel were the thickness of the flow housing

(±0.0025 inches), distance between the restraining shoulders at the

"0-ring" seal (±0.0025 inches) and location of the rod inserts

(±0.005 inches). By taking the square root of the sum of the variances,

the overall tolerance for flow channel dimension was estimated to be

±0.006 inches. This tolerance was consistent with check measurements

made on the flow channel during the experiments. The only exception

to this occurred for the experimental runs Al000 through Al491 where

rod straightness was not within tolerance. One of the rod gaps was

believed to be closer to 0.105 inches rather than the nominal

0.125 inches. The rods were straightened and were within tolerance

for the rerun designated by runs Al492 through Al574.

The traverse position of the measurement point was located to

within ±0.001 inch as read on the digital position display of the

instrument.

The uncertainty due to sample volume size was related to the loss

of the Doppler signal at the channel boundaries. The values shown

represent the uncertainty due to the estimated size of the sample

volume. Uncertainties of this magnitude occurred when locating the

edge of the flow channel. By using the previous estimates the

variances are



Components Affecting Mean

Velocity

The mean velocity is computed from the equation

x
u

= u sine

Estimated

Accuracy, %
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= (1.33)2 (0.006)2 + (0.001)2 + (0.013)2 = (0.019)2 (7.11)

and

= (0.006)2 + (0.001)2 + (0.0017)2 = (0.006)2 (7.12)

For those data known to have symmetry about a given location, slight

position corrections were made to the data along the z axis after the

data were plotted. In all cases the correction was less than the

±0.019 inch uncertainty in the z direction. The corrected data have

less than the ±0.019 inch uncertainty. It should also be realized that

less uncertainty exists between data points of a common set because of

the high precision (±0.001 inch) of the traversing system.

7.2 MEAN VELOCITY

The mean velocity measurement was estimated to be accurate to

within ±3.2%. This estimate was composed of the several factors shown

in Table 7.2.

TABLE 7.2. Summary of Accuracy Estimate

for Mean Velocity

(7.13)

Scattering Angle ±1.5

Doppler Frequency Measurement ±2.8

Total ±3.2



The variance on is

2
(

\22 / 22
+

sin e) D n sin e) tan

In terms of a fraction this can be written as

2 o2 2
f

_y_ D 0

tan 2e
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(7.14)

(7.15)

A 10° scattering angle was built into the receiving optics; how-

ever, measurement of this angle during the experiments indicated varia-

tions of about ±0.150 or ±1.5%. Most of this was due to small changes in

scattering angle that occurred during optical alignment adjustments.

Doppler frequency measurement consisted of several factors includ-

ing reading of the frequency meter and null meter. The frequency meter

could be read to 1 kHz; however, the certainty for any point was about

±2 kHz. The null meter could be read to within ±10 mV, where recorded

values were typically 500 mV. For most data, a 500 mV offset corres-

ponded typically to 100 kHz offset giving 5 mV/kHz. Reading the null

meter to ±10 mV (±2%) was consistent with the readability of the fre-

quency meter. For Doppler frequencies typically of 2000 kHz, read to

within 2 kHz, the null meter was the limiting element in reading the

Doppler frequency. The ability of the readout system to measure stan-

dard signals of known frequency was checked with an independent fre-

quency meter. Agreement in the range of interest was always within

10 kHz. With noisy Doppler signals, larger variation in the form of an
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offset was noted. A value of ±40 kHz was selected as a representative

range of uncertainty. For Doppler frequencies of about 2000 kHz this

corresponded to a ±2.0% uncertainty. The total due to Doppler uncer-

tainty (±2.0%), frequency meter (±0.1%) and null meter ±2% was about

±2.8%. The total variance was estimated to be

2 + (0.001)2 + (0.02)2) + (0.015)2 = (0.032)2 (7.16)((0.02)

In addition to the above uncertainties there are some other

considerations.

Equation (7.13) is an approximation to Equation (4.1) and is

valid for small scattering angles. At 10° the error introduced by

this approximation is less than 0.5%. Tn reality this error is one

sided and is therefore a bias.

The effect of velocity gradient on the measured velocity is small

for most measurements, especially those near the interior of the channel.

An approximate equation for estimating uncertainty due to velocity

gradient is

2
Aw maxAu
w U Ax

(7.17)

Taking values of 2o/u = 0.026/20 and Au/Ax = 1/0.1 the uncertainty is

of the order 1.3%. For larger gradients this would, of course, be

larger. This estimated uncertainty is believed to be considerably

larger than that resolved by a mean frequency detecting device. This

uncertainty is actually a shift of the Doppler frequency.



E' Af

AE

The variance on the intensity is

16

For any given data set, the accuracy was better than the stated

total. The uncertainties due to scattering angle and third velocity

component, and noise would be small. The primary uncertainty would

be due to the reading accuracy (2.0%).

7.3 TURBULENCE INTENSITY

The turbulence intensity measurement was estimated to be accurate

to within about ±5.1%. This larger uncertainty as compared to mean

velocity was due to the uncertainty of additional factors required to

obtain the turbulence velocity as summarized in Table 7.3.

TABLE 7.3. Summary of Accuracy Estimate

for Turbulence Intensity

Components Affecting Turbulence

Intensity: Accuracy, %

Linearity of tf/AE ±2.0

Frequency Offset, f ±1.4

Null Offset, AE ±2.0

'rms' voltage, E ±2.0

System Noise ±1.2

Doppler Broadening ±2.5

Total ±5.1

The turbulence intensity was calculated from the equation

(7.18)

2 c2 2c2
(EAF

2 c2f0
E'Af 2 G2AE

= ()
Af

+ AEfD)
E

+ AEr0) 2 + (AFfD) AE2

(7.19)



where I is taken to be the ratio u/E. As a fraction, this is

2 2 2 2

Af aEI D AE

Af2 + E'2 +
D +
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(7.20)

Effects of system noise and linearity of the LE/Af slope should also

be added to this.

The measurement of the fluctuating Doppler frequency consisted of

several components. The frequency-to-voltage conversion slope Af/AE

was estimated to be linear to within ±2% based on check measurements of

linearity during the experiments. The frequency offset accuracy was

estimated at ±1.4% based upon reading the frequency meter to within

1 kFlz at null and at offset position for a typical offset of 100 kHz.

For the 100 kHz offset, the voltage offset was usually greater than

500 rnV. By reading the null meter to within ±10 mV the accuracy of AE

was estimated to be within ±2%. This had to be considered twice, how-

ever, because null meter had to be read at null and the offset point.

The rms voltmeter reading was typically about 500 mV. It could be

read to within ±10 mV which gave an uncertainty of ±2.0%. The rms

meter also was used to measure the system noise without a Doppler sig-

nal. All checks indicated less than 5 my noise for both the single-

and two-component data processing. This gave a noise estimate compared

to E' of about ±1.2%.

The work of George and Lumley (16,17,18) was used to help define

the contribution of the Doppler ambiquity. According to George and

Lumley, broadening causes a nearly constant noise base level on the
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power density spectrum as shown in Figure 3.2. If this is true, then a

plot of turbulence energy should show a linear increase in turbulence

energy with increasing cutoff frequency of the low-pass filters.

Several sets of data were taken to check their theory and to select an

appropriate cutoff frequency. An example of such data in Figure 7.1

shows an approximately linear increase with frequency. These represent

a worse case since most all other data did not show as much variation

with cutoff frequency in the higher frequency range. The results show

that, depending upon the relative importance of broadening, about 10%

increase in turbulence energy occurs beyond the break point at about

4 kHz. By cutting off at a frequency of 4 kHz in this case, the effect

of broadening due to higher frequency can be reduced. For most data a

frequency cutoff in the range of 3 to 6 kHz was used. Since a defini-

tive correction procedure does not exist, a ±2.5% uncertainty was

applied to the intensity data for uncertainty in the proper cutoff fre-

quency. This corresponds to a cutoff frequency uncertainty of about

±1.5 kHz in the linear range. Figure 7.2 shows a turbulence intensity

plot through the center gap of Channel C for three cutoff frequencies.

The data show about 15% increase between 1 kHz and 4 kHz cutoff fre-

quencies but less than about 5% increase between 4 kHz and 10 kHz. All

data in Channels D and E were taken at a cutoff frequency of 1 kHz and

therefore low. Based upon the data of Figure 7.2 they would be about

15% low. From the above estimates the total estimated variance for

the turbulence intensity is
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2

= (0.02) + (014)2 + (2(0.02)2 + (0.02)2 + (0.012)2 + (0.025)2

I

The estimated macroscale was calculated from the equation

A = TE
(7.22)

where

= (0.051)2 (7.21)

7.4 TURBULENCE SCALE

The Eulerian time macroscale estimates were obtained by fitting

an exponentially decaying cosine function through the autocorrelation

plots obtained from the x-y recorder. By accepting this functional

form approximation and TaylOrs hypothesis, it is possible to estimate

the accuracy of the turbulence scale data. The total estimated uncer-

tainty of ±8.3% consisted of the factors shown in Table 7.4.
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TABLE 7.4. Summary of Uncertainties for Macroscale

Estimate

Components Affecting Macroscale Accuracy (%)

Mean Velocity ±3,2

Time Macroscale:

Reading Plot ±5.0

Correlation Fit ±5.0

Plotter Accuracy ±2.0

Correlation Function ±2.0

Total ±8.3

T = - (7.23)



and where c and
2
are the parameters used to fit the correlation

function to the form

R(i) = exp (c1T) cos (c2T) (7.24)

By using Equation (7.5), the variance of A on a fractional basis is

2 2

Gu TE

2-2 2
A u I

The variance due to recording, plotting and reading the correlation

plot should also be added to these.

For most cases where the correlation function is nearly an expo-

nential decay,
l

>
2'

therefore, as an approximation

or

TL
E

dTE dcC1

"E
LC1

From Equation (7.16) for small

ci R

R

If T is taken to be l/c1; then, an estimate for the variance on TE is

approximately
2

2

TE

2
R
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(7.25)

(7.26)

(7.27)

(7.28)

(7.29)
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Each correlation plot was divided into eleven equally spaced points

for input to a least squares curve fitting routine. Each coordinate

value was read from the plot to within ±1 on a scale of typically 20

giving a reading accuracy of about 5%.

The correlation function was fit with an exponential function by

using a least-squares curve fitting routine (25). The calculated

standard deviation for the fit was usually calculated to be less than

5%. The value of the standard deviation of the curve fit can be

obtained from the data tabulation in Appendix B. Since all plotter

data were normalized, absolute scale accuracy was not required. The

plotter linearity and accuracy for this range was estimated to be about

2%. The correlator specifications stated an accuracy of better than 2%.

The above variance estimates give a total variance of

2

= (0.032) + (QQ5)2
+ (0.05) (0 2)2 + (0.02)2 = (0.083)

A
(7.30)

7.5 REPRODUCIBILITY

Several sets of data were to verify repeatability of both

the single-and two-component data. The data of Figure 5.29 show the

results of 5 different sets of data taken in both the single- and two-

component configuration. The velocity, intensity and scale data show

uncertainties that are of the magnitudes previously described.

Figure 7.3 shows a comparison of axial component data taken in the

rod gap of Channel E for both the one- and two-component configurations.

The excellent agreement here verifies the method of resolving the two-

component data.
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8.0 CONCLUSIONS AND RECOMMENDATIONS

The present experimental study has provided new and useful informa-

tion regarding the turbulent flow through rod bundles. This has been

accomplished by measuring the velocity, turbulence intensity and

Eulerian autocorrelation functions locally within several flow channels

by using a laser-Doppler velocimeter (LDV). The LDV proved to be a

very valuable and useful tool for this study. The small size and the

ease of locating the sample volume within the channel made the experi-

mental study possible.

The experimental program has shown that rod gap spacing has sig-

nificant influence on the turbulent flow structure in rod bundles in a

way that cannot be deduced from round pipes. While the velocity pro-

files are in reasonable agreement with universal profiles in pipes, the

turbulence intensity and macroscale are larger than for pipe flows of

the same hydraulic diameter. A fundamental source of the difference

seems to be related to the secondary flow patterns caused by the non-

uniformly shaped channels in rod bundles.

The following conclusions can be made regarding the experimental

results:

The dimensionless parameters ri/U, u'/ and AID are weakly

dependent on Reynolds number,

The shape of subchannels adjacent to a rod gap does not signifi-

cantly affect the velocity and turbulence parameter distribution

in the gap.
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Reducing the rod gap spacing increases the intensity and the

longitudinal macroscale.

The turbulence generally has a frequency ranging up to a few kHz

with the energy content greatest at very low frequency; however,

reducing the rod gap spacing causes a shift toward a higher

dominant frequency between the subchannel center and rod gap.

Adding more lateral freedom to a flow model does not significantly

modify the velocity and turbulence parameter distribution within

a rod gap.

The lateral component of turbulence intensity (v'/) varies

depending upon location but ranges from about 50% to 80% of the

axial component intensity (u'/).

The turbulence intensities show highly nonuniform distributions

with relative minima at the suhchannel center and in the rod

gap.

The axial Eulerian macroscale as estimated by Taylor's hypothesis

is on the order of 0.4 times the hydraulic dianter for p/d = L25.

The experimental results for velocity and turbulence intensity

are in general agreement with the results of Kjellstrm.

Distortions of turbulence intensity maps show the existence of

secondary flows; however, their magnitude is believed to be less

than 1% of the axial velocity.

The region between the rod gap and subchannel center appears to

have periodic macroscopic flow processes that increase in scale,

intensity, and frequency as the rod spacing is reduced.



12. The crossflow mixing parameter w'/GD as estimated by the product

(u7u)(A/D)(s/Ay) changes only moderately with a change in rod gap

spacing. This is the first knovn measurement of turbulence

parameters that can explain the weak influence of rod gap spacing

on rod bundle intersubchannel mixing.

Several recommendations are offered as a result of this study:

An experimental study of longitudinal spatial correlation functions

in rod bundles would provide useful information to assess the

accuracy of using Taylor's hypothesis. This could be done with

a dual channel and a multiple beam LDV system.

To provide more quantitative data on local eddy diffusion coef-

ficients, more information is needed on the relationships between

Lagrangian and Eulerian turbulence parameters. A combined expert-

ment involving scalar mixing in the same flow channels where

Eulerian turbulence parameters are measured would be very valuable

to assess the relationship between these two important parameters.

Additional experimental data over a wider range of gap spacings

should be obtained to provide a more complete description of the

important effect of gap spacing on the turbulent flow processes.

The effect of surface roughness should be investigated in more

detail since significantly enhanced turbulence intensity and

periodic flow pulsations were indicated in the presence of

roughness.



9.0 NOMENCLATURE

A Flow area

Refractive index correction to traverse dimension z

C(T) Autocorrelation function

d Diameter of laser beam at focal point

d Rod diameter

D Hydraulic diameter (4A/Pw)

D Diameter at lie2 intensity points of a Gaussian distrib-

uted laser beam at the lens

D Molecular diffusion coefficient
I

e(t) Fluctuating voltage amplitude

E' 'Rms" fluctuating voltage

E(n) Turbulence energy spectrum

E(t) Electronic signal voltage

f Focal length

f Darcy friction factor

Doppler frequency

f Fluctuating component of Doppler frequency

f Oscillator frequency

f(x) Eulerian longitudinal spatial correlation function

G Mass flux, pu

i Photo tube current

k' Turbulence kinetic energy

R Scattering vector

9. Lateral turbulence scale
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L Mixing length

n Frequency

n efractive index

n(t) Noise contribution to electronic signal voltage

p Rod pitch

P Pressure

Wetted perimeter

r Radial distance

Reference unit vector

Scattering unit vector

Re Reynolds number (GD/u)

RE(T) Eulerian correlation function

RL(T) Lagrangian correlation function

Eulerian space-time correlation function

s Rod gap spacing

t Time

T Averaging time

TE Eulerian time macroscale

TL Lagrangian time macroscale

ü Velocity along line of maximum velocity

U Channel average velocity

Shear velocity based on u

u, v, w Instantaneous velocity components in the x, y, z

direction
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u', v' , w' Fluctuating velocity components in the x, y, z

direction

, ,
7, Mean velocity component in the x, y, z direction

iT1V, w'u' Turbulent shear stress components

UI2, V12, w'2 Principle turbulent stress components

u'V' Macroscopic shear stress component

v Kinematic viscosity (p/p)

V Velocity vector

w Radial frequency

Fluctuating component of radial Doppler frequency

WD Average radial Doppler frequency

wD Radial Doppler frequency

w' Turbulent crossflow per unit length

Radial oscillator frequency

x, y, z Cartesian coordinates

y Distance from wall

.9 Distance from wail to line of maximum velocity

Y Correlation parameter of Ingesson, et al.

y0, z0 Reference coordinates for (y, z)

Mean square diffusion distance

Function fit parameters

Fluctuating component of scalar

r Scalar quantity

F Average value of scalar quantity
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AE Voltage offset

Frequency offset

Centroid or 'mixing' distance between subchannels

Space-time correlation parameter

Eddy diffusivity

Vorticity components in x, y, z direction

e Scattering angle

Wavelength of light

X Turbulence microscale

"in-vacro" wavelength of laser light (x0 = 6328A,

He_Ne)

A Eulerian longitudinal space macroscale as estimated

by Taylor's hypothesis

Af Eulerian longitudinal space macroscale

AL Lagrangian sp'ace macroscale

p Absolute viscosity

p Density

a Sample volume standard deviation of intensity

distribution

a Standard deviation

-r Time delay

Wall shear stress

Angular coordinate
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APPENDIX A

DATA REDUCTION COMPUTER PROGRAM

DIMENISIO FOtZ, ElS(2l, DELTA(2), DCLTAE(2), BAN[1(2), LPI(2),
1 u(21 , UP(2) , F)(2) FP(2)
D11CS1ON CDl4T(l1l
OIElSION C 11), TMJl 1

D1lENS1cD4AL(4),v(11)
Olhii$lOM TITLEC IAI
DIMENSION F(i.U), FMT(20)
REAL LPF
UATA (F(II,I1,191/ A7,,F,HF9.O.,SHF7.3,.SHF7.3,.

1 iFb.1,,hF5.2, ,AHF6.1,,DHFA.3, ,SNF6.2,,
2 5HF6.3,,S,iFb.2, ,ANF6,2, ,'HFS.2. ,Sr1Fb.O,
3 SH6,3,,3-IR) 3r3A6,,3HAA, ,IHA'I)/
DATA N5LA,LA(,3LANS/RH -,AH ,RH
OATA (C1),I1,11)/11.1./

I FORM,T(A6,1A,2.3,FA.O.I1A5I
2 FORMAT (A6,F4.3,FA.O,2F5.3,? F5.3,F2.Ll,FJ.0) ,FS.3)

3 FONiAT( ' H(DAAJLIC U1AItTE, a 'F.3.' INC,CS.',
I AVERAOT VE.00ITY. Li 'F5.1s' FT/SEC. U 'pS.3.' FT/SCC'/

1 ' QUET1ONABLE DATA pOIT.'
3' - NO DATA POINT.')

5 FORpATCRE.2)
6 FORMAT 16X,F9.O,12F5.2)
8 FORMAT (l6Al
9 FORIATI'l TABI_E bI (CaNT.). TAU'LAT1ON OF EXPERIMENTAL 0
IATA.'//lX, IAA5//
2' RUN REYNOLUS z Y U U/Li U/U U/U U/U V/

3U V/U CUTOFF CURVE FIT'/
NUMBER IN. IN. FT/SEC

S KHZ /0 F(HL1 '1

AVISCIT) .3Ai33.1j..e( 3R4./(2U1.6+T)1

RHOIT) 62.7AcJ.5376.(T/IOIJ. )Q.365.IT/100.).2.0173'(T/IOO.1'3
VISCIT) AV1SClT)/RHO(T)/36LJ0
RINDEXITI 1.3370 - D.00017R.(T-32.1*5./V.
AAI 7.110
AA2
AB 2.6NR
AC - 1.890
AD 1.137
AC - 1.113
P1 3.1R1B9

10 NEAD I, flUN.Ni(lNS. X0,YO,PS1..COMENT
F(MRUNS LT.1) 3TOP

READ 8, TflLE
PRINT 9, TITLE
READ E,, A, ONTO, ACOAR, YCORA
XO XC - XC.INR

TO
C INTERCHANOC NEXT 2 CARDS FOR V TRAVERSE OPTION

TO VOUMY - YCORA
TO - YDIIIIY * YCORA

C YO=YDOHYYCORR IS THE OPTION FOR RUNS Al000 - 81M91 ONLY.
C

COSINE CLiS(PSI*PI/1AD.)
SINE SI(l(FSI*PI/18D. I

LINE 0

DO 100 K1,1000
LINE - LINE + I

1F(LIrIE.LE.NO) Q Tall
HRIUT 3, OHIO, UAVO, USTAR
PRINT 9, TITLE
LIME I

11 READ 2, Ru;4, TElp, FLO*, x, y, lFOl1),ERNS(I),DELTAFU),
OCLTAE(I),iA)II), L?FCI),1I,2), EIE2

IF(TEMP.LT.1.) PllIT 3. OHIO, UAAI., STAN

IF(TEMP.LT.I.) 0) TO 10
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6, T, C

12 IV!FC 1) . I G TJ 1

I F(2I
FO(21 0.

Ens!!) ERS)2)
ER1SC2)
ELTAF 1) = )LTAF 2!

OELTVF)2) 0.

OELTAEC)I = CELTAEC2!
OE:LT'E)2 fl.
3A.0I I I

C.

LPFI!I = LPF)2)
LPF)2)

15 THInrA

CN S(T.-FTA)/5I DExCTEY'I
CN

TAN(TrETAI/TAN!CNI
X - C-X0!$CN
YDUFIT I - TO

C INTERCHANGE .EpT 2 CAROS FOR V TRAVERSE OPTION
V lOUSY
I -YCLh1y

C Y.YDUry IS TF CPTIIJl FO PUNS Al000 A1591 ONLY.
C

DO )8
18 FMT (I) F!!!

DO 20 1-1,2
FOIl) = FoIl)-!.
!FIFO!1).LT..) FOIl) 3.

U)!) - i1.90F&II)
Fell) - OELTAF) I )/JELTAL( I ).ER)4S( 1)

UI'l1)11.5o*FP(I)
20 CONTIOJE
25 U1U2 CFLTAF(!)OELTAFI2)/DELTAEI!!/DELTAE(2)

Vi UC!).00SNE - u)2ISINE
V2 U(I)'SI)E U(2).CCSINE
VP! UP!))

IF)PS1.NE.C.) VP!
VIV2 U!U2
TUAB! = API/Vt
VP2 UP(2)
!F)PS1.1E.u,) vp2 - Vp2/i..R!N

TURS2 VP2/V1
1P(V1.LE.o.) 0) TO 40
C)AX C!!)
IFICMAX.LE..IJ1) GO 10 40
DELTAT T/C!VISN
00 30 1!,1I
CCI) CIi)/CNi'x

30 TAUII) OELTAT*FLOATII-!)
AL)!) (C)V)-C)I))/DELTAT
ALC2) -Q.e.AL)l)M2
LSO I

LSO 2

ERR

STAlES 100
CALL LS0)IAU.C, I ,AL,,ERR,VMS.LSO,NTRIES)
AL)I)-AL(!).100J.
AL(2) AL)2)*!JUJ.
TE -i./ALCI)a(1./)I.+IAL!2)/ALCI!)12)!
SCALE - V1TE.12.
OSCALE = SCALo/)-IYO
FREQ - ALI2)/2,/PI
GO TO '45
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'40 OSCALE bLA'KS
FMTU3) F (1)
F14E

FCI7)
ROS 3LA

Fi1(j5) 4(17)
'45 URVO FLu //7/,j)'4'i,

RE UAVU.04-1Y0/viSC)TEfP)/12.
= V1/UAVG

FF 1.
IF(AE3S(AAA1),LT..QJ1) FF.j066/RE,.)809
1F(A3S(4-'42).LT..OQ( FF.22/RE...2110
F(A5(A-AV I.LT..0) FF=2/E..2196

IF(ABSIA-AC i.LT.D)t) FF.2CO/VE...fl'32
IF(A3S(A-AD ).LT..0Ji) FF.37/RE...2725
IF(ABSCAAE 1.LT..OT)I FF.3q3)/E...267S
UETAR ST)FF/3,)LJAV(
US VI/UST4R
UPS! o VPI/USTA4
UP52 = VP2/USTAR
IF(V1.T.O.1 GO TO '49

Vi SLANK
FlIT(S) F)17)
03 bLANK
FiIT() FIll)
US E3LAFK

F44T(7) = F(171
LPF(1)
flIT! 12) F(17)

'49 1F(TU'4F,1.TO.) .O 10 53
TU44r)I = bLANK
FlIT(S) - F(17)
UFS( = SLANK
FMT(9) P1(7)
LPF(1) BlANK
P411(12) P117)

SO IFITURA2.GT.O.) 30 TO AG
T0R82 1LANK
FMT(1O) = F(171
UPS2 BLMNK
FlIT!!!) P1)71

60 1F(Y,LE,lE5) v =

ARITE)6,FMT) lIJO,'4E,AYV1 ,UO,USTURS1 UFS1 TLRB2,URSZ,LFFl( i
I DSCALE,FREQ,NMS

100 CONTiNUE
GO TO 10

ND
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5USADUTIE SU(X.Y '!, ,,)L,1,SkN,RMS,LSO,NTRILS)

C THIS IS A LOAST 5JCPL ))STACE CURVE FITTING SUR0UTINE,
C IT HAS AJILT I TE S(E55IAE TANIEVT LINE SCHEPE TO FIND THE
C OISTcE PD A E)VTA P3I,T T3 THE CUHE.
C IT CALLS DCCo)' AE:O VOLVE T SOLVE TiE LINEAR S)SULTANEUI)$ EQUATION
C ALFi IN 1 U'EUL),N5.
C (T CALLS FOND TO CTAI INFORHATION AOJT THE FUNCTION ACING FITTED'
C LS0 QPTIU UDCU ,y D,S, r<OE,
C IF L501 , THE LEAST 5UJANES DISTANCE TECr1N1UE IS USID.
C I F LSO=2 TE CONVENT DOT L LEAST SQUANES ECriHIUE IS USEU.

PARRIETEA N0fl
PARANETEC p9
D14ENSION X)D) ,V CD) ,. CCV) ,ALCNF) ,D)HP,NU)
DIENSIOo DISCOD) ,xI C'D ,,2).SuI , 10)31 ,YI CNN) ,OX(N0)
CCSOI3N /bt.jL/ #C0P,\p),()P),bCHp),IPSCNP)

C

C IF IPt1INTO, THERE IS ND PRINTED OUTPUT FROR THIS SLJAROOTINE.
IFR I NT2
I PR I NT 0
TRMS1 .ElC
10(11= A)CNOVER
IC(2) AHAEROED
10(3) 6H
DC 2 Ii,N

2 08)11-0.
C

C START ITERATION
00100 ITER=C,'TAIES

C

GO TO (S,3T),LSO
C LEAST SODARES DISTANCE OPTION
C FIND CLOSESr POInTS ON CuRVE

S DO 30 IC,N
A 2 1!) C I C

C FIND CLOSEST POINT GIVEN AN INDIVIDUAL DATA POiNT
DO ILl (..'I.RC
IF(AAS) C IC ) .LT,1.E-9CGO TO 20
XTX (I) CI)
CALL FUNCCXT,YC,i,AL,XDER,CC
0YY( IC-Till)
DXTC-DXC1)+DY.xDERJ/)C.+XDER.ZI

C

C THE NEXT 3 CARDS PREVENT OVERSHOOT BY DECRI:As I 145 THE INCREMENT.
C THIS GIVES lODNEASED STAEILITY AT THE EXPENCE F INCREASED
C COHAEICGENCE TIME,

TT-2.
IFIABS(DXCIU.GT.I.E-q)TT=AVSCDXT/DXU))
08(1) DX I 1) +DXT/ii.+Tr .51
TABS( OF I +AICS I DX C I)
IF(AASCOXT),LT.ADS4 I.E-4.oA)I) C,OR.T.LT.I.E-81G0 TO 20

10 CONTINUE
PRINT 1305

1005 FORMAT)' SHORTEST DISTANCE NOT FOUND')
2( I )0.

20 CONTINUE
C

C CL.OSEST POINT FOUND, NOV FINE) DISTANCE
XIII) -A (I) +OX CI)
0IS(I)SrCTCOX)I)*2+3V*2C
IF (DISC I) LT . I E-3 C lC I) I ,E-3

30 CONTINUE
GO 1) 39

C

C LEAST S'UARSS OPTION
35 DO 38 I.),)

AZ)!) All)
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AT 5)1)

CAL VUACCXT,Y3 ,I ,L,X0ER,D)
DY TIll-Ti (1)
XIII) = A)))
315(1)

IF(D)5cI)LT.),E-B) 015))) i.E-A
35 C34fltUE

C COMPLETE SET OF CLOSEST pOINTS AN) DISTANCES FOUND
C N00 FIND A N[ SET OF PAAAETEES

35 0OO,
6TJ.
00 'I)

O03+0 ISN) 15)1 .2)))
40 #T-.%T+2i I

R N S S A ) T C DO M / AT

IF) IFAINT,GE. )PMI'r C]O1 ,SpS )AL) I), I1 ,l)
1001 FORMAT)' AFS'GjS,7/' PATETEAS='SO15.7,)125,5O15,71)
44 IF)A3S)TRNS-5 1.01 ,AMS)O0 10110

T 4 N S RN S

CALL FUND (XI ,y) ,;4, AL
00 45 1,p

DO MS 11,N
MG

DC 60 <i,N
DO 50 JK,M
Al K, J) =0.

00 47 Ii,N
'$7

50 A)J,K)=A)ç,j)
8 (K )3.

00 60 11,N
60

C THE NEAT 6 CAOCS ÂME DEAIAEO FMOF A DAMPING TECHNIGUE THAT INCREASES
C STA4(L)TY AS MENTIjsEO IN THE OESCRIPTION. IT AILL INCREASE
C COVE4OENC TIME T SOME EXTENT

T3.
00 65 II,M

65 T'T.a(1).2

00 67 li,M
C

C THE FOLLO!N5 SUATOUTINE CALL SOVE5 THE LINEAR SIMULTANEOUS
C EUMTI0N GIAFN 55 AZ3 A1TH 1 UNKNOLNS,

CALL DE(OrP(i,IEkR0)
CALL S2LAE(i)
IF)IERROR.5r.l ) IFAIN-I 200 73 Il,'
IF(A85)zI I)) G1..5..435150) 1))) z( I) - S'ARS(ALI II I.ABSZ( I) l/Z) I)

70 AL(I)AL)1),zl1)
100 CONTINUE

IFNINT

10111= 6HTT CO
IU(2(

10)3) 61-0

110 CeNT lOJE

IF)INRIOT.0E.UPMIOT 1104
1004 FOMIAT)/' SuoEOjTl-F L3D 'iA /' RMS-'Ei5.7/' CONVERGENCE C

RITEAIOJ=sCIS,7/' 11E,4T)0N 00011' 13/)
IFCI1-',1NT GE.i) PAINT 1000, ML
IECIPRINT .GE.1) PHINT 006, A

1006 FORMAT IIGEIO.S)
IF(IPRINT.SE.l )PMIoT OU,)Ml I ,iI ).YIII),DI5I,W)!),1.l,N)

1000 F01AT{ ' X,Y,Yi ,UIS,V'f)5G)A,7)
RET LI RN

END
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SUtJTt'l1 2L( P ,,11.<R0;1
C SHULT2EOUS LE-k ENJATIUN S2L.LU, RE) - C.. FORSYTHE AND C,B. IDLER,
C cPJTE SOLiT1N If L1AH ALGELNAIC 5(STEMS, PRENTICE-HALLII967).

FAN lTEF I4
C0I /NLJL/ LUI i' U), X)MG1 , 81)10), 1P5)MG1
Ol1ESicSCALSj
N UN

r

C INITIALIZE IFS, NC AND SCALES
ROUT - 6

N N

DC N I
IPS(11 I
RO,,MRM 0.0

N I)

00 2 3 1,N
IF(R0)NRP-ASSINL( I .31 1 1,2,2

1 R0NRri ALA CL .31
2 CONTINUE

IF (ROZNRM) 3,4,3
3 SCALESII)

GO TO A
'I NRITE (NOUT,I11(

111 F0RoAT(SRH0-IATNlA )IH ZERO NOR IN DECOMPOSE.
ItRROR 12

GO TO 100
S CONTINUE

C

C GAUSSIANELIMINATI0NITHPARTlAL PIVOTING
NMI N-I
00 Il K I,N'Il

1310 0.0
00 11 1 - KeN

IF IPS(I)
SIZE *BSltJL(lp,K(1SCALESUFl
I F (SI ZE-A IC.) LI , 11 , 13

10 1310 - SIZ2
IOXPIV IIi CONTINUE

IF (SIC.) 13,13,13
13 IF )IDNPIV-K)
1') 3 IPSIK)

IPS(K) 1PS)t2x1V)
IFS(IDXPIVI . U

IA (P IPSHC)
PIVOT UL(KP,K)
KFL
30 IA I KP1N

IF - IPAII)
ER -UL{IP,cl/PLVT
LJL(IF,K) -EN
IF (EM) 20,16,22

20 03 21 3 KP1

21 UL(IF,J) UL().J) 10.UL(KP,J1
16 CONTINUE
17 CONTINUE

-

IF IULIKF,N)) 19,3,lN
113 PRINT 112

130 PRINT 113, C(uL(<,L) ,L1,NN),Kl,NN)
113 FORIATI7EIH.d1
112 FOHPAT(SMHJSINOULAT M3TC)j,X IN DECOMPOSE. ZERO DIVIDE IN SOLVE.

12

19 RETURN
END
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C

C

SLROtjT!N SOLVE)
PARA1ETER 0N
COMM) /)3UL/ UL(MG,NV), AIMS), SIMS)1 IFS)frG)
N

NFL N+1

(P IPSo)
Xli)

00 2 1 - 2,N
IF IFS)!)
IN) 1-1

SUM 0.0
0 I J = ),IMI

SUM Sul +
2 XII) BlIP) - SUM

C

IF IPSIt.)

AIR) X(N)/UL)IF,N)
00 '4 IBACK - 2,N
I NP1-iflAC

C I GOES (N-i)
IF - IpS)i1
IF) - 1+1
SUM 0.0
00 3 J IP1,V

3 SUM - SUM + UL)IP,J)°XlJ)
'4 XCII (XII)SUM)/UL(IF,1I

RET Li N

END

SUBROUTINE FUNC 0 X,Y ,N.AL,XDER ,DER)

PARAMETER N0)I
PARAMETER NP'4
DI (lENS! ON X )NO0 y 010) ,OEM (Np, MDI ,AL (Np!

AL(2) ABS)AL)Z)0
IF(N.NE.i)RO TO Si

C

C IF U-i, CALCULATE THE FUNCTION AND ITS ADERIVATIVE AT Xli).
Xl XCI)

VII) EXPIAL{i.O'X1)COS(AL(2)°X))
XDERAL())'Y))) - AL)2)*EXPLAL(l)eX1)OSIN(ALC2)*X1)
RETURN

C IF N NOT 1, CALCULATE THE FUNCTION AND DERIVATIVES UITH RESPECT
C TO ALL PARAMETERS *T PoINTS x)I0,Ii,N.

50 00 (00 OI,N
Al

VI!) EXp)AL0i)xI)(OS)AL(2)°Xi)
OER(I,I) XLOY(i)
DERI2.I) o -X)°EAP(AL(i lox) )'SINIAL)Z)Xi)

100 CONTINUE
RETURN
END
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TABULATION OF REDUCED DATA

193

Ts8*.* ..* 1A6.ILATIIOS OF LXPSIIP001AL 25U.

A, A*.l. a93 l.,lFe*39 c85+*L 9, /j l.Ci. GAP 5960166.

R3. ..5Y'.JLJS 2 9 8/ '/.4 l./* s.'Tj 9/If cuToFf Ct)#YE PIT

A-I
l.'7..l7 Is.

.145
r1/3C
*2.2 .76 .128 2..6 -

8440

9.00
,5/D
.30

P190)
0,

0
.042

9-2
6.3

972,. .9,
47..3. .l,*

.745

.745
29.6 4 *4.7
*,a j. 3 21.3

..5. .s9..l
-

.32 -
9.00
9.32

-
.30

-
0,

-
.036

6-9 991:4 ..1:;.78. *5,3 11.1 .52 -'IS 4.00 - -
9.5 96723. .295 .745 1k.' *.. 22.1 .4l .13 - 9.00 .26 0. .048

5-. 97Z.. .262 7'*S iS. i..3 21.5 . .1 -.7* 9.00 - - -
5.7 48738. .83. .745 15.4 ..4? 2C. .37 - - 9.00 ,3Q 0, .029

5.5
A.?

48124. .497
3072 .,5s,

.745

.245
*9,4 .75 23.2
13,9 .2 3.5

.373

.37
.4* - -

- -.5*
4.00
4.00

-
.26

-
0.

-
.042

5.jQ
011

476. .53*
9'729. .699

.786

.745
13.1 .44
*2.3 .3 i.e

6.7
.602
.65.

.5 - -

.44 - -
4.02
4'03

-
.2*

-
0.

-
.033

0-22, 59724. .765 .745 *2.2 .73 s.I .392 -.5* 4.00 - - -

5-13
6.19
A_IS
6.10
6-17

9572,. .033
99729. .6+5
9'723. 47
99729. 1.234
94724. 1.12*

.745

.795

.745
.745
.7e

*2.'
13.4
IS.J
*5.9
l0.s

#3
.92
.96
.32
.7

7.3
3.0

23.2
21.5
22.8

.267

.031

.087

.03

.217

.51 -

.72 - .

.75 - -

.92 - -

.73 -

4.00
4.0*)
9.00
4.00
4.20

.29
-

.92
-

.39

0.
-
0.
-
0,

.038
-

.023
-

.030

6.18
619
9-20
821
6fl
8.23
6.21
6-ZS

99729. 1.166
,cizc. 1.035
99725. 1.302
99729. 1.349
99729. 1.'36
95729. 1.503
99729. 1.57*
44729. 1.635

.7+5
,75
.745
.745
.798
.745
.745
.798

*7.2
*2.,
*8.9
l3.e
18.9
17.9
17.3
Is.A

.1* 23.2
.*s 24.1
.I 24.8
.22 25.1
.18 24.8
.16 28.2
.11 23.3
.36 22.6

.673
.050
.052
.093
.05*
.358
.07*
.073

.41 - -
.46 -

-.30
-.19

.26 -
-.4*

.55 -

.86 -

9.00
4.30
4.00
9.00
9.00
4.00
4.00
4.30

.38
-

.30
-

.36
-

.92

-
0,
-
0,

0.
-
0,

-
.033

-
.023

-
.031

-
.029

624
*-77
*28
A29
930
5-31
832
9-33
8-34
63S
8-35
6.17
4.36
639
A40
6.41
9-42
4.83
6-49
9-95
9.44
6-47

90729. 1.705
99729. 1.772
99729. 1 839
99729. 1.906
99729. 1.973
99729. 2.042
99729. 2.128
99729. 2.175
99729. 2.290
99729. 2.309
99729. 2.376
99729. 2.943
99729. 2.510
99729. 2.577
99729. 2.649
99729. 2.712
99729. 2.779
99729. 2.646
99729. 2.913
99729. 2.982
99729. 3.347
99729. 3.119

.145

.785

.745
.7'45
.795
.745
.745
.745
.7'48
.796
.745
.749
.745
.745
.745
.745
.745
,705
.745

745
.745
.795

15.9
15.2
13.8
12.5
11.1
20.9
12.4
13.8
19.9
*5.5 l.oO
14.2 l'0
17.3 1.3
*7.7 i.1
16.2 1.17
*6.0 1.17
*7.9 1.1
17,2 1.11
16.5 j.ló
15.8 1.02
15.2
14.1
*3.2

.32 21.8

.97 22.3.9 18.7

.8* *6.9

.72 *5.0

.70 *9.1

.82 16.7

.39 *9.6
.96 23.0

21.0
21.5
22.9
23.9
24.8
28.5
24.2
23.3
22.3
21.3

.97 20.3

.9* 59.0

.93 17.5

.085

.083

.097

.088

.098
*01

.09*

.089

.090

.083

.077

.075
.26*
.356
.056
.040
.071
.081
.336
.386
,09S
.092

-.62
.78 -
.82 -
.99 -
.46 -

-'49
-.51

.45 -

.90 -

.74 -

.68 -
-.71
-.94
-.37

.37 - -
.95 -

- -.69
-,.80

.82 -

.75 -,

.80 -

.41 -

9.00
4.Q0
4.00
4.00
9.00
4.00
4.00
4.00
4.00
4.00
4.00
4.00
4,00
4.00
4.00
4.00
4,00
4.00
4.00
'4.00
4.00
4.00

-
.39
-

.29
-

.25
-

.37
-

.90
-

.38
-

.33
-.
.35
-

.40
-

.40
-

.24

-
0.
-
0,
-
0,
-
0.
-
0,
-
0.
-
5,
-
0,
-
0,
-
0,

0,

-
.033

-
.036

-
.024

-
.038

-
4028

-
.036

-
.02*

-
.022

-
.028

-
.030

-
.029

6-48
9.49
8.50
A-SI
A52
6-53
684
8-58
8.84
8_57
656
6-59
8-40

99729. 3.18*
99729. 3.219
99729. 3.299
99729. 3.181
99729. 3.119
99729. 3.047
99729. 2.980
9972'?. 2.913
99725. 2.846
99739. 2.779
9972?. 2.7*2
99729. 2.649
99729. 2.577

.795

.195

.485

.695

.685

.665

.695
.485
.585
.685
.685
.685
.495

11.5
9.9

11.0
*3.9
15.3
15.3
16.3
*6.9
*7.4
17.9
18.4
*8.7
*5.6

.74 25,5

.40 12.7

.71 14,9

.90 18.5

.99 23.6

.32 21.4.5 22.0
22.5

.12 23.4

.15 29.1
.18 24.5
.20 25.2
.20 25.1

.096

.155

.136

.054

.074

.278

.382

.079

.665

.041
.251
.250
.080

.49 -

.97 '3

2.02
.68 -
.52 -

-.07
-.77

.47 -

.,3 -

.97 -
-.91
-.24

.26 -

4.00
4.00
4.00
4.00
4.00
9.00
4.00
4.03
4.0
4.00
9.00
8.00
4.00

-
-
-
-
-
-
-
-
-
-
-
-
-

-
-

-
-
-

-
-
-
-

-

-
-
-
-
-
-
-
-
-
-
-
-

861 99729. 2.5*6 .485 *8.3 .18 24.7 .054 -.33 4.00 - - -
*62
6.43
4-64

99729. 2.993
99129, 2.376
99729. 2.379

.605

.585

.495

17.6
17.1
16.6

.I3 23.7

.13 23.1

.7 22.4

.065

.060

.073

.55 -

.52 -

.64

4.00
4.00
4.00

-
-
-

-
-

-
4_65
8-66

99729. 2.242
99729. 2.175

.635

.555
*6.3
14.0

.35 22.0

.33 21.6
.07s
.061

-.65
.49 -

4.00
4.00

-
-

- -
-

967
9-68
5-69
*70
6-71
8-72
6-73
8-74
9.75
976

99729. 2.128
9972?. 2.740
99729.
99729.
99729.
99729.
39720.
99129.
98724.
99779,

.973

.906

.639

.172

.705

.638
.57*
.500

.695
.s46
.656
.635
.695
.685
.635
.685
.595
.885

15.4
15.1
16.1
*5.3
*4,8
*6.'.
*7.0
*7,5

7.9
14.3

.30 21.1

.93 23.4

.97 20.3

.83 26.6

.32 21.3

.3s 22.1

.39 22.9
.12 23.6
.15 24.2
.15 24.7

.06.,

.307

.067

.268
,069
.072
.007
.362
.360
.25?

-.37
.37 -
.37 -
.90 -
.96 -
.58 -
.52 - -
.46 - -
.46 - -
.46 - -

'4.00
4.00
4.00
4.00
9.00
4.00
4.00
4.00
'4.00
9.00

-
-
-
-
-
-
-
-
-
-

- -
- -
- -
- -

-
-
-
-
-
-

8.77
A78
8-79

95729.
99775.
99725.

.436

.369

.372

.s3S
.664
.695

l.7
1+.o
le.7

.20 25.2

.22 55.6

.21 25.3

.347

.281

.599

- -'*5
.04 -
.23 - -

9.00
4.00
4.0

-
-
-

-
- -

8"81J 9472+.
4412#AOLIC 3151078+.

.3.36
C

.896
- ..l*

19.4
7.2++0c.

.*9 Z9.
0608*52

.25*
6LLSCI

.26 - - 4.00
2,0 - *5,5 PT/SEC

-
If.

-
.79* PT/SEC.

QAESTII+A6LS 16475 95*91. .1,33616 P5151.
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7*951 6.3 (66413,3, T'93L9T325 7r EXP5lM6N9AL 0818.

648',,.IL 8, .83.4. *4.2 1.+I1I29 (#94,94.5 #8'* I/I lCl4 .9799832393..

k*. '.8 .00.-S 2 T 3/' [ Si* vii.P 04595?? CU883 FIT
'.41 0 II. 1.. 1/4C 5440 4/5 rIHO) 0

5"bl 3.3. ,3'# 7.6 3,3 29.2 499 .9) - 4.00 - - -
A-3.: 96724. I.I4I ,,.,
8-3 9'7i.. I. 2. .630

7. 3.3 2,5,6
22,9 .462

''.9
.43

-
-

- 9.(0 - -
- 4.50 - -

£-.4 45735. .3.7 45 .5 I.48 22.2 269 .92 - - 4.00 - -
8.65 9749. .599 ,.53
8-89 .313. .89

s.V 1.33 23.5
1.2 .95 10

.06,

.573
.96
.446

- - '4.00 - -
- 4.O

A-.7 99725. .7.,S ,#.S 3.7 .98 22.3 .266 .06 - 9.00 -
8-98 81724. ..90 .5.45 5..3 .45 03.0 .563 .23 - '4.50 -
5-65 9972.. .631 .l.. ,.9 .V 20,3 ,3,2 .23 - - '4.50 -
4-cc 735. .5,.I .4.3 5.2 .98 23.4' .259 .23 - 4.00 -
9-93 9472,. .,97 6S5. 7 .31 21.1 .09. .39 - 4.0O - - -
6-92 9572,. .933 ,l .7' 23.7 3S3 .35 - '4.50 - - -
8-93 99734. .3,,2 ,4 'U. 22.3 .1.52 .35 - 8.00 - -
899 99729. .295 .635 .,,7 .7 22.5 .03 - 4.00 - -
8-55 99729. .226 .685 6,5 .36 22,3 ,1.53 '33 - 4.00 -
6-98 6'729. .383 .664 5.9 .32 21.4 .2,1 .31 - '4.00 - -
6-97 99729. .3'* .595 3.8 .38 39.7 .388 .75 - '3.70 - - -
8-98 95729. .021 .6.5 3.3 .79 14.5 .147 .94 - '4.50 - -
8-9? 99729. .327 .625 2.1 .38 36.3 .127 .06 - 8.00 - - -

Al5O 99729. .099 .625 9.5 .92 39.5 ,3288 .6. - '4.00 .38 0, .034
AICI 99725. .361 .626 5,9 1.32 21.3 .063 .35 - 4.00 - - -
8.302 99729. .228 .625 6.6 3.06 22.2 '3349 .10 - 4.00 .30 0. .043
A-163 99729. .095 .625 6,5 3.35 27.3 .54. .04 - 4.00 - - -
6.179 99729. .342 .626 .3 3.05 .052 .13 - '4.00 .24 0. .037
A-lOS 99729. .430 .825 5.9 3.02 21.5 .065 .29 - 4.00 - -
8-308 99729. .997 .625 5.7 1.01 21.2 .053 .32 - 9.00 .32 0. .027
6167 99729. .569 .625 5.5 1.00 20.9 .052 .09 - '4.50 - - -
6-108 99729. .633 .575 5,3 .98 23.6 .052 .07 - 4.00 .24 0, .030
6-369 98729. .698 .626 5.3 .98 20.6 .04* .9* - 4.00 - - -
6-115 99739, .765 .625
A-ill 99759. .832 .475

5.4
5,6

.99 20.7

.32 23.4
.059
.258

.15

.23
- 4.00 .30 0, .038
- '4.50 - - -

A-lIZ 99729. .899 .625 6.3 .75 22,0 .058 .29 - 'I.0 .37 0, .028
6-133 99729. .967 .625 4,6 .8 22.7 .058 .37 - 4.00 - - -
A'154 99729. .034 .625 7.3 .32 23,4 .058 .28 - '4.00 .35 0. .026
8116 99729. .101 .625 7.7 .34 20.9 .583 .27 - 4.90 - - -
6-338 99729. .38 .625 9.2 .37 24.5 .050 .29 - '4.00 .32 0. .Dll
A11 99729,
6.138 99729.

.235 .625

.302 .625
8.6
8,9

.20 25.2

.23 26,5
.094
.053

.33

.13
- 9.00 - - -
- '4.50 .24 0, .031

A119 99729. .367 ..25 6,9 .02 25,6 .093 .05 - 8.00 - - -
Al20 99729. .436 ,.25 9.8 .21 25.9 ,093 .09 - '4.00 .28 0, .0Z3
6-323 99729. .503 .625 9,5 .19 25.0 .247 .18 - '4.00 - - -
Al20 99729. .571 .625 8,1 .j7 24.5 .052 .27 - '4.00 .31 51. .025
8-123 99729. .636 .325 7.6 .34 2'4.0 .055 .32 - 9.00 - - -
8-324 99729. .705 .625 7.' .32 23.4 .056 - '4.00 .32 0. .035
Al26 99729. .772 .625 6.9 .39 22,8 .041 .90 - 4.50 - . -
6-124 '9729. .639 .624 6.9 .3* 22.2 .097 .06 - '4.30 .35 0, .024
6-327 99729. .906 .625 6.1 .3 21.7 .059 .17 - '4.0 - - -
6-128 99729. .973 .825 6.9 .32 23,9 .051 .10 - '4.50 .55 0. .027
8-329 99729,
6130 99729.

.0+0 ,,25
108 .429

6,0
6.2

.3 23.6

.35 21,9
.052
.056

.11

.22
- - 4.00 - - -

- '4.50 .39 0, .024
6-131 99729, 2.375 .625 6.7 .7 22.5 .057 .29 - '4.00 - - -
6.132 99729. 2.242 .625 7.3 .30 23,0 .058 .26 - '4.00 .38 3*. .018
A133 99729. 2.339 .625 7,4 .32 23.4 .057 .39 - '4.00 - - -
A139 99729. 2.376 .625 7,7 .39 23.9 .041 ''36 - 4.50 .30 0, .020
6-135 99729. 2.943 .625 8.2 .7 24.5 .053 .35 - 9.00 - - -
6-134 99729, 2.910 .625 8,6 .23 26.1 .0'49 .03 - 8.00 .32 0, .022
8.337 99729. 2.577 .625 6.9 .22 25.6 .040 .07 - 4.70 - - -
8-138 99729. 2,649 .628 8,9 .20 25,4 .082 - - 4.50 .32 0, .023
8.139 99729. 2.732 .625 8.7 .20 25.2 .047 .37 - '4.00 - - -
4140 99729. 2.779 .625 8.3 .36 04.7 .084 .39 - - '4.50 .32 0. .019
6-183 99729, Z.8ló .625 7.9 .16 24.1 .058 .39 - 9.20 -
4-142 99729. 2.933 .625 7.4 .32 23.5 .340 .'1I - '4.00 .33 0, .025
8-343 99729. 2.980 .625 7.0 .39 22,9 .062 .93 - 4.00 - - -
8144 99729, 3.247 .625 6.5 .36 22.2 .262 .38 - 4.00 .33 0. .034
6-145 99779. 3.339 .525 5.9 .332 23.3 .061 .30 - 4.00 - -
8.346 99729. 3.181 .605 '3,3 .91 19,3 .089 .71 - '4.50 .23 0, .035
6.197 93728. 3.249 .625 1.3 .71 4.9 .137 .09 - 4.00 - -
6-348 99729. 3.249 .565 3,2 .72 .326 .91 - 9.00 - - -
A-l'4 99729. 3.183 .545 3.3 .99 18.6 .282 .53 4.00 - - -
A-ISO 99725, 3.319 .,6S 4.9 .94 25.1 .385 .61 - - 4.50 .24 0, .034
6-151 99729. 3.647 .568 5.9 .02 23,4 .077 .64 - - 9.00 - -
A-152 99729. 2.980 .685 6.7 .35 22.6 .272 .58 - - 9.00 .39 0, .005
6.353 99708. 2.913 .565 7,9 .30 23.5 .069 .53 - - '4.00 - - -
A1S4 99729. 2.446 .565 7,9 .35 2'4.2 .059 .94 - '4.00 .32 0. .034
815S 99729. 2.779 .565 6.3 .18 24.7 .056 .39 - 9.60 - - -
8354 99729. 2.732 ,65 8,7 .21 25,3 ,249 .23 - - 4.00 .35 0, .023
8157 99729. 2,699 .951 9,3 .22 25.-a '3,45 'I' - - '4.30 . - -
8-158 99725. 2.577 61. 9,3 .22 75,8 .092 .27 - - '4.52 .25 0. .023
8-159 95729. 2.533 .5,5 5,7 .23 2,.2 .0446 .37 - - 4,00 -
A.160 99729. 2.9w) ,,99 8,3 .35 24.7 ('SI .26 - - 9.00 .29 0, .0U
995863530 U1A6169, 2- .511 lNC.t3. 9727855 8053(1 1, 31 F1/5(, 0'' .743 F1/5(.
8805T11'.88U 2896 POINT, - 43 (48 A PQI4T.
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16411 6'I IS),), I 141106091*9(91955181 081*.

(3A1''.El. 4, 4811 As,) 1114)379 5hAs..L .,'P. I/l 35391)54' 5934)4447,

8)24 44)9 .j,.OS 0 9 2/3 .J/2 2>6 )4/4J 9>U 7>V CUTOFf CU5V III
'-19 I). IS, fl/SEC 680 9/0 11HZ) 0

4-463 997.?. 3,376 ,soS 7,9 4.4, 24.0 .057 .31 - 9.340 - -
6-463 98739. 2.309 .,*$ 7,4 j.l0 23.9 .097 .35 - 4.20 .39 II. .011
8163 99729. 2.242 ,s.5 4.3 ).O 22.7 .062 .90 4.00 - -
6-184 99734. 3,375 .495 6,2 4.34 2).) .064 .92 - 9,00 .93 0. .020
A-l.S 99739. 2.323 .6S 5,5 .3) 23.9 .247 .90 - 9.00 - - -
A-161 9512?. .543 .595 5.1 .97 20.9 ,04 .35 - 9.00 .28 0, .023
8-137 99735,
8-168 99739,
6,,l4 99125.

.973

.34

.839

.565
,,65
.565

5,3
5.,
9.9

.7

.77

.33

20.3
20.8
24.5

.L'67

.044

.068

.31

.37

.96
-

- 4.1)0
. 9.1)0
- 9.00

-
,34 0, .033
- -

6-470 99729. .772 .,o6 s, .7 22.5 0.4 .43 - - 9.3)0 .90 0. .035
8-Ill 9972g. .705 .56 7,4 .32 23,1 .06. .52 - - 9.00 -
6172 94739,
6-473 99729.

.638

.571
,395
.,sS

7.;
7,9

.43

.35
23.7
24,)

.063

.557
.49
.'42

'4.00
. 8.00

.37 0, .019
- - -

8-414 95129. .503 .5.9 3,3 .18 24,8 .055 .38 - 4.00 .27 0. .024
8-475 99729. .3o .569 8,7 .20 05.2 .049 .01 -- - 4.1)0 - - -
6-176 99729.
A_Ill 99725.
8-478 99729.

.389

.332

.235

.58,

.54,
,965

6.3
8,7
0,4

.2*

.21
19

25,9
25.3
24.7

.049

.046

.054

'II
.11
.27

-
- 4.30
- 9.00
- 4.02

.29 0, .028
- - -

.27 0, .025
A17, 99729. 448 .565 7.4 3, 24.2 .059 .42 - - 9.00 - - -
8-180 99729,
6-181 99729.

.131

.034
.565
.565

7,9 4.42
6,8 4 .0

23,9
22.7

.062

.067
.96
.92

- 9.310
- 4.00

.38 0. .028
- - -

8182 99729. .967 .565 6.2 3 ,5 24.9 .074 .59 - 4.00 .37 0. .030
8-183 99729. .599 .565 5.4 .99 20.8 .076 .58 - 4,00 - - -
6184 99729. .832 .665 '4.3 .95 23.0 .076 .51 - 9.50 .35 0. .038
A185 99729. .765 .565 '4.3 .92 19.3 .079 .45 - 9.00 - -
A"lAo 99729. .698 .565 '4.2 .91 19.2 .086 .30 - '4,00 .28 0. .032
*"187 99729. .634 .565 '4.9 .93 19,') .066 .27 - - 4.00 - - -
8-188 99729. .564 .565 4.7 .95 49.9 .069 .38 - - '4.02 .33 0. '.034
8-189 19729. .997 .545 4,9 .96 20,2 .071 .42 - 9.00 - - -
6-190 99729. .4313 .54.5 5.2 .9) 20.6 .072 .48 - 4.30 .34 0. .034
A-UI 99729. .382 .565 9,7 4.0* 21.2 .363 .33 - 4.30 - - -
8-192 99729. .295 .565 6.1 j.04 23.7 .043 .30 - 4.30 .25 0. .035
8-193 99729. .228 .565 8,2 1.04 24.9 .054 .12 - 4.00 - - -
A"U4 99729. .144 .565 5,. 4.31 21,4 .065 .36 - 4.31) .32 0. .034
6-195 99729. .099 .965 4.4 .93 19,4 .1281 .56 - 4.430 - - -
6-Ue 99729. .027 .565 3,0 .77 46.2 .144 .88 - 4.00 .25 0, .025
6177 99729. .327 .625 1,8 .76 19.9 .122 .90 4.00 -
6-198 99729. .314 .508 4.4 .94 49.0 .094 .73 - - '4.30 .38 0. .085
8-493 99729. .181 .605 6.3 .49 20.7 .070 .44 - 4.00 - - -
8-200 99721. .228 .505 5.7 3.04 21.2 .242 .31 - - 8.30 .27 0, .043
6-201 99729. .295 .505 5.5 3.00 20.9 .349 .45 - '4.00 -
6-002 99729. .342 .539 '4.3 .95 2o,0 .08* .4.1 - '4.00 .28 0, .035
6-203 99729. .930 .535 4,) .91 19.3 .037 .45 - 9.03 - -
4-204 99729. .987 .505 3,4 .88 18,1 .087 .58 - 8.30 ,33 0, .046
8-205 99729. .564 .535 2.5 .80 44,8 .099 .59 - - 4.00 - -
6-206 99729, .631
8-207 p9739, .698
6-208 99729. .765

.505

.5)75

.905

1.0 .11
8,9 .54
- -

49,9
14.3

-

103
.189

.53

.43
-

- 8.00
- 4.00
- -

.24 0, .038
- -
- -

6-209 99707. .832 .535 0.8 .66 1,4 .127 .82 - 4.30 - - -
6-210 99729. .899 .509 2,0 .63 17.3 .309 .83 - '4.00 .30 0, .039
8-214 95728. .967 .535 4.5 .79 19.6 .264 .48 - 4.03 - - -
8-242 99729. .039 .505 5,6 .00 21.0 .016 .80 - - 4.00 - -
8-243 97729,
6-219 99729.

.401

.180
.539
.505

6,3
7.4

,S
.40

22,1
23.4

.081

.265
.80
.58

- 9.30
- 4.30

- - -
- - -

8-245 79729. .239 .505 7,8 .35 24.0 .361 .97 - 4.33 - - -
3-2*6 98729. .302 .525 8,3 .38 24,7 .051 ,26 9.30 .30 0, .020
8-2)7 79729.
A-Oil 99739.

.344

.434
.53)7,
.505

6,4
8,2

.39

.37
24.9
24,6

.046

.053
'20
.23

- 4.00
- '4.20

- -
- -

6-249 99729. .903 .575 7.6 .39 23.8 .042 .44 - 4.00 - - -
A-220 99729,
8-221 99729,
*223 77729.

.571

.639

.705

.505

.535

.505

7,1
6,7
6.1

.43

.33

.04

23.4
22,6
21,6

.077

.072

.074

.76

.4.1

.65

- 4.00
- '4.30
- 4.30

.40 0, .040
- - -
- -

8223 99729,
A'.Z24 99729.

.772

.839
.535
.595

3,3 .79
4,) .94

20.6
49,4

,..80
.583

.65

.55 -
- 4.430
- 4.00

- - -
- -

6-225 99109. .928 .505 2.3 .82 11.3 .051 .54 - 4.30 - - -
8-226 99729. .973 ,,35 1.6 .76 15,9 .092 .43 - 9.30 - - -
6-227 99729, 2.043 .635 1,7 .76 45.8 .086 .36 - 9.30 - - -
8-228 97729, 2.408 .505 2,7 .32 17.2 .088 .51 - - 4.30 - - -
8-229 97729. 0.475 .535 4.1 .9) 49.1 .089 4 .. - 4.00 - -
6-230 99729. 2.292 .505 5.4 .97 03.8 .387 .81 - - 4.00 - -
8-231 99729. 2.329 .53, 6., .06 22,2 .071 .58 - - '4.432 - - -
8-232 99129. 2.376 .535 7.4 .13 23,) .067 .59 '4.430 - - -
8-233 99729. 2.943 ,535 7,1 .14 23,9 .053 .39 - 4.00 - -
6-234 99729. 2,540 .539 6,2 .47 24.8 .259 .32 - 9,00 - -
8-239 99729. 2.577 ,,75 6,6 .20 25.) .099 .40 . 4.00 - -
8-236 99729. 2.644 .515 5.9 .37 29,9 .050 .24 4.00 -
8-237 94729, 2.710 ,75 6,4 .47 24,9 .359 .36 - - 4,00 - -
6-238 99209, 2.117 .519 1.5 .43 23,7 .263 .57 4.50 - -
6-239 97727, 2.949
8-240 95724. 7.443

,TS
.505

..
6,3

.39

.34
22.9
31,7

.295

.373
.90
.70

- 9.20
- 4.02

- -
- ' -

470742144) 3394(159, 4. ISCISs. 8659*55 451033 1, 35,5 91/5CC, f. .744 FT/SEC.
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1601.7 9 )A0J2*T39 SF 669(4l'Cp,TAL 0*35.

C65,.SEL A, .627 6s2 1oT1830l 7,*s477 ,9, 3/4 3,19 .99 59*7)011.

9738 *,0'3L25 3) 7 3 2136 UjL' J'/J U 6'.'U 9/U*CUTQF9 CU#9( IT
lo. l. rI/5136 5233 A/o 9162) 0

8-2,1 097.'?. 2.031 .325 33,1 .96 23.5 .69? 3.99 - 4.70 - -
4-292 9972,. 3.197 .5:9 13,1 .99 33.5 .318 2.34 - 4.00 - -
A-iS) 99 '28 3 9 31,8 7 is, 4 00 -
8-244 9672,. 3.3.1 .553 9,) ,3
6-2,5 99720. 3.749 .35 - -

1,5.3 l:, I.,6
-

-
-

4.90 .
-

- -
-

6-246 99729. .29, .5,. l.s I.5
8-297 497.9. .295 ,,75 .:0

23.0 .666 3,39
23.6 .0,2 1.33

-
-

7.00
4.00

-
-

- -

6-2.8 99729. ,o)S ).5 .10 23,3 .056 3.34 - - 7.00
6-249 99729. .298 .505 35.5 .3 21.2 .,.3 3.30 - - 3.00 -
9.253 99729. .295 .505 3..s .53 01,2 .6,2 3.35 - - .50 - - -
8-25) 99729. .795 36.3 ,4 3,9 ,'753 .94 - - .80 -
8-252 99729, .295 .585 ,, I
8-253 99729. .798 .085 16,1

.74

.79
23.7 .284 .97
23.9 .047 1.73 -

1.70
2.00

-
-

-

4.259 99729. .296 .955 16.1 .79 23,9 .041 3.3)2 - 4.30 -
8-055 99729. .295 .868 36.3 .75 23.9 .053 3.36 - 7.00 - - -
8-086 99729, .795 ,565 36.3
A.257 99729. .295 ,s05 I..0

.39

.37
23,2 .055 3.30
2.'4 .099 3.33

-
-

*0.30
30.00

-
-

-

6-258 99729. .295 .628 36,6 .77 22,4 .048 1.1)8 - 7.130 - -
6.299 99729. .295 .695 36.. .;7 22.4 .347 1.325 - 9.00
6-260 99729. .095 .625 36.6 .77 22,9 .093 .93 - 2.00 - -
8-243 99739. .095 .625 36,6 .37 77,9 .036 .3*8 - 3.00
6-262 99729. .295 .625 36.6 .37 22.9 .033 .75 - .50 -
6-263 99729, .295 .685 36.7
8-264 99729. .295 .695 38,7

.38

.08
22.6 .032 .72
22.6 .039 .78

-
-

.80
3.07

-
-

6-268 9729. .290 6S5 16,7 .09 22.6 .038 .8? - 2.00
4-264 99729. .295 .685 36,7 .3 22,6 .052 .'l6 - - 4.3,50 -
8-267 99729. .295 .688 36.7 .78 22.6 .04'9 1.3)0 - 7.0
A.268 99729. .295 .695 16.7 .38 2.6 .1346 1.314 - 30.00 -
9-269 99729. .295 795 18,5 .05 02.2 .053 1.32 - 30.00
A270 99729. .295 .745 36.5 .28 22.2 .049 1.:30 - 7.00 -
6-221 99729. .295 .795 16,5 .06 2.2 .347 3.24 - 5.00 - -
6-272 99729. .298 ,755 16,4 .36 22.2 .093 .95 - 2.00
6273 99729. .295 .795 36.5 .76 22.2 .036 .85 - 1.00
6-279 99729. .295 .795 36.5 .06 22.2 .038 .78 - .50

C6#NNEL A, COS9ER 660 2972 7689)672 989, 3/4 35C44 669 5987166.

RUN 67750L25 7 7 ,U /33* J,t u,U* 9)7 V,U*CUT0F9 CU8VC 9*7
41)5978 374, 14. FT/SOC 767 MD 93942)

A-275 99729. .767 .755 12,2 .78 16,4 .109 1.73 9.00 - - -
6-276 99729. .335 .755 34,3 .92 18,9 .075 3.50 4.20 .37 0. .063
6-277 99729. .221 .756 15.0 .97 22.2 .051 3.3)4 - - 9.00 - -
5-278 99729. .268 7385 15.3 .99 20,6 .057 .96 - - 9.3)0 .25 0 .745
6-279 99729. .336 .758 34_9 .86 00.3 .053 3.317 - - 9.30 - - -
8-260 99729. .973 .798 39.9 .93 39.4 .069 1.3)3 - - 9.00 .29 0. .063
A-281 99729. 477 .755 13.7 .88 18.5 .047 3.35 - 4.00 - - -
8-282 99729. .1337 .758 12.8 .83 17.3 .076 1.31 - 5.00 .77 0, .037
6-263 99709. .609 .755 33,5 .74 34,6 .683 3.26 - 4.330 - - -
6-289 99729. .671 .755 9,9 .49 33,9 .086 1.18 - j.0 .39 0. .094
8-288 99729. .739 .755 - - - - .. - - - - -
6-286 99729. .805 .755 - - - .' - -
6.287 99729. .873 .765 0.3 .65 33,5 .092 .335 - 4.00 - - -
8-258 99729. .943) .755 1.8 .74 36.0 .080 .27 - 4.330 .27 0. .012
6289 99729. 3.037 .755 3.3 .86 18.0 .079 .7) 4.00 - - -
8-290 99729 3.5)4 755 '3.5 .99 39.6 .268 .33 9.330 .37 0, .037
8-293 99729. 3.391 .755 5.5 3.37 23.9 .659 .23 4.350 - - -
4-292 99729. 3.208 .755 8.2 3,39 23,8 .356 .22 - 4.50 .33 0. .037
6-293 p9729. 1,275 .755 6,9 3,08 22.6 .051 .34 4.00 -
8-294 99729. 1.382 .755 7.3 3.36) 23.) ,1399 .02 9.330 .28 0. .035
A295 99729. I.s39 .755 7. .32 23.9,293 .73 9.730 . - -
8294 99722. 3.477 .755 7.3 1.12 23.9 .093- .03 4.70 .27 0. .042
9-297 99729. 3.589 .255 7.3 .36 23,3 .296 .37 4.730 - - -
8-298 99729. 1.633 .755 6.6 3.77 22.4 .65, ..'6 9.00 .33 0 .093
6291 99729. 1,676 .756 8.3 3.23 23.7 .259 .37 9.70 - - -
8-300 91729. 1.749 .755 5.3 .99 27,7 .062 .29 - 4.70 .30 0. .3)36
8-30* 99729. 3.832 .795 '4,9 .93 39.9 .072 1.3)9 9.330 - - -
6-302 99729. 3.579 .795 3.2 .95 17.8 .787 .95 4.00 .30 0. .033
8-303 99729. 1.996 .795 2.2 .78 35.9 .07* .29 9.00 - - -
6-304 99779, 2,039 .763. 3,8 .73 15.8 .372 .23 9.00 .22 0. .030
8-305 99729. 2.053 .795 3,, ,78 33,9 .577 .333 9,00 - - -
9-306 99720. 2.381 ,935 9,4 .93 39,9 .054 .0 - - 4.00 .29 0, .037
9-327 99729. 2.618 .019 4,8 .93 39.9 .397 .30 - 4.00 - - -
8-328 99729. .945 .035 '2,7 .93 39,9 .057 .33 - 9.3)0 .28 0, .099
8-329 99709. .579 .935 5.2 .9 25.6 ,259 .33 - 4.00 - - -
8-330 99709. .1s ,2I 5,/ .73 23.2 .355 .57 - 9,3)0 .32 0, .021
6333 99729. .7013 6,2 3.3)9 23.9 .541 .3)2 - 9.730 - -
8-3)2 99729. .676 .235 6,3 3.3)6 02.2 .599 .319 - - 4,00 .32 0, .3347
8-333 99729. .1,33 ,olS 4,1 3.79 22,6 .599 .1,3 9.70 - -
4-339 9972'?. .554 .sIS 6.9 3 27.7 ,56/ .138 . - 4.150 -

69399U717 3)0877 ,, 7 )'CoL. 8879250 8rL.cz y, 4,5 FT/57C, 5' .74) 9Tsgc
65L4TI2.IAIILL 06 8 '219 . - .5 2*78 673141,
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!AoL( 8-3 38 C 8094151311 0436.

04403. CC.s(6 85!) 433.7 C4,.4-.CL "88, 3/4 33,88 .89 5840350.

066 61403.25 2 9 /U /t 7'/5 66' V'/U 4/0'CUT508 CU9Y Is
35. IS. 89/SEC 0492 MD 81803 a

6-335 83774. .977 3.320 28.9 1.3 22.9 .343 3.37 4.00 - - -
6-334 93729.
4-327 972'4,

.9235 l,.I5 1,.9 .99 23,7

.083 ,8 l.c6 27.7
.C55 3.24
.351 1.30

- 8.00
- 4.00

.34
-

0,
-

.05'
5.318 99729 ..275 1.'15 3,8 7 02.9 ..110 2.31 - 9.00 .33 0. .034
6-339 99724. .2118 1,015 t,3 i,5 22.0 .7511 1,0' - - 9.00 - - -
6-323 99720.
8-323 99709. .774

2.620 3,, 1.72 22,3
.535 27.3 .06 2o.a

.752 3.21

.755 1.ió
- 9.00
- 9.00

.36
-

0, .037
-A22 99739,

6-323 99728.
.11117

.c9d
.825 I9. .94 337
.825 13.8 .89 8,7

.1154 3.09

.759 3.10
9.00

- 9.00
,3
-

0,
-

.048
-

6329 99729, .873 .326 13.2 .95 17.9 .859 1.55 - - 9.00 .23 0. .043
6328 99729. .805 .935 j7, .32 7,3 .1356 3.03 - 4.50 -
6-326 99729. .733 .815 12,7 .92 7.2 .1163 3.7? - 9.00 .22 0. .037
6-327 99729. .671 .835 13.2 .34 17.7 .059 3.05 - - 9.00 - -
6-328 99729. .604
A-32 99729. .537

.615 33,7 .88 15,4

.16 39.2 .92 39.3
.753 .97
.053 3.02

-
-

- 9.00
- 9.00

.26
-

0, .044

6-330 99729. .877
6-333 99729. .9233

.835 18.6 .94 39.7

.635 34.9 .94 20.3
,C98 .95
.389 .98

- - 9.00
- 4.00

.28
-

0,
-

.047
-

5-332 99729. .33.
8-333 p9729. .369

.835 4,3 .97 23.3

.616 36.2 .98 20.6
.049 3.01
.087 .94

- 4.00
- 4.00

.0?
-

0,
-

.062
-

A334 99729. .221
4-335 99729. .234

.615 15.3 .97 20.3

.025 34.9 .93 19,9
.048 .9*
.060 3.36

4.00
4.00

.2*
-

0,
-

.035
-

5.336 99729, .267 .815 12.9 .60 36.7 .108 3.73 - 9.O .41 0. .024
8-337 99729. .C67 .874 22.5 .81 36.9 .788 3.50 - - 4.00 - - -
8-33* 99729. .239 .375 39,1 .91 19,3 .059 3.22 - - 9.00 .27 0. .024
6-339 99729. .201 .975 34,8 .93 IV. .060 3.37 - . '1.50 - -
5-380 99728. .268 .375 18.3 .92 19.3 .064 1.23 - - 9.00 .37 0. .084
6-393 99729. .336 .675 38.2 .92 29.1 .065 2.25 - 4.0 - - -
8-392 99729. .403 .875 14.2 .91 19.2 .060 3.35 - - '1.00 .31 0. .544
5-343 99728. .470 .875 34.0 .90 29.0 .063 1.20 - - 4.00 - - -
5-394 99739. .537 .875 33,9 .90 18.8 .055 1.08 - - 8.00 .29 0. .542
8-345 99779. .604 .875 33,7 .89 38.5 .055 3.02 - - '1.00 - - -5395 99729. .671
*'347 99729. .738

.870 23.5 .87 38,3

.675 23.4 .87 18.2
.055 1.03
.051 .93

. - 8.00
- 9.00

.72
-

0,
-

.03*
-

6-348 99729. .605
5-399 99729. .873

.875 13.0 .67 38.3

.875 23.6 .88 38.9
.052
.255

.99

.23
- 4.00
- 4.00

.20
-

0, .046
-

6-350 94729. .990 .375 23.9 .92 38,3 .060 .33 - 4.00 .33 0. .044
8-351 99729, 3.707 ,975 39,3 .82 39,3 .262 .39 - 8.00 - -
8.352 99729. 3.074
4-353 99728. 1.391

.875 18,7 .95 39,?

.575 25.1 .97 20,9
.066
.066

.35
'34

4.00
- 9.00

,47
-

0,
-

.048
-

8-354 99729. I .7130 .575 35,4 - .99 22,7 .067 .39 - - 3.00 .3* 0, .043
6-355 331048. 1.275 .575 15.5 1.01 23.3 .071 .99 - - 8.00 - - -
8-356 103544. 3.342 .675 35.7 1.21 23.3 .070 .9 - - '1.00 .34 0. .043
6357 103049. 3.909 .875 ls.6 3.32 21.4 .373 .52 - - 4.00 - -
5-358 303094. 3.876
A35 101099. 1.504

.575 35.8 1.22 31,9

.375 35,8 3.02 23.8
.073
.073

.52

.52 -
- 4.00
- 4.00

.34
-

0,
-

.D55
-

4-360 301794. 3.621 .870 35.8 1.52 23.4 .065 .39 - - 4.50 - - -
4-341 103084. 3.676 .874 35.8 2.02 23.3 .063 .38 - - 4,00 - - -
8-362 102040. 1.795
8-363 301399. 3.812

.875 15.6 1,01 21,3

.875 25,4 .99 20.8
.065
.062

.37

.29
- - 4.00

- 4.00
.38
-

0,
-

.042
-

6-369 221048. 1,079,57525.2
4-365 173094. 1.996

.96 20,5
.075 14.9 .96 22.2

.257

.059
.28
.33

-
-

- 4.00
- 4.00

.30
-

0,
-

.041
-

4-366 103299. 2.013 .375 38.8 .95 20.0 .050 .01 - - -8.00 .28 0, .043
6-367 101044. 2.082 .875 34.8 .95 39.9 .296 .92 - - 8.00 - - -
6-368 301399. 2.082
6-369 103749. 2.946

.924 13,9 .90 18.8

.925 14.3 .91 19.3
.058
.062

.09

.39 -
- '1.00
- 4.00

.29

.32
0,
0,

.082
.056

8-370 303344. 3.612 .925 19,0 .93 19,6 .060 .26 - - 4.02 .87 0, .095
4-373 123344. 3.678 .925 14.6 .95 20,0 .072 .93 - - 9.00 .93 0. .097
6-372 123344, 3,584 .925 34,9 .96 30,! .072 .92 - - 4.00 .38 0. .099
5-373 31111198. 1.409
3-379 353799. 2.275

.925 24.7 .95 19.9

.920 30.3 .99 18.7
.374
.073

.48

.49
- 8.00
- 8.00

.49

.99
0,
2.

.034

.002
6376 102043. 1.181 .925 29.1 .91 39,2 .773 .39 - - 9.00 .93 0. .099
6-376 333749. 1.207 .925 3,5 .37 28,2 .1167 .22 - - 9.00 .38 0, .043
6-377 2911104. .972 .925 2,9 .93 7.0 .064 .11 - - 9.00 .23 0, .035
A37& 202094. .738
6-379 303,84. .604

.925
.925

2.3 .82 7,2
3,3 83 7.5

.052

.1265
.07
.24

- - 9.00
4.00

.22

.28
0,
0.

.038
.050

6-360 103048. .473
A-381 303044. .336

.926
.925

3.1 .89 37,7
3.1 .84 17.7

.773

.276
.26
.35 -

- 9.00
- '3.50

.34

.41
0,
0.

.001

.040
3382 173284. .264 .925 3,3 .84 27.7 .276 .35 - '4,00 - - -
8.3*3 303599. .203
4-384 131394. .334

.905

.925
3,2 .85 37.8
3.2 .85 27.8

.073

.049
.29
.22

- 8.00
8.50

.29
-

0,
-

.537
-

8.385 331794. .067
8-386 3031184. .067

.925

.865
2,4 .80 36,7
0,3 .67 24.0

.074

.204
.29
.45 -

9.07
4.00

.23
-

0,
-

.085
-

6387 323099. .134 .965 2.2 .72 25.1 .068 .29 - - 4.00 .22 0. .027
6388 332048. .232 .966 2,5 .74 25.6 .385 .32 - '4.30 - - -
8-389 333349. .269
6-390 332344. .336

,995
.965

3,5 .74 5.6
1.5 .74 5.6

.066

.1186
.34
.36

- 4.00
- 9.00

.30
-

0,
-

.033
-

6-393 l3l94. .473 ,35 I., .78 35.4. .683 .20 - 8.330 - -
A-392 302784. .434 945 .9 .73 25.8 .777 .19 - - 9.00 .24 0, .083
8-393 13184. .7333 .'&3 2,3 .72 15.2 .772 .20 - - 9.00 .28 0, .037
6399 303749, .972 .960 1.3 .74 25,5 .773 .22 - - '2.50 .28 0, .021
695968730 33 '89 , . 3 147 '.73 8309434 677071 1, 11 - 25.5 81/586, 8' .790 81/SEC.

4U(STl-48L.E 0696 #33), 3616 PQ3sY,
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T.6E .4 (0291,1. 7 67 .49 5'S' 4MT#L 384'.'

C6..E4. 6, .LL 81. TE'409 (86.oCL 989 (c4Ecs .,.l. 4/4 ISCIV SAP SPaC)TVG'

434 0

noO I'., 18. FT/SEC
5/Us ,,'/ 2'/S' 5' 9'/8 054099

ID
072998 9)7
9480) 0

8-470 1)4 .838 625 I' 13 24,6 ,,'47 .32 - -
A"'474 IJI_49. .831,
*-472 144. .874

19.3
98

27,)
33,4

,'Al
,, 56

.05 -

.4, -
- M.00
- 9.00

8.973 431 '48. .531 96 13.8 ,,s? .34 - 9.30

A479 1L49'*'(. .833
6.47$ ils'.. 28/ 'SOS 17.4

1'4

.73
21,9
23.4

.759.'2 .26 -
.96 -

- 4.00
- 8.00

5-92, 434_'9. .271
A417 3. is.,

58.5
.09
.32

22,1
24.5

,194
.28.3

.33 -

.32 -
- 4.00
- 9.30

6-478 141294. .43" 825 5,1 .j4 54,2 .263 .34 - - '4.50

6.479 431J'9. .22! S 115 .37 22.5 .247 .25 - 4.00

6-922 13124'4. .76 6,5 .37 22,4 .25.1 .41 - 9.50

8861 13119. ,.3 ,.2 .94 20.8 .372 .98 - '4.00

A''482 131o'4". .37
8463 1042,4'. .674

.539.
505

3.7 .435
1,2 .72

48.8
45.1

.283

.479
.59 -

1,23 -
- 4.58
- 4.00

A"48'l 104094. .9435 .529. 3, .65 13.6 .191 .33 - 4.00
8'46S 401044. .671 025 5.0 .32 24.3 ,33 .92 - 40.00
A-MAo 43101,4, .674 825 5,6 .22 24.3 .042 .91 - - 7.00
A467 1310'44. .871 .625 .32 21.3 .092 .89 - 4.00
6-4*0 4312'44. .574 .625 4.5 .32 21,3 ,0'42 .88 - 2.00
A990 101044. .571 .525 5,0 .112 21.3 .236 .82 - 4.00
AM91 4313'lM. .674 .625 3.5 .32 01.3 .337 .78 - .50
6-492 431394. .674 .625 5,5 .32 24.3 .039 .72 - .30
A-MV) 444344, .674 .625 S'S .32 24.3 .231 .66 - '. .20
6-494 (31044. .574 .625 5.8 .32 24,3 .328 .06 -
A"'495 131244. .674 .625 5,6 ,2 24.) .222 .43
8-496 101344. .671 .625 5.8 .32 21,3 .043 .32 .03
A'497 104394. .574 .625 15,6 .02 21.3 .229 .20 '0)

CN6NNEL 8, CO6TER *631, 6*9 IVAVERI4E, /4 1805 02? SP#C1k9,

RU6 '.0980305 0 7 5 /U U/2 44'.'U 5'/%J* V/U V'/IPCUTOFP CURVE FIT

4811804 46, IN. FT/SEC 892 5/0 P4442) 0

6-49* 101344. .008 .000 13.3 .66 13,9 .397 1.35 - - - -
8-999 1210MM. .332 .000 41.3 .73 15.2 .091 4,24 - 4.00 - -
A-500 101344. .089 .000 12.2 .79 8.8 .068 4,0* - 4.00 - -
65$l 101044. .036 .003 12.9 .43 17.8 .05) .92 - 9.00 - -
5-502 401744. .113 .030 13.3 .46 48,2 .247 .89 - - 9.50 - -
6503 101044. .440 .000 I).) .86 48,0 .346 .82 - - 9.00
A-SCM 101049. .166 .702 43.3 .64 7.0 .352 .92 - - 4.50 - -
8-500 lu1C4. .19) .000 12.3 .79 46.6 .060 1.08 - - 4.00 -
A506 101399. .220 .000 II.) .73 15.3 .392 1.26 - . 9.30 -
8-507 104044. .297 .005 12.2 .60 13.8 .432 1.90 - 4.0 - -

58*444406 8, #023 6945 16109404 79604404. 0040084.160 16660950, 1/9 II4C# SAP SPACING.

RUM 4E150L35 0 0 U U/U 73/3* 3 LJ' V7IJ 8yU*CUTOF9
XV? 5/3

CUVVE FIT
9482) 0

509609 IV,
6-524 99729. .067
8-527 99728. .434
A-S28 99729. .201

IN. FT/SEC
.625 43.7 .08
.4,25 15.7 .34
.625 1o.5 ,,35

78,5
24,2
23,5

.386 4.59
,2s4 4.26
.715 4.01

3.70 -
3.00 .86

,- 3.50 -
0.
-
-

- -
.030

-
-6-529 99729. .268

6530 99729. .338
.825 47.2 4.44
.622 47,0 4.14

23.2
23,2

.035 .83
,337 .66 -

- 3.00 -
3.00 .33 0, .025

-6.534 99729. .'403
8-532 99759. .470
6-533 99729. .5)7
AS34 99709. .834
6-535 99729. .674
6-536 9972S. .738
6-53? 59729. .525

.605 6,8 4,36

.625 16.4 4.36
.628 46.2 4,34
.625 1.3 1,32
.525 13,s 1.2!
.625 15,8
.625 15,61 .12

22.8
244,7
21.8
21.3
22.1

21.9

.247 4.36

.349 1.08 -

.296 4.34 -

.247 4.02

.3'4'1 .84 -
,42 .85 -
.297 1,00

- 3.00 -
- 3.00 -
- 3.0 ,3
- 3.410 -
- 3.00 -
- 3,00 .34
- 3.00 -

-
-
0.
-
-
0,
-

-
.013

-
-

.548

A-538 99729.
6839 99729.
A-543 59729.

.073

.942

.237

.625 15.3 4,05

.625 18,8 4,38

.825 47,, 1.42

22,3
22,1
43.5

.254 4.41

.254 1.46
,049 4.44

- 3.00
- 3.00 .97
- 3.00 -

*
30.
-
-

.045

-85M1 99729.
6-892 99729.

.379

.491
.525 47,3 4,43
.8.25 45,3 1.48

29,1
24,7

,'147 4,44
.097 4.46 -

- 3.50 -
- 3.00 .36 0. .0)2

-8-843 99729.
8899 94729.
8.596 99729,
6-846 99729,

.238

.275

.392
.439

.525 2,7 .2!

.525 18,4 1.23

.624 49,9 .25

.625 49,5 .26

25,3
23.5
26.2
24,3

.343 1.08
4.01

.238 .94 -

.032 .86

- 3,00 -
3.00 -
3.30 .34
3.00 -

-
-
0.
-
-

.034

-6-647 99729.
8-545 99728.
A.49 99729.
6_580 99729.
8560 95739.
8864 99729,
6562 99728,
6-553 91729,

.977

.04,

.611

.678

.795

.812

.479

.998

.625

.525

.520

.025

.525
,s25
.525
.835

15.3 4.25
49,3 4.23
5,6 4.20

19.2 1.47
7,7 4.49
7,2 4.4!
6,7 .36
9.3 .15

28.4
m5,S
25,1
24.5
23,9
33.3
22.6
22,2

.035
,0'I'4
.095
.248
.25!
.352
.751
.1447

.92 -
4.02 -
.19
.49 -
.33
.24
.16 -
.39 .

.. 3.00 -
3.30 .30
3.50 -

- 3.00 -
- 3.00 .3*
- 3.00 -
- 3.30 -
- 3,00 .33

0,
-
-

43,
-
-
0.

.044
-
-

.015

-
.243

8,64 99725. 2.144
5665 99729. 2.48!
69055304 C 2l.,,E0,-', 48

.424

.622

.614

5.3 .17
5,7 .39

4 COOS'

21.'
5S74',7

.199 .88 - - 3.30 -

.0,3 ,97 ,. 3.70 *
13L3C110,U' 43,590/SEC. 0' .79490/SEC.

- -
' -

5U05T13,4(SLE 3816 954,7 , 219T6 97440.
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5-I 43331,3, T81l4. 37 /71*965 1406.

c9*'P5L A. 595* 6*1) 5935 C#5,*EL 3/4 24.83 038 0886241*.,

3582 3CY*.lsCS 0 y /9 ]R i'/* 2//IP v/U 9'/3' Cl*10F3 53986 PIT
,_4 *4. 1'.. 0!07C 557 8280! 3

6-5,6 I,'. 2.l3 2.822 827 .92 3.2 .052 .37 - 3.00
A-s87 133249. .879 2,323 ,l .8' .1.4 .246 1.00 - 3.0
A.568 .3218. ,74.4 12723 '.2 1,04 23,9 .394 .32 - - 3.00
60,9 33174*. .,l .872 6,1 .35 42.7 .4240 .425 - - 3.Q0
A870 20234'. .47, 3,923 7,3 1,11 13.3 ,0'' I'.! - - 3.00
6-57! 121281. .2 2.622 5,* 4.34 24,7 ,,293 - 3.00
A572 IJID'?. .73* 1.12 ,,04.24 24,9 .241 .89 - - 3.70
A-s73 273214. 2,523 27.9 .94 23,7 .251 1.413 - - 3.50
6-574 32284'. .943 1.322 23.7, .81 23.2 .082 .95 3.00
6-575 222244. .8135 2.92, l4. .31 27.1 ,354 273 - 3.00
9-57. 232144. .671 2,*73 13.3 ,3 21.9 .353 .96 - 3.00
8-577 272044. .637 3.323 18,4 .93 49.5 4244 .427 - 3.00
8.578 271u44. .403 1.923 25.3 .94 27.6 .031 .17 - - 3.07
8-579 1.22344. .268 1.320 8.6 2.33 22.1 .03* .16 - 3.00
8-560 20224*. .234 2.323 21.3 .32 23.3 .3511 2.23 - - 3.70
8-58! 50522. .134 1.820 7.0 .94 17,7 .040 2,29 - 2.00
A-582 53522. .268 2.320 7.2 .99 29.6 .0312 .75 - 2.00
6-583 53524. .403 1.320 7.6 .97 29,2 .0412 .78 - 2.00 .25 0, 035

A584 53572. .637 1.820 7,1 .92 28,0 .74*, .82 - - 2.00
6585 62522. .672 1.922 8,2 .94 25,4 .063 .98 - - 2.70
8-586 50422. .506 2.820 5,2 .79 25,6 .065 .80 - - 2.00 .29 0. .084
8.587 50522. .940 1.302 8., .86 24,8 .052, .83 - - 2.00
8-588 50522. .074 1.320 727 .98 8,8 .046 .42 - 2,00 .36 8, .042
6.589 52522. .2.28 1,824 3.2 2.24 70.4 .09. .32 - - 7.00
8.590 50522. .342 1.223 b, 2,98 22,3 .34.2 .92 - - 2.00 .27 0, 038
6-591 57522. ,'476 2,320 8,6 2.07 22,5 .294 .35 - - 2.00
6-592 50522. .811 2.020 5,1 2,03 21,7 .092 .30 - - 2.00 .31 0. .032
6-593 52022. .7'45 1.372 3,0 1.24 22.9 .09.4 .88 - - 2.00
A-59'4 50522. .678 2.820 7,4 .96 25.8 .002 .97 - 2.00 .29 0. .032
8-595 50522. .013 2.320 6,9 .88 27.6 .055 .90 - 2.00
6-598 50522. 1'48 1,320 8.3 .89 27.6 .052) .68 - 2.00 .23 0. .037

044884155 A, 3AL.I. A 2 24.069*08 (388455 CEIAIE7LINE 18850950, 4/8 29(44 389 SPACINU,

RUN 85050505 0 I I /0 3/0' U'/ UL1 v'/ 91i.P CuTQFr (8975 P11
'409819 18. 124. 51/5(0 882 30 5(82) a

A"547 50522. .248 .625 8,2 4.06 20.8 .0512 1.04 - 2.00 .34 8, .01)
8-598 60522. .023 .625 8.2 2732 20.2 .346 .92 - 2.00 - - -
*599 80522. .819 .525 8.3 2.27 21,0 .254 1.I'+ - 2.00 .32 24. .047
6-400 50822. .795 .25 8.9 1.14 27,9 .4333 2.38 - 2.00 - - -
6401 50522. .622 .626 7,4 2.20 23.7 .044 2.16 - 2.00 .37 30, .020
6602 50522. .476 .625 9.8 1.28 2'4.7 .040 1.00 - 2.00 - - -
6603
8604

50622.
50022.

.342

.235
.625 9.8 1.27 24.9
.675 9,6 1.32 24,7

.03,
,046

.56 -
1.10 -

- 2.02 .36 0, .027
2.02 - - -

8.625 50622. .774 .620 9.2 1,25 22.5 .033 1,25 - 2.00 .40 2, .027
A.606 50522. .940 .625 0,4 1,219 02,4 .703 1.13 - 2.00
6-807 50022. .625 .820 7,7 4.72 22,3 ,043 .43 - - 2.00 .33 0. .008
6808 52522. .672 .526 7,7 2.02 6,8 .243 .65 - - 2.70 - -
A"609 50572. .537 .625 5,3 4.33 23,2 .701 1,02 - 2.00 .33 23. .081
6-610 50522. .423 .420 6,4 1,08 21.2 .249 .94 - 2.70 - - -
6811 50522. .268 .620 5.8 2,21 21.9 .033 .73 - 2.00 .40 0, .029
6-4*2 67522. .239 ,,25 7.7 3.32 78,2 .068 2,17 - - 2.00 - - -
8-423 203951. .239 .825 23,4 ,9? 22,2 .054 1.31 - - 3.0 - -
6634 203*52, .267 .825 5,01,06 24,2 .334 .82 - 3.00 .28 0. .029
6-625 203451. .802 .6042 4*'' l.Q# 03,7 .295 2.09 - 3.00 - -
3-626 203951. .0:4 ,*00 13,81,04 20.1 .732 1.25 - 3.00 .37 37. .018
8-627 203453. .869 .525 15,0 .00 23,3 .341 .72 3.00 - - -
9618 233453. .601 .51* 10,31.01 22,3 ,303 .97 - 3.00 .30 0, .027
8.628 203401. .933 .825 27,2 1.06 23,0 ,049 2.35 - - 3.00 -
8420 233902. 1.269 .520 7,2 4.14 29,5 .086 3.15 - 3.70 .40 5, .018
6-622 203452, 2.202 .52. 23,0 4,35 26.0 .392 2.20 - - 3.00 - -
5622 203951. 1.336 .825 5,6 2.22 6,9 .033 .68 - 3.70 .30 0, .029
8823 203451. 1,469 .825 6,6 l.l 26.7 .337 .99 - - 3.07 - -
6.629 223402. 2.833 .626 27,9 1.20. 26.7 .042 4,22 - 3.70 .35 55, .0*2
8.625 7.03852, 2,738 ,62 1.43 3,20 24,6 .251 2.29 - - 3.00
3876 203953. 2.570 .625 6.4 4.34 23.3 .046 2,25 - 3,60 - - -
6627 253302. 2.003 .523 10,7 ,n1 02,7 ,045 2.03 - - 3.00 .3! 0, .736
6-828 203451. 2,237 .92*. 15,3 ,.S 23.S .360 1.28 - - 3.70 -

8Y6#AULIC 028440116,0 9039505 651.00118,2 15,5 81/557, 0*' .493 81/367.
9055110116855 2816 801411, 076 /2"T.
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9994 85192105 5 7 ,'U t#o u'u J'4P 9"U V'.'L CUTOFF CIJ9VE P11'
NUMBER 19*, IN. 1T,'5E5 5,15 11/0 P1440) 0

8-652 101044. .515 .000 2.6 .8 14,3 .390 1.29 3.00 - -
8-653 101044. .015 .200 0,6 .68 19.3 .099 1.41 £0.00 -
6-659 101094. .015 .002 2,6 .68 I'1.3 .096 1.37 7.00 - -
8-656 £01394. .015 .002 0,6 .48 14,3 .093 1.33 9.00 - -
6.654 131044. .018 .000 3,6 .58 29.3 .089 1,27 2.00 -
8-657 £51489. .015 .030 0,6 .68 24,3 .083 1.19 1.00 -
6-656 £01244. .342 .202 1.7 .76 15,9 .371 1.12 . 1.00 - -
8-659 £01088. .542 .200 1.7 .76 15.9 .073 1.23 3.00 -
6-660 121044. .559 .020 2,6 .81 17,2 .053 .96 3.00 .31 0. .031
8-661. 101344. .366 .002 2.5 .81 7.1 ,055 .93 - 1.00 - -
6-662 101084, .095 .000 3,1 .85 7,7 .047 .84 - 1.00 - - -
6663 £30449. .095 .000 3.1 .86 7,7 .289 .87 2.00 -
8-669 121049. .395 .032 3.1 .06 7.7 .352 .89 3.00 - -
6-665 101044. .095 .030 3,1 .80 7,7 .381 .90 - 9.00 - -
6-666 151 344. .095 .000 3.1 .85 7.7 .052 .92 7.00 - -
6-667 101089. .395 .002 3.2 .65 7,7 ,083 .93 10.00 - -
6-668 151044. .122 .000 3,3 .80 10,5 .000 .91 .. 3.042 .34 2, .035
8-669 101048. .120 .002 3.3 .2327.9,096 .82 1.00 - - -
6-670 101044. .1'49 .003 3,2 .sS 12,8 .044 .29 - 1.00 - - -
8-471 101094. .149 .000 3.2 .65 45,9 .348 .80 - 3.00 .30 0, .029
6-672 101044. .176 .000 2,2, .42 4.9 ,0*1 1.09 - 3.00 . - -
8-673 £31244, .176 .0-32 2, .41 ls,1 .062 1,0.1 1.50 -
8-674 121548. .203 .5cc 1.7 .73 20,5.300 2.26 - 3.00 .25 0. .025
8-675 121044, .203 .000 1,7 .76 20,0 ,,074 1.06 1.00 - -
6-676 £01284. .230 .000 20,7 .39 '4,5 .0+0 1.23 - 1.00 - -
6-677 £01044. .230 .002 12.0 ,3 11,9 .295 2.3' - - 3.02 - - -
A-678 £01094. .256 .020 9... .62 1:',' 2241,97 - 3.00 .19 0. .026
6-679. 131095, .275 .300 0,5 .4'-0.12 ' - 3.02 .19 0, .0)9
6-680 121244. .313 .000 12 ,7.' 4',,s .1-JO 2.39 .063 .94 3.02 .21 0. .529
6-681 101099. .339 .006 42,3 .45,540 3.50 - - -
6-682 121094. .3*4 .033 12,.. .. ,.5 .253 .72 3.50 .28 12. .039
6-683 101345. .393 ,050 12,2 - 5,00,'., 029 .69 3.52 - -
6-689 1010+9. .119 .030 13,9 15,1 .044 .99 .039 .70 3.00 - -
6-685 131095. 119 .020 13,4 , 3. I .21 .92 .040 .72 £0.00 - . -
6-666 £01399, .129 .000 13.9 .,. '.0,1,203 .00 .640 .72 7.00 - - -
8-667 141049. .119 .120 13,4 .124 15,1 .229 .30 .040 .71 9.00 - -
6-688 101049. .119 .0012 13,5 .84 44,2 .347 .88 .5)8 .69 2.00 - -
8-689 171344. .119 .3-33 13,4 .44 10,2 .346 .,04 .036 .63 1.00 - -
8-690 £2109'. .119 .0002 23,4 .44 i',I .044 .03 .33) .99 .50 - -
6-691 £01094. .395 .320 23,3 .96 11.9 .092 .92 .039 .70 3.00 .33 0. .031
8-682 £01089, .173 .320 10.3 .33 17,5 .061 1.0. .043 .72 3.00 .29 '0. .03)
6-693 £21388. .230 .050 12.1 .712 1O, ,'.)4 1.06 .247 .78 3.00 .27 0, .024
6-699 £31049. .227 .300 24,2 .71 11.5 .2442 1.52 .057 .84 3.00 -
6909*5115 02*9(118, !240391S, 861,422': 3L0C214 U 20,5 FT/SOC. L .780 1115(0.

9U52112,AALC 081* 90281. -92 0674 80131,

C9A99.L

91.51+ r - I C 095 93 . 1.717

5. 000,1, AOl .91,5 C9AN51,

545 4 51 S I *1 5£ TA,

951444, 1/8 I4.' 5*9 3#AClsS.

399 35901.45 0 9 5 5/5 //5* 5AU5 L'/U A'J 9U9CuTcFr C068( FIT
1..P4453 14, lj.. 11,150 914.0 AID 11441) 0

6.A29 3,61. 2,137 .923 14,2 .92 27.5 ,+, .9+ 3.00 .33 0. .037
A*35 I. 33 .*22 l..3 .90 20,7 ..So 1.29 3.O -
A"631 1. .$4 ,22 '.4 .9* 22,5 .551 1,12) - 3.O .34 0. .035
A..32 2.4.51. .73 '72 25.4 2.72 23,. '0 .97 3.50 -
A'A33 22361. .9.3 .2122 26.4 .36 30,7 .094 .98 3.00 .35 0. .030
A.'6)'4
8.635
9-9)9
A..637

103'.,I.
247991.
243.51.
203A6+.

.9.0,

.33,

.72,

.269

.474 19.5

..22 l.2

.022 1..'

.622 24.5

1.46 .13.9 .342 1.50
I .31. ,3,',3'. .5*
1.41 22,5 .392 .93

.62 23.9 .350 1.05

- 3.0
3.70
3.00

- 3.00

-
.39

.91

0.
-

£2.

.036

.030
6-636 01.3451. .935 922 13 15 052 1 - 3.00 -
6-639 203801. .4.02 .472 i4.* .62 40.1 .2152 .93 - - 3.00 .31 0. .025
8685 2.3'401. .522 13.2 .86 19,7 .251 .95 3.50 -
6-881 233,51. .534 .022 25.1 .91 27.' .29* .93 - 3.50 .36 0. .082
6-682 223552. .442 .522 14.9 .9* 21.5 .337 .30 - 3.00
8643
A-68'I
A..b#S

223'451. .27
203951, .139
223+01. .935

.022 15,2
.022 13,9
.022 13.3

.93 22,3 .235 .73

.90 20.1 .259 1,10

.35 19,2 .654 2.53

- - 3.0
- 3.00
- 10.00

.30
-

0,
-
-

.052
-
-

866 20395+. .935 .922 13.3 .95 19.1 .054 1.03 - 6.00 - -
6.687 203'441. .935 .422 13,3 .34 19,1 .652 1.30 - 4.00 -
6-698 203451. .935 .822 13,3 .85 19.2 .062 1.00 - 3.50 - -
8-699
6650

203451, .9)5
203451. .935

.822 23.3

.822 13.3
.05 19.1 .051 .96
.85 29.1 .099 .93

- 2.00
- 1.00

-
-

-

6-651 203401. .935 .522 13.3 .85 19.2 .347 .90 - .50 -

CHANNEL A, 055158 .611. GAP TR5VEASE, £09 14+C44 GAP SPAC1NI1,



QUESTIOIA808 DATA 90297, 923A78 707N7
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TA808 A-I '.1.). TA'JLATIQ 428 A.A7042 4180 287%.

C'.A'.'.El. A. 88.96. 66L GAP TRAVF400, 4.'$ 44044 4P 5942070'..

8.70 469 .20389.92 2
0.

9

7"
4/2 .,2'.

FT/SOC
3'1 U'/, 8AU 9/5 CuToF CUNVc FIT

A/D I94Z) 0
8-698 20!., .....'I .32 44,' ,7 45,9 .393 .49 .1106 .89 3.03
8-896 2242.4 .6,,33n 42,4. .4',1 ,..7 .27 .359 .428 10.041
A6V7 2273 4'. .406,130 74,2 .8r 47,5 ,3o .3' .644 .78 2.00
6-698 7384. .432 .330 73.8 .7 18,41 .384 .429 .88 .73 3.70
8699 2.0. 135 ,457 73,4 .44. 49,3 ,3 .A, .042 .73 10.02
8-732 434398. .374 .332 42.9 .43 1,3 .266 7.30 .1143 .75 3.00
8701 2023,.. .51 .300 2.2 ;3,:7, 4.20 .499 .34 3.00
8-727 104S45. .3244 .6j i, '24 ,77o 1.44 .361 .92 3.00
8-703. 1040 8.,2'4 .231. 71.3 .73 40,3 ,363 7.25 .353 .99 3.70
8-704 1213.0. .112', .422 1.3 .73 73.3 .393 1.43 .357 .67 3.00

88694.66

8.Th

A, 6610 C#A#409L

REP'90108 0

4488,

T

7/4 7479 098 5P6Cl5..

,o u L.0 5/4) v/U6 CUTOFF C0RV( 2T

A705
028888
99779,

10,
.092

79.
.7+5

F TI S C C
43.7 ,s8 49,5 .405 .96 .066

+D A'S ri+l2) 0
2.22 3.00 - - -

A706 997429. .407 .795 45,9 4.32 27,5 .073 .50 .043 .93 3'QO - - -
5-707 99729. .710 .795 17,2 4.09 20.9 33; .48 .033 .77 3.00 - - -
8-708 99729. .240 .7+5 17,9 .42 27,3 .033 .78 .227 .64 3.00 - - -
A779 99729, .339 .745 47.1 4.43 23,7 .1199 .12 .033 .74 3.00 - - -
8710 99729, .376 .743 46,7 1,37 22,2 .156 .30 ,c37 .83 3.00 - -
8-711 99729, .8+3 .746 48,4 4.344 21,5 .666 ''+9 .044 .90 3.00 - -
8-742 99729. .513 .7'5 45.6 4.30 21,11 .')85 .93 .042 .88 3.00 - -
8-743 99729. .577 7'+5 44.6 .443 23.0 ''373 .55 .095 .90 3.00 - -
8-745 99729. .644 .745 13.9 .90 45.8 .100 .32 .083 .99 3.00 -
8-718 99729. .744 .795 13.3 .8. 17,9 .377 .38 .059 2.05 3.00 -
8746 99729. .779 .795 13,2 .55 17.8 .4.3 .261 4.39 3.00 - -
8-717 99729. .846 .145 43.8 .99 19,6 .067 .29 .052 .96 3.00 - -
A716 99729. .848 .685 16,4 4.23 24.7 .069 .39 .036 .79 3.02 -
8-749 99729. .779 .685 45,6 4.21 24,1 ,0 .28 .237 .77 3.00 - -
8-722 99729, .711 .685 15.5 .23 20,9 .058 .72 .233 .70 3.00 -
8-704 99729, .695 .685 15.7 4.21 24.2 .052 .41 .033 .69 3.00 -
9-722 99729, .577 .655 16,0 4.33 21.6 ,050 .0' .032 .68 3.00 -
8-723 99729, .9+3 .688 8.3 4.73 22,7 .596 .41 .034 .70 3.00 - -
A724 99729. .329 .668 47,5 1.73 23.7 .031 .89 .8417 .65 3.00 - -
8-728 99729. .290 .685 17.3 4.43 23.7 .638 .85 .02% .68 3.00 -
8724 99729, .475 .686 16,9 4,39 22,8 .257 1 16 .033 .74 3.02 - - -
8-727 99729. 437 .885 45,4 4.341 24.0 .377 1.61 .097 .98 3.00 -
8.729 99729, .040 .885 13.2 .92, 77.8 .409 1,99 .069 1,2 3.00 - -
8-729 99729. .437 .828 0,7 4.71 24,1 .1470 1 '43 .095 .94 3.02 - -
8730 99729. .475 .625 45,9 .09 22.8 .081 4.4' .033 .76 3.00 - -
8-731 99729. -292 .625 47,5 .43 23,8 .036 .425 .027 .65 3.02 - -
3.732 99729. .329 629 47,6 .j3 22,1 .337 .88 .236 .42 3.02 -
8733 99729. .316 .625 77.2 .41 23,0 .096 7,37 .730 .69 3.00 - -
8.735 99729. .547 .p25 46,5 .7 37,2 .153 1.48 .031 ,72 3.00 - -
8-735
8-734
3-737

99129,
99729,
99729,

.84'4

.714

.709

.425

.626

.829

45,1
16,3
46.2

.3" 21,'

.33 32,4

.32 3,9
,92
.09

.696

.027

.027
329

.59 3.50 - -

.58 3.00 - -

.63 .3.00 -
A-73S 99729. .779 .565 13.2 .2823.3 4.32 .036 .74 3.02 -
3-739 99729. .744 .5.5 72,: .4403.2 .27 .024 .12 3.02 -
67'40 99729, .8+" .565 40,1 .447 20,9 .062 1,20 .736 .73 3.00 - -
8-744
A-780

99729.
p9729,

.610
.376

.385

.569
15,7 24,7
25.7 .20 22,4

4,43
.356 .26

,034,
.039

.77 3.00 -

.78 3.00 - -
8.793 99729. .539 554 17.1 4.39 .4130 .73 3.00 - -
8-745 99729. .242 .565 7,3 !.li .942 .330 .73 3.00 - - -
8-755 99729, .475 .585 10.1 19 4,75 .034 .77 3.00 - 42

8-756 99729, .427 .165 45,14,33 ,072 '33 .14446 .97 2.041
8-747 99709 .,437,53 9 415,2 .2442. .93 3.73 - -
A749 99789. .435 .12644 45,0 4 '4 .334 .77 3.744 -
A-7+9 99729, .243 .539 6,9 .691 4,09 .232 .73 3.00 - -
8750 99729. .331 ,939 76,5 4,01 .359 1.31 .036 .79 3.00 -
8781 9972', .37. ,3149 45,3 4,67 .673 1.50 .042 .88 3.011 - - -
8-752 99729. .442 .409 I'+,3 .22 49., .1083 1.57 ,1J'49 .86 3.20 ' -
A"793 97729. .594 .539 12.4 .742 46,4 .095 4.43 .099 .60 3.00 -
3-759 99729. .077 .509 13,9 .45 19,1 ,093 1.63 .049 .89 3.20 " - -
A755 98729. .744 .339 42,1 .6719,9 .372 4.42 .397 .43 3.00 - -
5-756 98729. .779 .539 411,3 .49 49,3 .069 8.26 .060 .86 3.80 - -
87096261852388.704,2 160645. 8419950 E00ClTT, 42 45,5 97/568, 9*" .754 T/SCC.
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13990 4.1 9C091.9, TV'UL&TI3i. OF (0930 iE,04L 31)14.

C84143301. 4. (00.04 OAf' 18*90900, 9/4 l34 389 099(956.

RUN 0C1145625 0 O 1) U/6 U/19 U40 UVU 6'/V V'/Ll CUTOFF CURVE (It
15 Ui, 9 4 96. 95, FT/SEC K#0 23/5 ((140) a

4..757 09348. .334 .250 12.! .13 16,33,19 9,337 .373 1.20 3.00 - - -
3-756 1948. .339 .392 93.9 .9. 97.0 .701 1.43 .060 .44 3.0 - -
6-759 939244. .263 93,8 .39 96,7 .267 .34 .242 .79 3.00 - -
6-740 131049. .286 .53 94.4 .143 19.5 .351 1,110 .036 .69 3.00 - - -
3-769 tjIoq'. .311 .250 99.8 .95 20,0 .043 .1)9 .330 .49 3.00 - - -
3-762 9044. .138 .260 19,9 .363 99,9, 241 .142 .030 .61 3,00 - - -
3-743 109044. .165 .252 14.4. .7419.7 .096 .94 .033 .64 3.30 - -
4764 909044. 142 .050 19,2 .99 99.9 .363 1.19 .039 .74 3.00 - -
8-765 101089. .299 .250 13.2 .36 17.9 .356 1.154 .051 .91 3.00 - - -
4-146 9010+9. .246 .260 92.2 .78 96.5 .197 1.13 .369 1.94 3.00 - - -
8-747 101044. 246 .260 19.9 .77 96.1 .106 1,30 .062 .99 3.30 - - -
6-748 301044. .219 .262 93.7,64 17.6 .362 9.34 .046 .89 3.30 - - -
6.749 909344. .172 .262 13.9 .90 99,3 .066 9.33 .045 .75 3.00 - -
4-177 101044. .165 .260 19.6 .99 9.7 .349 .96 .032 .64 3.00 - -
4-779 901049. .138 .250 94.6 .144 211,2 .337 .09 .029 .58 3.00 - - -
4772 13104'4. .111 .239 19.2 .90 30.7,393.81,029 .49 3.00 - -
6-773 929044. .066 .253 94.5 .93 99.6 .099 .96 .233 '64 3.30 - -
8..?74 131044. .368 .252 13.4 .99 94.6 .068 9.397 .1339 .74 3.30 -
3-776 1312'+4. .039 .253 13.0 .64 97.6 .090 1.9,5 .051 .90 3.00 - -
8-776 901094, .309 .200 12,1 .116 96,3 .119 9.332 .04* I 3.0 - - -
3-777 101C4.. .039 .250 13.0 .64 17,6 - " - - - - -

'8-776 92134+. .308 .250 19,0 .93 18,9 - " - - - - -
A'77R 10l0'4'4. .080 .260 94.5 .94 99.8 - - -
A-7e0 929049. .919 .253 94,9 .96 20.1 - - - - -
A78* 159044. .136 .253 14.9 .94 20,9 - - - - - -
4-702 1010364. 165 .260 94.6 .94 19,8 - - - - - -
4783 9-39044. .992 .250 14.1 .93 19.2 - - - - -
3-789 131044. .219 .200 13.2 .36 17,8 - - -
8-735 1310'+4. .246 .2613 92,1 .74 14.4 . - - -
4-784 1010436. .272 .250 11.3 .71 14,3 -

CHANNEL A, (ENTEN 8839 069 TRAVERSE, 9/4 IRC+4 069 SPACIISG,

RUN REYSOLOS 0 Oiu 533* 9171) U'U 9'/U 9>6*CUTSFF CURVE fIT
9090(9 95. 136. FT/SEC 080 AID ((HZ) 0

8787 131349. .008 .003 0,6 .8 14.3 .917 1.3,7 .074 1.05 3.00 - -
8-788 933044. .333 .030 9,7 .75 95.8 .092 9.95 .1355 .87 3.30 - - -
8-789 109244. .059 .093 2.7 .6? 17.2 .972 1.23 .040 .78 3.00 - -
6-190 101094. .098 .200 3,9 .96 16,1 .958 9.1)4 .1341 .7'4 3.00 - -
4-799 101044. .113 .000 3.6 .99 18,4 .259 .134 .042 .75 3.00 - - -
A-792 103744. .990 .330 3.6 .86 18.4 .059 ''34 .040 .73 3.00 - -
8-793 109544. .166 .000 3.2 .65 17.7 .982 9.10 .042 .75 3.00 - - -
6-794 909049. .993 .702 2.0 .631 16.9 .080 1.35 .11198 .80 3.00 -
6-745 159047. .230 .190 1.36 .73 15,9 .394 I.s.O .1759 .99 3.00 - -
8-794 101094. .287 .000 0,3 .636 9).' .121 1.1,8 077 1*26 3.00 - - -
4-845 9010436. .016 .900 0,0 .013 94,3 .176 1.53 - 3.00 .22 S. .034
3-846 109049. .343 .900 1,6 '733 17,' .791 1,'0 - 3.00 .24 0. .524
6-847 101944. .070 .03.1 2,9.531. .7 1.17 - 3.5 .24 0. .035
4-849 1090436. .0 .020 3.6 .00 8,;- .956 1.333 - 3.50 - - -
8-849 101249, .923 .092 2,6 .69 10,2 .1053 1'I)I - - 3.00 - -
A-A50 139099. .950 .073 3.5 .55 11),' .050 1.137 - 3.c0 - - -
6-459 171999 .,l5Q,9,9 3,3 .59 99,8 .031 13 .. - 90.00 - - -
*882 93194'. .153 .923 3,3 15.. .353 .1.4 - - 9.35 - -
3-853 399044. .177 .029 3.' .1)8 17,7 .3,6 .30 - 3.30 - - -
3-954 101998. .209 .902 7,3 .79 1. .7332 .1I-i 3.50 - - -
4-855 199044. .231 .309 1,31 1) 0 ,,75M 3.25 - 3.50 - -
A-586' 1C1U88, .359 .300 9.6 1 193 1,03 - - 3.50 - -

A020AOLIC 59680104, 5 159.05' .'s 33 .999 5, U - 16,6 FT/SEC. 6 .740 FT/SIC.
9UE5TI0'34600 DATA 90969, -9001)00
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CHANNEL At SIDE 3ALL 9*9 1683895(5, l9 INCH 559

ION 6(0503.09 0 O a /U a,o*

09*0118.

uu UU* VU v>U0610rF CUIVE PIT
4.U4609 IN. 10. ri/sEC RHO A/D 1(92) a

102044. .750 .996 10.5 .65 18.2 .067 .5 3.00
8192 301044. .150 .998 32.3 .73 25.3 .060 .92 3.00 - - -
(-593 301044. .750 .978 23.9 .17 16.1 .063 .96 3.00 - -
(-694 202044. .750 .966 *2.9 .83 37.4 .055 .95 3.00 - - -
6-895 201044. .150 .938 33,5 .57 38.3 .241 .86 - 3.00
6-696 301044. .753 .935 34.3 .90 18.9 .341 .78 - 3.00 - -
6691 101049. .750 .878 14.2 .91 19.1 .039 .74 - 3.00 -
(-698 3313344. .757 .878 14.3 .92 19.1 .039 .75 - 3.00
(-699 203099. .750 .85* 13.3 .69 38.7 .047 .86 - 3.00 - -
(-900 102144. .750 .838 33.4 .36 16.1 .065 .99 3.00 - -
A?Ol *02344. .753 .338 32.7 .82 37.2 .065 3.12 - 3.00 - -
402 *01044. .75w .793 22.6 .75 35.7 .073 2.24 - 3.00 - -
(-903 201049. .752 .789 10.8 .70 34.4 .077 1.22 - 3.00 -
6.904 131349. .760 .778 9.1 .43 33,1 .076 1.0) - 3.00 -
8.905 131044. .755 .7*5 8.4 .54 23.4 .089 2.02 3.50 - - -
8906 102049. 2.003 .993 31.3 .73 34.9 .072 3.06 3.00 - -
A-907 201044. 2.023 .98* 12.3 .79 36.6 .064 3.30 - 3.00 - -
(-905 101044. 2.003 .975 13.0 .84 17.6 .067 1.27 3.00 - - -35 201044. 2.003 .958 34.3 .92 19.1 .0*3 1.20 3.00 - - -
6-920 30304'. 2.0)3 .933 29.8 .95 20.0 .553 1.07 3.00 - - -
6-911 133044. 2.003 .938 31,3 .98 20.7 ,047 .97 3.00 - - -
8.922 131044. 2.C33 .89'. 30.0 3.52 23.0 .543 .90 - 3.00 - - -
6-923 133044. 2.533 .370 10.5 3.00 21.0 .047 .96 - 3.50 - -
834 223049. 2.003 .40. 15,4 .99 00.9 .212 1.07 - 3.00 - - -
A-Ill 133349. 0.003 .436 34.9 .96 20.1 .062 1.22 - 3.00 -

121244. 2.003 .51* 34.2 .92 39.2 .270 2.35 3.50 - - -
(-917 202044. 2.033 .799 23.2 .85 37.9 .585 3.52 3.Q0 - -
(-925 302044. 2.003 .180 22.6 .83 11.0 .087 1.47 3.00 -
6-929 302044. 2.003 .778 40.8 .70 34,6 .321 2.77 3.00 -

HYDRAULIC DISM800A. 0 .811 ICt(S. AVESASE 3ELOCIIO. U - 35,5 rI/sEc. U .740 PT/SEC.
SUESIIQO83LE 7618 Polo - 40 DATA POII4T.

lC.NT.l. TAa6L*TU'W Or L.9(AII4TAL 3*0*.

0664.58%. 9, 3E324 A? 534t.4.'0, RtI INC., SAP 3Y801345.

RUM 6(1.03.05 0 U V/U 31/0* I/U U'/U* SIG V94.P C60088 C849c 911
....l4 IN. I. FT/5C 5Z AD 91142) 0

4-267 1I4t. .732 .110 1'.) .4 II,) ,13o 3.54 - 3.00 - -
A-.53 123)4'. .733. .F. I.9 .72 14.7 .93 1.23 3.00 -
4-168 3033 9.. .737. .25 10.s .81 16.9 .75 3.29 - - 3.00 - -
8-862 1530.'. .730 .035 23.4 .86 13.1 .275 3.36 - 3,00 -
4-861 17329.. .733. .0.5 34.7 .92 39.0 .071 3.34 3.00 - -
6-362 3)309'. .731 .0o l.,7 .97 23.3 .183 1.21 - 3.00 -
6-363 l3334. .730 .580 IS.o 3.70 23.3 .15. 3.35 - 3.QO - -
4-564 123144. .733 .6). l.. 3.23 21.5 .352 2.21 - 3.00 -
A-lAS 123044. .737 .625 36.3 3.34 23.3 .346 3.00 - - 3.00 - -
A-666 231204.. .732 2S 36.2 3.34 23.8 .Oqa 3.25 - - 30.00 -
*-aei 3Q1.4t. .733 .*os 36.3 3.24 23.9 .3t.s .11 -
6.668 l3l64.. .730 .645 36.2 i.9 23.9 035 .99 - - 3.00
A-6e9
6-670

133344. .730 .6.6 16.2 I.3 21.7 .053
131344. .730 .63. 1.8 1.02 23.3 .053

3.0,
1.13

- 3.00
- 3.00 - - -

6-673 101244. .730 .105 35.3 .98 20.6 .042 1.27 - 3.50 -
6.572 301094. .130 .705 34.6 .4 29.1 .063 3.26 3.00 -
6-673 202044. .732 .735 39.0 .90 39.0 .066 3.25 - 3.00 - -
6-679 10104'4. .730 .140 13.7 .98 38.5 .073 3.34 - 3.00 - -
6-675 302044. .730 .745 33.4 .84 26.2 .075 3.36 - 3.00 . -
(-676 302044. 3.963 .745 32.0 .71 14.9 .040 1.38 - 3.00 - -
6-577 321094. 3.983 .70* 10.4 .60 24.7 .062 3.36 - . 3.00 -
6.67$ 101044. 3.983 .725 33.5 .e7 23,2 .077 3.40 - - 5.00 -
(-679 302044. 3,983 .175 39.7 .95 39.6 .073 3.14 - - 3.0 . - -
(-560 303044. 2,983 .435 25.6 1.00 23.3 .063 1.41 - - 3.00 - -
6-Ill 302349. 3.963 .463 36,2 1.04 21.9 .064 3.40 - 3.00 - - -
(-853 101044. 3.963 .64. 36.6 j.Q7 22.5 .055 1.30 - - 3.00
(-653 203344. 1.963 .626 26.5 3.08 22.7 .053 3.31 - - 3.00 - -
A-164 *02044. 1.983 .605 16.3 1,OA 22.7 .054 1.23 . - 3.00 -
AS$5 101399. 3.963 .555 36.6 i.07 22.9 .359 1.32 - 3.00 - - -
(-564 201044. 3.983 .565 36.2 3.04 21.9 .063 3.39 - - 3.00 - - -
6-667 123044. 1.953 .045 20.5 1.30 21.3 .265 3.43 - - 3.00
A-SI. 10*794. 1.933 .62. 34.4 .93 19.5 .072 1.41 - 5.00 - -
(-569 303044. 2.913 .535 33.6 .86 11.4 .076 2.40 - 3.00 -
6$90 101044. 3.963 .533 13.2 .55 17.9 .071 3.32 - 5.00 - -
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1*,,l.t 5.1 145U.8fl79 up 4SP(8l#C5IAL 3*0*.

Cl'e,NEL A, SLL 6.3 l.T!Rl1'R C543(6I.( 8455(4955. I/I *44C$ GAP

*4,4 5f!:3L1)S 2 G i0 u/t1 1J'U 3'/U V,4I 8VCUTDPP CURVC *T
ts4 IN. *9. PT/SEC ki.Z A/D 0

4*200 50243. .3.7 ..25 '.9 .40 *7.6 .087 1.03 - 2.00 .51 4. .028
4*20* 5247. '*3* .625 2.7 1.02 23.3 ...6 1.37 - 2.00 .5* 4. .0*4
5101.1 Sd47. .22% .625 I., l.j* 21,3 .053 1.15 - 2.00 .So 32. .021
6*303 5.47. .268 .635 2.0 i.lS 22.5 .245 1.32 - - 2.00 9$ 35. .054
*1304 40505. .335 .620 2.7 1.22 23.7 .080 1.20 - - 2.00 .55 34. .054
AbCS 558.05. .402 .625 2,s l.* 23.3 .2*7 1.56 - 3.00 40. .023
AIOIIe SSSuO. .46, .425 I.' l.% 22.2 .â5 1.18 - 2.00 .3* 47. .020
4*007 55535. .537 .620 1.3 1.08 21.0 .395 2.00 2.00 .27 47. .008
4155'4 55535. .èO'* .635 7.6 *.ol 19.7 .101 1.94 2.00 .24 50. .030
6*009 55505. .67* .625 3.0 .45 II.. .100 1.84 - 2.00 .22 47. .0*2
8*0*0 SSSos. .73 .625 9.5 .9* *7.7 .09* 1.4* - 7.00 .3* 45. .327
*12*1 55005. .60* .624 .3 .89 17.4 .0*0 1.39 - 2.0 .19 *3. .073
6*0*2 55405. .672 .625 9.3 .69 *7.4 .081 1.40 - 2.00 .5L 4. .017
*1313 85506. .934 ,625 9.7 .92 *8.0 1.73 - - 2.00 .37 II. .03*
.*lI4 55804. 1.006 .425 *0.2 .98 *9.0 .100 I.0 2.00 .23 4,. .020
*10*5 5550*. 1.073 .425 *1.3 1.05 23.4 .08? 1.1* - 2.00 .21 47. .0*7
6*0*4 55605. 1.147 .42* 11.5 1.10 21.5 .087 1.67 2.00 .30 '*1. .020
*1017 45505. 1.207 .428 *2.2 1.1. 22.7 .079 1.79 2.00 .37 '*4. .038
*1011 15504. 1.214 .425 12.7 1.12 23.7 .067 1.60 - 2.70 .98 4*. .045
*I0I 55505. 1.341 .625 *3.2 1.24 29,4 .357 1.34 2.00 II 34, .035
4*020 55505. 2.400 .425 *3.5 1.28 25.7 .040 1.22 - 2,00 .64 0. .044
4*021 56535. 1.976 .625 *3.5 1.2* 25.0 .350 1.24 2.00 .65 0. .033
*1022 65505. 1.543 .625 13.2 1.26 24.4 .056 j.37 - 2.70 .48 22. .047
*1223 5550*. 1.612 .425 12.9 *.2° - 23,9 .059 1.42 2.00 .64 32. .747
*1324 55535. 1.677 .625 *0.4 1.1' 23.1 .041 1.55 2.00 .54 37. .055
6*025 55505. 1.744 .425 12.7 1.15 22.4 .369 1.55 - 2.00 .47 39. .042
4*024 55535. 1.811 .425 12,4 1.10 21.5 .274 1.59 - 2.00 .44 34. .750
*1027 55505. 1.878 .625 11.7 i.5 27.4 .342 1.48 . 2.70 .44 33. .053
*1028 55505. 1.995 .425 *0.5 1.30 *9.4 .043 1.51 - 2.00 .40 36. .09*
**02 55505. 2.012 .624 *0.2 .97 *9.0 .040 1.51 - - 2.00 .57 3, .084
*1030 55505. 2.079 .625 10.1 .96 *8.7 .064 1.20 2.00 .57 I?, .0*8
*1031 54821. 2.113 .600 1C..1 .96 *8.7 .058 1.09 - - 2.00 - -
*1032 54627. 2.113 .635 *0,2 .95 16.5 .063 1.17 2.00 -
4*033 54*27. 2.1*3 .645 9,9 .94 18.9 .062 1.13 - - 2.00 . -
*1034 54*27. 2.1*3 .655 4.4 Z *7.9 .372 l.2 - 2.00 .54 0. .011
4*035 54827. 2.113 .465 ,4 .90 *7.4 .047 1.17 2.00 - -
*103* 54827. 2.1*3 .675 8,9 .85 16,4 .369 1.14 2.00 .48 0, .0*5
*1037
*1038

54*21,
59621.

2.113
2.1*3

.4*5 9.9 .95

.605 4.7 .92
*4.4
18.3

.245

.265
1.20
1.11

- 2.00 .53
- 2.00 -

4.
-

.0*0
6*039 54927. 2.113 .595 9,3 .9? 17.3 .349 1.20 - 2.00 .58 0. 038
41040 51827. 2.1*3 .585 8.9 .45 *6.8 .070 1.15 - 2.00 -
*1041
*1042.

54427.
54827.

2.113
.534

.580 8.5 .81

.583 8.1 .48
*5.7
9.4

.082

.292
1.27 -
2.75

- 2.00 .37
2.00 -

0, .055

*1093 54427. .835 .5*5 7.6 .73 14.2 .385 1.20 - 2.00 .49 0. .028
6*041 54*27. .838 .595 4.4 .80 15,6 .082 1.28 - - 3.00 -
*1045 54927. .83* .635 8.9 .45 *6.4 .076 1.26 - - 2.00 .55 0. .024
*1046 84627. .838 .415 9.2 .86 17.1 .780 1.37 2.00
*1017 54827. .638 .605 9,4 .89 *7.4 ,07 1.37 - 2.00 .5* 0, .033
*1045 54827. .638 .635 9.3 .89 17.3 .078 I .36 - - 2.00 - - -
*1049 54827. .838 .445 9,1 .87 *4,9 .779 1.33 - 2.00 .57 0. .03*
AlOSO 59627. .838 .655 4.7 .83 *6.1 .082 1.32 - - 3.00 -
*1051 54827. .838 .648 8.3 .77 14.9 .084 1.24 - - 2.00 .4* *5, .04*
4*052 54827. .838 .470 7,2 .69 13.4 .156 2,09 - 2.00 - - -

CH*N#0I. A. 2045(4 AND 8ALL CESiSSLINE 146v(R0E5, 3/16 INCH GAP SPACING.

RUN RCTNOLDS I U 0/U U v'i6C310pr CU4VC PIT
409459 244. IN. P1/SEC (HZ MD FIHOp 0

4*053 54*27. .067 .904 0.2 .97 *9.9 .068 .24 - 2.00 .37 0. .03*
6*0*4 59527. .134 .936 1.3 .08 21,1 .053 .11 - - .2.00 .34 2*. .051
6*058 54427. .20* ,936 l.o .12 21.3 .357 .22 - - 2.30 .42 5. .049
4*05* 54927. .268 .926 1.4 .79 21.1 .257 .20 - 2.00 .5* 0, .039
8*0*7 54327. .375 936 1.4 .33 01.1 .056 .19 3.00 .4* 0. .039
81056 59427. .902 .936 1.9 .09 21.2 .055 .16 - 2.00 .40 0. .080
*105? 54627. .'473 .72* 1.5 .9 2*.) .048 .3* - 2.70 .39 22. .00
4*040 54827. .537 .926 1.4 .08 21.1 .346 .9* . - 2.00 .44 34. .085
*1061 59827. .604 ,3o 1.1 .36 20.7 .395 .94 - - 2.00 .44 3. .070
*1062 54027. .67* .926 1,0 .05 20.6 ,039 .40 2.00 .35 81. .119
8*36) 54627. .738 .904 0.0 .34 20,2 .036 .77 2.00 .26 63. .151
8*044 54827. .405 .976 3.8 .03 27.3 .237 .74 2.00 .21 7*. .108
AIOAS 54927. .872 974 0.' .3 20,0 73* .74 - 2.00 .20 85 .116
*1045 S'4827. .906 0.9 .3* 22.3 .041 .84 - - 2.70 .33 45. .105
6*047 54827. .306 .936 1.1 .36 23,7 .042 .87 - 7.00 ,44 38, .123
4*048 $M97. .373 .'6 1.4 .3* Zl.l .0+8 .98 - - 2.00 .45 40. .093

S'4*27._I36 %43 ,936 1,6 .40 21.5 .05* 1.0, - - 2.30 .4* 3, .060
5*070 59627. .237 .438 1.7- ,2 2*.? .255 1.16 - 2.00 .4* 42, .069
*1071 54427. .376 .73' I.? .12 21.7 .251 1,27 2.00 .48 35. .044
8*072 54437, .34 * .336 1.5 2Il 21.6 .263 1.35 - 2.00 .52 33, .062
*1073 54127. .509 I... 1.43 21.4 .365 l.3A - - 0.00 .55 30. .044
4*014 54*2?. .47' .926 1.5 1.13 2*." .064 1.36 - - 2.00 .67 0. .010

81568U1*C 3l*5154, 3.1.9. *5520 4533219!, U *0,5 FT/SIC, U6 .538 PT/sEC.
SU(71lCJU8,L*. 3886 P310 ,0 )AT* P0I'J3.
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CHANNEl. A, C00NE9 AND SALL CP4ANAEL 9*9, 3,24 14044 GAP $980305.

SUN RET.063S 0 y /U U/Ut U' U'/U V)i 9)0*050099 CURVE FIT
504889 IA 19. 1/SEC - 850 AID 9(92* a*2*09 103825. .047 .906 6.6 .96 29.9 .070 1.4* - 4.00 .34 0, .020

*11*0 203528. .139 .934 $.9 .09 22.7 .048 1.09 - 4.00 .42 0, .021
*2*11 *03525. .202 .906 9.2 .21 23.0 .052 2.20 - 4.00 .5* 0, .032
*22*2 *03525. .068 .926 9.0 .39 22.8 .057 2.30 - - 4.00 .53 0 .00?
*2*13 203525. .335 .904 9.2 .10 22.9 .052 2.20 - - 4.00 .50 0. .034
*2129 *03525. .432 .904 9.2 .21 23.2 .047 1.08 - - 4.00 .48 0, .028
6*2*5 *03505. .469 .934 9.2 23.0 .090 .97 4.00 .5* 0. .038
6*1*4 103525. .536 .936 9.0 .39 22.8 .090 .92 4.00 .54 0. .090
6*2*7 133528. .603 .934 9.7 .05 22,4 .339 .8* - - 4.00 .54 0. .05!
8111$ 203525. .470 ,936 6,4 .06 22.0 .037 .81 9.00 .59 0. .050
*21*9 *03525. .737 .906 8.2 .04 22.7 .035 .76 - 4.00 .47 0. .030
*1*20 *03525. .809 .904 8.0 .4 22,4 .03') .73 - - 9.00 .44 0, .035
*222* 203525. .872 .906 1.1 .4 21.7 ,035 .74 - 4.00 .43 0, .034
*2*22 133525. .938 .906 8.3 .04 22.0 .037 .82 - 4.00 .54 0. .038
*1123 133525. .305 .936 8.7 .08 22.4 .039 .87 - - 4.00 .59 0. .037
4*124 203528. .372 .906 9.2 .20 22.9 .092 .94 - - 4.00 .58 0. .035
*2225 203525. .139 .936 9.4 .22 23,3 .244 2.02 - - 9.00 .55 *8. .037
£1126 133525. .206 .906 9.7 .23 23.6 .247 *.12 9.00 .54 3*. .040
*2*27 233525. .273 .906 0.7 .14 23.6 .053 2.24 - 4.00 .6* 0. .040
*2*28 123520. .343 .936 9.6 .13 23.5 .056 2.32 . - 9.00 .64 II. .039
82129 203525. .407 .936 9.') .22 33.3 .062 2.43 - - 4.0 .63 0. .02?
6*230 103525. .475 .906 9.') .22 23.3 .35) 1.4* - 4.00 .5? 0. .029
6153* 103520. .592 .936 9.8 .23 23,4 .259 2.35 4.00 .57 0. .029
4*132 *03525.. 608 .906 9,7 .13 23.6 .055 2.37 - 4.00 .42 0. .043
*2*33 103525. .675 .926 6.6 .13 23.5 .254 2.28 4.00 .4* 33. .044
*1134 *23825. .797 .906 9.4 .12 23.2 .349 2.24 - - 4.00 .62 45. .09*
6113$ 233525. .810 .936 4,9 .9 22.7 .059 1.12 - 4.00 .62 4$, .051
*2*36 *03525. .877 936 5,3 .4 22.0 .053 1.10 - - 4.00 .62 46. .048
1*137 103325. .944 .706 0.8 .03 22.3 .346 .90 - - 4.00 .56 52, .060
6*238 *33525. 2.0*1 .906 7,4 .0 23,9 .043 .90 9.00 .58 20. .034
*1239 103535. 2.075 904 7.2 .99 20.6 .338 .79 - 4,00 .47 0, .03*
*2*40 *33525. 2.111 .936 7.2 .99 20,6 .233 .78 - - 4.00 .49 0, .023
6*14* *23525. 2.111 .921 7.3 .98 20.4 .043 .88 - - 4.00
*2*42 273528. 2.111 .936 6,6 .95 29.9 .048 .95 - 4.Q0 - -
61*43 *33520. 2.111 .93* .9 .91 29.0 .05* .97 - 4.00 -
5*244 133528, 7.111 956 '4.5 .86 27.9 .363 2.04 - '4.00
62*95 103521. 2.211 .951 3,2 .75 25.3 .062 .98 - - 4.00 .
*2*46 1332. 2.111 .691 7,2 .99 23,6 .30 .82 - - 4.00 - -
82*97 I1025. 2.112 .676 6.9 .99 22.3 .643 .88 . 4.00 - -
*2*94 *5s2,. 7.12! .652 6,4 .95 29.7 .39* .95 - 4.00 - - -49598/LIT 0i6"240, 1 .09w I CHCS' 9600933 VLS.IOITY, U 17.4 FT/SEC. 0*. .839 FT/SEC.

SU(3113.IA}LL 2*1890 ...... II 0616 FoIST.

TAULC LI-I *0051.). 385JLSy*0*. Oç E0P(R TIIT8L DATA.

CN682t,L 6. 009888 8.2 LL C81E4..l,5 T4*5E245L5, 3/26 *909 SAP 59*0*95.

2204 989,OLDS 0 V ,u /o j', u)u' ,s v'/8cu0,9 cusv rio
,U'dLh lId. I'. FT/SEC *Z AID 9280) a

£1075 54937. .543 1.906 l.A 1.11 22.6 .043 1.3' - - 2.00 .50 0. .0*
*2076 54027. .426 1,476 I.e 1.11 22.6 .0.9 2.2$ - - 2.00 .57 0. .04Al/fl 54.'27. .77 2,906 I.e 2.21 22.6 .058 1.28 - - 2.00 .5? 28. .05
8*078 89627. .144 1.936 1.5 2.20 22.4 53 1.29 - - 2.00 .43 24. .05
82079
6*080
*1012

S',27.
S427.
89*2?.

.1I 2.976

.378 2,9-36
495 I,96

2.2 1.07
0,8 2.09
1,5 2.00

22.8
23.0
29.6

.1152
,11',*
.052

2.09
2.11
1.01 -

- 2.00 .64
- 2.00 .56
- 2.00 .57

2*,
24,
29.

.044.

.051

.0*5
*1002 59027. .312 I,)6 2,3 .99 *9.2 .044 .85 - - 2.00 .52 0, .039
*1013 S827. 2.079 2.934 0.2 .97 28.9 .039 .73 - - 2.00 .39 0. .027
£2094 54627. 2.113 2.906 0.2 .97 29,2 .343 .75 - - 3.00 .39 0. .021
6*065 59027. 2.123 2.922 0.1 .97 18,8 .24/ .74 - 2.00 - - -
*1006 59827. 2.123 1.436 0.0 .95 *6.5 .244 .85 - - 2.00 -
*10*7 59527. 2.213 1.951 9.6 .92 *7.8 .063 .94 - 2.00
*1088 54827. 2.213 1.96 6,2 .66 27.1 .057 .97 . . 2.00 -
*1089 59*27. 2.113 I.8I 8.4 .80 25.6 .059 .92 - - 2.00 - -
*2090. 59827. 2.223 1.99* 9.2 .90 7.8 .345 2.48 * 2.00 . -
*109* 54827. 2.223 1.592 10.1 .96 26.8 .043 .00 - 2.00
£1092 59527. 2.223 2.87* 9,9 .94 *8.3 .049 .90 2.00
*2093 54*27. 2.113 2.86* 9.5 .91 17.7 .052 .92 - - - 2.00 - -
6*094 549Z7. 2.113 2.646 9.0 .84 26.7 .057 .94 2.00
*1095 59827. 2.213 2.031 8.0 .77 24.9 .073 2.09 2.00 - -6*0,4 56849. .638 2.90* 20.6 1.01 19,7 .03* .71 2.00*l07 54649. .83* 2.892 10.5 2.00 19.5 .042 .80 - 2.00 - - *
*2094 54669. .836 1.576 10.2 .97 19.0 .047 .89 2.00 -
*2099 54869. .838 1.8*1 9.6 .94 18.9 .053 .98 3.00 - -
*1200 54*49. .838 1.544 .89 17.9 .054 .97 - 2.00 -*1*0* 54869. .038 1,832 8.7 .83 24.3 .043 .98 - 2.00
*2102 56*69. .038 1.814 7.5 .72 *4.2 .075 2.05 - 2.00 - -
*2203 54869. .638 2,921 20.6 2.0* 19.7 .034 .71 - 2.00
*1104 54849. .938 1,934 20.4 2.00 19.5 .041 .90 - 2.00
*1105 56869. .838 2.951 10.1 .94 0.5 .74* .87 - 2.00
*1*04 56569. .838 2.944 9.7 .93 11.1 .052 .95 2.00
*2107 540*9. .838 1,981 .1 .47 17.0 .057 .98 - - 2.00 -
82*08 54849. .838 2.996 8.2 .78 25.2 .041 .94 - - 2.00
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15644314.

8.214

* CJ'*(I4 ASP 'ALL C9*.5*L MAP. One

3 0 42 6/9

1904'

U/Q*

GAP SPACIsS.

U2 5'U VU5CUToF CUAVo PIT
'.O.A II. I.. 0/SIC 5442 AID 12442) a

811145 33.2,. 2.111 .4.5 5,5 .92 28., ,059 2.02 - 9.00 - -
*1150 33147,. 2.221 .432 4.6 'A' 27.1 .272 1.23 - - 4.00
*1151. 2.111 .428 3.6 .7* 26.3 .359 .97 - - 14.00
Al ISO 3.,. .067 .742 7. l.3 3. .261 1.27 - - 4.00 - -
Al ISO 23147,. 234 ,9.j 8,6 l.3 22.3 .018 1.2$ - 8.00 -
All 59 23.2,. .232 .911 8.4 1.3* 02,2 .08. 2.43 - - 4.gO
Al 156 ,3,2,. .256 .72 8.2 l.OS 21.9 .364 1.35 - - 4.00 -
Al 25$ 3362,. .335 3142 6,14 1.3' 22.3 .348 1.21 - - '4.00 - -
42157 C32,. .402 .'141 3.6 2.2' 22.3 .056 2.25 - - 4,00
Al 258 33425. .449 .9,2 6.6 1.337 22.3 .258 1.21 - 4.00
8225? 3352.. .636 .I* 4.'s 2.3' 22,2 .352 1.1$ - '4.00
Al 160 93,2,. .833 .742 6.3 1.36 21.9 .0*48 I,,, 4.00 -
42141 73525. .473 .942 8.3 2.24 2*.. .387 2.03 - - 9.00 - - -
Al *82 2312.. 737 .741 7.9 1.03 22.14 .0.5 .78 - - 4.00 -
Al 183 03.. .8214 7'41 7.9 2.321 21.5 .092 .92 - 4.00 -
Al 244 03525. .871 ,''4I 7.7 2.02 22.2 .097 2.00 - 4.00 -
Al 265 03525. .935 .992 7.8 l.3 22.3 .053 2.13 - '4.00 - -
Al 146 23526. I.COS .942 8.1 1.34 22.7 .856 1.19 - - 4.00
*1147 3j3525. 2.072 .741 8,5 2.06 22.2 .05. 2.24 - 4.00
Al 148 0312*. 1.139 .9141 8.7 2.08 22.4 .357 1.28 - 9.00 -
Al 24? 33525. 2.224 .941 8.9 2.28 22.7 .0.3 1.38 8.00
*2270 03425. 1.273 .9141 8.5 2.09 22.6 .0414 l.'45 - - 9.00 - -
*2271 33525. 2.390 .992 6.4 2.07 22.3 ,289 1.54 - 8.00 -
*2172 302A. 1.407 .941 8,14 1.0* 22.1 .072 1.56 . . 14.00 . . -
A1173 03525. l.#7 .9142 3.9 2,08 22.2 .067 2.47 - - 4.00 - -
Al 274 03525. 1.474 .97* 6,5 .95 19.5 .083 1.5, - . 8.00
Al 275 23*25. 1.937 .97. 4.6 .95 29.8 .087 2.72 4.00 - -
Al 17* 53525. 2.340 .97* 4.8 .97 20.1 .279 1.59 - 8.00 . -
*2177 03*21. 1.273 .976 6.9 .98 20,3 .077 1.40 - - 4.00
*2178 03525. 2.226 .976 7.8 .98 20.3 .377 .57 - - 4.00

03521. 1.139 .975 4.9 .97 20.2 .072 .144 - 4.00
*2280 03526. 1.072 .97, 6.4 .96 19.9 .069 .36 4.00 -
*1181 0352*. 1.001 .976 6.3 .94 19.6 .065 .28 - . 8.00
Al 182 03524. .938 .976 6.1 .93 19,3 .042 .1? - 8.00 -
Al ISO 03425. .872 .974 6.0 .92 29.2 .042 .18 - - 4.00 -
All 84 03525. .804 .976 4.0 .92 29.1 .061 .28 - - 4.00
*118* 03125. .737 .976 6.0 .92 19.2 .063 .20 4.00
Al 284 03425. .670 .976 4.1 .93 19.3 .0614 .24 - 4.00 -
*1187 03525. .403 .976 6.3 .94 29.5 .368 .33 - 4.00
Al 185 03525. .6.6 .976 6.6 .55 29.8 .270 .34 - 4)00 -. -
Al I8
41190

03125. .449
03425. .1402

.976

.97.
6.7 .9
6.7 .96

20.0
20,0

.06,

.377
.39
.54

- 8.00
4.00 - -

611?1 03524. .335 .976 4.6 .6 19.9 .076 .52 - 4.00 . -
*2192 23521. .2*8 6.5 .95 19.7 .077 -II - 14.00
A113 03501. .202 .97. 6.6 .96 19.9 .079 .48 8.00
Al US's p3525. 2314 .97* 6.7 .94 20,0 .067 .39 - 8.00 - -
AllIS
Al USA

03525. .067
03425. .067

.97*

.946
6.2
7.'

.93

.33
9,3

20,9
.06,
.361

.33

.27
- 8.00 - -
- 8.00 -

Al 2147 03521. 13+ .956 8.2 .oS 21.7 .060 .30 - - 4.00 -
All's 03125. .232 .9+6 7.9 .03 21.5 .068 .146 - 4.00
All?? 03425. .268 .546 7,8 ,2 21.3 .070 .148 - 9.00
*1200 3525. .335 ,946 8.13 .3 21,5 365 .39 . - 4.00
* 1201 o3525. .1402 .946 8.1 .0 21.7 .062 .3* 8.00 -_ -
*2202 0352*, .1469 ,9'46 8.2 22,7 .261 .33 - 4.00
A 1203 03525. .536 .5146 4.0 .04 21.6 .063 .29 4.50 . . -
Al 2014 33505. .603 .946 7.8 .02 22.3 .051 .18 - . 4.00 -
Al 24.5 03525. .670 .946 7.5 .02 22.0 .059 .29 - . 4.00 - -
*1204 03525. .737 .996 7.4 .139 20.8 .053 .20 - . 4.00
*2207 03525. .83'4 .596 7.3 .03 22,7 .050 .2'S . - 4.00 -
*1205
*128?

23525, .871
33525. .938

.946

.94
7.3
7.5

.03

.02
20.8
21,0

.041

.352
.05
.20

4.00
- 8.50 - - -

*22 10 03425. .701 .996 7.7 .2 22.3 .067 .22 - 9.00
*2222 03553. .072 .946 8.2 .3)4 23,7 .258 .25 - 4.00 -
Al 222
A 12 23

03525,
p3525.

.139

.296
.9*5
.94.

8.3
4.5

.S

.335
22.9
22.2

.062

.063
.37
.39

4.80 - - -
4.00

*222's 03525. .273 .9+6 4.3 .04 02.9 .072 .56 4.00
A 2215 0362o. .343 ,786 5.2 .cS 22.8 .076 .65 4.03 - - -
41216 03020. .1407 .946 8.0 .04 21.8 .07'S .60 - 4.00
*12 17 93425. .474 ,944. 0.0 .914 21.4 .073 .58 4.50
61225 33625. .474 .526 4.2 .67 28.2 .688 .60 4.50 . -
*1219 03525. .407 .956 5,3 .83 28.3 .087 .59 - . '4,00
*2220 03525. .340 .96 5,4 .59 28,5 .363 .45 4.00 -
8 1221 33526. .273 .796 6,4 .9 *3.6 .078 .41 '4.00 - -
Al222 03.20. .105 .94* 9.6 .72 18.7 .979 .39 4.00 -
*5203 33*2s.. 235 .966 6.5 .39 28.5 .388 .28 4.00 -
*22214 s3,20. .1372 .713 5,2 .94 9.2 ,674 .3*4 . - 4.00 -
Al 225 33524. .905 .996 14,9 .146 27.9 .'73 .25 - - 1.00 -
*122* 03525. .930 .956 4,5 .96 17,7 .3363 'II - - 9.00 - -
A 2227 ))o20. .o71 .3., 4,6 ,94 7,5 .963 .20 . - *5.330
82225 j3325. .99* .954, 4,7 .56 7.6 .962 .uS - - 4.00 - - -

C 3lA"9'T0. 4 . .517 C*9. *634A'4 +130301 7. 13 27.4 PT/ICC. u' .838 PT/SEC.
A6LSOI 46006 0*75 7924* . #3 9576 'SlIT.
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8118 8501901.05 0 T &/U 6/2* U>U I/U V'/U V'UCUT0F, CU8V 9*1
479858 IN. 19. FT/SEC 5*42 5/0 9*82)

6*242 *03525. .034 .625 *5.. .90 18.7 .101 1.8? 4.00 .57 12, .029
41253 103525. .121 .625 18.6 1.07 22.3 .071 1.53 9.00 .58 22. .023
*1284 133425. *18 .625 20.2 1.16 29,2 .046 1.36 - 9.00 .5* 59. .7214*255 133424. .235 .425 21.1 1.2* 25.3 .045 1.1$ - 4.00 .55 37. .020*1256 *03525. .322 .125 71,3 1.23 2S.6 .350 1.29 4.00 .49 0, .025
8(251 *03525. .369 .625 21.0 1.21 26.1 .069 1.79 - 4.00 .55 41. .030
*1258 123525. .936 .825 20.2 1.16 29.2 .086 2.08 - 4.00 .9) 6,. .0*5
*1289 133525. .803 .625 19.2 1.10 23.0 .103 2.36 - 9.00 .32 79. .032
6(260 103525. .570 .625 18.3 1.2 21.6 .10* 2.2? - 4.00 .25 76 .0*0
*1241 103524. .637 ..25 17.0 .98 20.4 .107 2.19 4.00 .34 7*. .094*1242 *03425. .704 .425 14.0 .92 19.1 .099 1.80 9.00 .30 72. .O1
*1263 *23424. .771 .625 *5,5 .99 14.6 .088 1.60 - 4.00 .53 9). .022
41269 10352s. .833 .425 15.9 .89 18.5 .081 1.50 - 4.00 .72 0. .092
41235 103525. .904 .625 ls.8 .92 IA.? .089 1.5, - 4.00 .99 58, .022
*1266 123425. .972 .625 16.5 .94 19.8 .093 1.85 - 9.Q0 .27 75, .016
4*237 103425. 1.039 .625 57.9 .30 2Q.9 .093 2.99 4.00 .25 77. .03*
4*268 *03525. 1.206 ..25 *8.4 .36 72.1 .092 2.3 - 9.00 .2? 18. .03)
*1249 *03508. 1.113 .625 29.5 .12 23.3 .05* .8? - 9.00 .38 73. .0*0
*1270 103525. 1.290 .625 20.8 29.4 .073 .17 - 9.00 .95 11. .793
4(27* *43525. 1.307 .425 21.1 .22 25.3 .066 .66 - 9.00 .59 54. .03*
4*272 *03525. 1.379 .625 22.6 .24 25.9 .355 .43 9.00 .62 0, .025
*1273 103424. 1.44* .625 21.8 .25 26.1 .27 - 9.00 .60 0. .033
*1279 103625. 1.506 .425 21.5 .29 25.7 .055 .92 - 9.00 .43 0. .02*
4*215 103525. 1.475 .425 20,9 .20 25.1 .069 .6* - 4.00 .60 33. .030*1273 *03525. 1.62 .625 20.2 .16 29,2 .068 .64 - 9.00 .50 45. .045
*1277 103425. 2.709 ,,25 19.5 .17 23,4 .072 .48 - 9.00 .5* 6*. .034
62275 103526. 1.776 .525 16.8 .06 22.4 .078 .75 4.00 .95 63. .035*1279 IQ325. 1.643 .625 15.0 .39 21.4 .579 .70 9.40 .9* 43, .030
6*280 203525. 1.910 .625 11.2 .99 22,6 .082 .49 9.00 .95 59, .023
*1241 103505. 1,977 .625 16.6 .96 29.9 .077 .53 - 4.00 .99 59. .02*4(282 *03525. 2.394 .s35 jA,3 .99 19.5 .069 .39 - 4.00 .69 0. .0*9
4*283 233525. 2,318 .425
31259 103425, 2.578 .415

16.3 .99 19.5
14,2 .9) 19.3

.046

.568
.2,
.31

- 9.00 .40 0. .024
9.00 - -

*1285 103525. 2.017 .635 15.7 .90 18.5 .572 .39 - 9.00 -*1284 123525. 7.078 .595 25.2 .47 18.2 .072 .31 - 9.40 *
*1287 *03325. 2.075 .595 *4,3 .32 11,1 .073 .39 - 4.004)28* *03526. 2,015 .634 24,3 .99 19.4 .249 .26 - 9.00 * -
8)298 *03524. 2.078 .495 IA,) .94 19.5 .764 .28 4.00
6*290 *33525. 2.078 .445 *6.0 .92 19.1 .246 .24 9.00 - - -
61291 103625. 2.074 .655 16.4 .29 18.4 .263 .05 - - 9.00 - -HTDRASLIC 51*650(6. 5 .579 111595$. 6359856 9(1.051 0. U *7,9 FT/SEC. U. .634 fT/SEC.

6U(STIS4*.UL*. DATA 95150. - .5 3*78, P0lT.

KIlN

A. 50654

-*40941.35

4-I ICC41,I.

AsO A1.L C

0

TA 1.40*3. 09 609r919r908L DATA.

ASSEL MAP. 3116 *4CM .AP 0965185.

0 .o U/U* u)u 4.u6 6 V)UC.j59F CU89( r)y
92*450 Is. Is. FT/SEC *Z MD 9(43) a*8229 l)3,2. .737 l.8. 19,7 .84 27.4 .064 1.14 4.00 -

4)230 103525. .*72 2.786 *9.9 .86 *7.8 .014 1.22 4.00 - -
4*231 *2352.. .433 *,946 IA.) .87 IA.) .0)7 i.n 9.00 - - -6*232 *23826. .536 1.996 *6,3 .88 18.3 .068 1.25 - 4.00 - -
6*233 123325. 449 2,93* 15.9 .8 *8.4 .071 1.32 4.40 - -
4(239 133S2.. .902 1.9*4 15.4 .89 *8.5 .076 1.91 - 9.00 -
4)235 203526. .334 1.96. 15.3 .4* 29.3 .077 1.91 - 4.004)234 *43525. .263 1.99* 14.2 .87 *8.2 .079 1.93 - 4.00
4)237 *03525. .20* 1.98* 25.2 .87 14.2 .033 1.5) 4.40 -
4*235 123425. .139 1.996 15.2 .37 18.2 .073 ).39 - 4.00 - -
4*239 203525. .517 1.914 29.6 .89 *7.5 .049 1.23 4.00 - -
*1290 123525. .838 1.92* *3.1 )./9 21.7 .040 .86 4.00
4*241 *03825. .836 1.936 17.8 1.03 21.4 .04* .97 - 4.00 -4(242 103525. .83* 1.951 *7.4 1.00 20.8 .050 1.03 4.00 -
*1243 *33425. .838 1.964 16,4 .95 19,8 .040 I,)? 4.00 - -*1244 123525. .638 1.98* 15,5 .89 (3.8 .065 1.2* - 9.00
£1245 *73525. .83* 1.996 *3.7 .7 *6.4 .067 1.10 - 4.00 - -.
£1293
*1247

1o3526.
*33525.

.838

.838
1.891
1,876

*6.0
27.4

1.09
1.02

21.4
21.)

.041

.044
.8,,9 4.00 -

4.00 - -AIZ4$ *03525. .838 1.84* 17.1 .93 23.4 .051 1.03 4.00 - - -
*1249 123525. .838 1.848 16.1 .93 *9.9 .058 1.13 4.004(280 103524. .837 2.431 15.2 .87 IA.) .061 1.10 - 4.00 -
*125* 103525. .838 2.321 13.5 .78 *4.2 .073 1.11 * 4.00 -
CHANNEL 4. IALL AN0 INTESIOR CHANNEL 98.. 1/8 19514 6*9 5985196.
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bOLE 6-8 ICO+40.). T837L80206 09

C4IINNEI. A, INTERIOl CHANNEL TRAHCVOE, 8/8

RUN 8EYNOLOO 2 9 0 C,u

EIPE,l?4 4191. 0*78.

144CM SAP SP*4:8.d0.

a/U' u'u s. 9,6313rp CU6V( FI0

*1518
'484858

8)3525.
IN.

8.598
LI,

.605
PT/SEC
23.2 .33 77.1 .549 .35 '4.00

//0
.76

0(90*
0,

0
.026

*1514 803525. 1.442 .625 02,5 .30 27.0 .755 .46 - - 4.30 .49 '44. .040
*1Sl7 803525. 1.179 .425 22.8 .24 24.2 .1.62 .59 - - '4.00 .64 56. .027
*1511 103525. 8.791 .420 22.0 .98 25.2 .016 .72 '4.00 .57 58. .025
AISI? *03025. 8.863 .425 20.1 .2' 24,1 .1.73 .17 - - '4.70 .54 56, .022
*ISZO 803525. 1.931 .125 19.2 .2* 23.0 .019 .62 - '4.50 .48 54. .008
68528 803525. 8.997 .625 28.3 .S 22.9 ,C62 .80 - - '4.00 .50 53, .009
41522 10352*. 2.064 .62* 27.7 .02 22.2 .073 .09 - - 4.70 4l '44. .Q5S
*1523 103528. 2.133 .620 27.3 .00 20,6 .062 .27 - - '4.00 .60 2,, .020
*8529 203528. 2.200 .105 27.4 .09 20.8 .062 .26 '4.00 .80 0. .031
*1525 203420. 2.229 2.974 27.3 .02 20.8 .035 .73 4.30 .60 0, .02*
A1524 803525. 2.984 2.971 28.7 .33 22.5 .041 .02 - 8.90 .71 'II, .038
AIS21 203025. 2.948 1.904 19.2 .20 .050 25 - 4.50 .19 '42. .032
4*828 103525. 8.724 8.954 29.9 .i'4 23.8 .782 .19 - - '4.00 .70 38. .038
41529 103525. 8.563 1.904 20,3 .1* 29,0 .054 .32 - - '4.70 .74 0. .088
61830
4*531
*1*32

103525.
203525.
103520.

2.448
1.319
8.240

2.90,
1.904
8.904

29.9
19.9
29.2

.21.

.25
.20

23.9
23.8
23.0

.051

.5'$

.049

-.37
.24
.13 -

'4.00
4.70
'4.70

.74

.73

.74

9,
I,

33.

.Q2

.023
-03)

*2533 203525. 2.046 2.906 27.9 .03 22.5 .294 .98 - '4.70 .62 '46. .027
61539 203525. .925 1.904 27,1 .99 20.5 .033 .61 - '4.00 .54 0, .020
*1535
*2536
*2537

103525.
103525.
803528.

.777

.694

.808

1.904
2.904
2.904

17.9
11.5
19.9

.50

.12

20.9
22.2
23.3

.037 .17

.042 .94

.291 .9'
-
-
-

'4.00
9.00
'4.00

.44

.48

.49

30,
42,
0,

.0)8

.035

.0)0
*1831 103525. .313 1.904 19.7 .8" 23.7 .046 8.09 - '4.00 .77 0, .028
AIS3 103525. .241 1.906 2.9 .iS 23.? .042 2.01 - '4.00 .40 2. .93)
*2540 803125. .807 8,906 17.9 .00 22.' ,005 i-iS - '4.00 .44 0. .020

CHANNEL A, $41.1. CHANNEL TRAVERSE, 3/1618044 SAP SPACING.

RUN REYNOLDS 2 7 1/U U/0 I.i U,U* VU V,U*CU10FF CURVE PIT
8U14808 IN. IN. FT/SEC (HZ /D P8HZ) 0

81541 220878, .068 1.906 16.2 .93 21,0 .087 1.82 - - '4.00 .34 0. .020
*1542 220672. .898 2.906 19.4 2.22 25.3 .046 2.17 - - '4.00 .6'4 0, .027
*1593 220878, .334 8,904 19.3 2.21 25.2 .0+9 8.23 - - 4.20 .47 0. .036
*1544 020878, .'143 1,904 19.3 8.21 25.0 .042 1.06 - - '4.20 .47 0, .033
*2890 220878. .597 1.904 18.0 2.37 29,2 .043 2.29 - '4.00 .79 99. .033
*1546 220078. .130? 1.906 17.5 1.91 22.1 .043 .96 - 4.02 .67 '40, .032
*1547 222*72. .870 1,924 24,8 .97 22.8 .036 .74 - - '4.00 .54 0, .028
63548 220872. 1.02's. 8.906 27.3 2.03 20.5 .096 .23 - - '4.00 .64 '42, .032
61549 220171. 2.837 1.931 20.5 2.07 29.2 .052 .23 - - '4.00 .74 35. .028
*1550 220871. 1.269 1.906 19.9 2.20 26.2 .052 .30 - - '4.00 .73 0. .030
*2552 220878. 8.398 1.904 29,7 2,83 25.6 .055 .91 - 4.00 ,7 0, .026
*2552 220872. 2.534 8,904 29.8 2.24 25.7 .055 .'Ii - '4.00 .72 0. .028
*1583 229878. 2.111 8.906 19.7 1.l'4 25.6 .052 .33 - '4.00 .71 0, .027
*1559 022818. 1.802 8.904 19.2 2.21 24.9 .050 .25 - '4.50 .84 34, .030
*1558 220872. 1.932 1,921 18.0 2.00 23,6 .052 .20 - '4.00 .73 'I. .032
*1056 220471. 2.047 1.906 17.3 2,90 22.4 .242 .9) - '4.00 .77 1,. .2317
*8557 220871. 2.220 1.906 87.2 .99 22,4 .048 .92 - - '4.00 .64 0. .024

CHANNEL A, INTERIOR CHANNEL 1RAV85E, 8/! 29044 SAP SPACINI

RUN *00*01.05 2 1 U U/U lU IJ'/U LJ'U V/U V'LP CUTOFF CURVE 1T
809859 19. 29. Fl/SEC KZ A/) FI+47) 0

*1858 220871. 2.297 .628 14.9 .94 21.3 .0*3 .39 - 4'CO .1* 0, .020
*855? 220872. 2.05$ .420 26,3 .99 21.0 .070 ''47 - '4.70 .49 II. .084
*2560 220471. 2.92* .625 28.9 2.06 03.8 .075 .19 - '4.90 .59 '46. .010
68561 228411. 2.199 .120 20,2 1.11 26.3 .272 .83 - '4.00 .43 59, .028
82542 220072. 2.665 .625 21.8 2.21 28.3 .050 .55 - - '4.00 .61 46, .023
*1543 220871. 1.830 .628 22.7 2.32 29.9 .3'42 .01 - '4.20 .48 0. ,025
*1844 220878, 2.905 .425 22.8 1.2' 29,3 .097 .31 - - 4.00 .72 21. .082
*1565 222278. 2.244 .425 22.0 2.28 27.3 .0*0 .63 4.02 .51 59, .020
*1544 220878. 2.229 .425 *9,2 2.21 24,9 .072 .73 - 4.00 .82 59, .081
88547 229871. .997 .625 21.7 .91 22.1 .073 .58 - '4.30 .62 52, .02)
Alse. 220872. .848 .625 24.8 .8. 80,2 .343 .20 - 9.70 .48 0, .0*8
*8569 220912. .732 .625 20.2 .94 22.8 .374 .58 - '4.70 .49 82. .0*9
61570 221071. .599 .625 29,3 1.11 25,0 .375 .06 - - 9.50 .59 53. .020
6887* 220671. .459 .425 22.5 l.2'4 28.3 .55 .55 4.30 .42 53. .0)8
*1572 200871. .330 .625 22,8 8,33 09.2 .33. .03 - '4.22 .59 0, .028
68573 22057*. .202 .425 22.3 8.23 77,7 .048 .32 - - '4.30 .4? 0, .098
48874 020672. .069 .40. *7.3 2.33 22.0 .298 .29 - - '4.90 .60 7, .022
#728*91.11. 01*907(9. 0 .589 INC#E3. 4809870 801.31.1 8. 2 - 27.4 FT/5C. A'. ,773'FT,SEC.

CUESTIANABLE 0*15 P0197. $2 281* Pl.T,
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RUN REYNOLDS 2 7 U/U U/U 2'/U U/Us V'/A V)OPCUTOFF CU9VE FIT

6088(9 IN. *6. FT/SEC (HZ A/D P2HZ) a
29 101329. .693 .030 *8.8 i.13 29.2 ,082 2.0* - 10,00 - - -

25 101329. .680 .020 *8.8 1.13 29.2 .291 .99 - 0.00 - - -

24 23*329. .6'*2 .220 18.6 i.13 29.2 .033 .93 - - 2.00 - -

27 101309. .440 .000 18.8 2,13 24.2 .036 .87 - - 2.00 -

23 *32329. .640 .200 *8.8 1.13 24,2 .042 1.01 - - 7.0 - -

29 *01329. .4'4

30 13132g. .483
.000
.000

*8.8
28.0

1.23

1.23

24.2
29,2

,040 .98

039 .95

- 9.00 -
- . 3.00 - - -

31 *02328. .440 .000 21.8 2.23 04.2 .036 .88 - .00 - - -

32 202329. .313 .200 *6,2 .97 23,0 .076 1.58 - .00 - -

33 101329. .532 .000 26.6 2.00 21.0 .068 1.17 .00 - -

39 101329. .8+S .000 17.0 1.23 22.2 .06* 2.36 .30 ,'14 0, .0*6

36 13*329. .558 .000 *7.6 1.06 32.8 .050 1.26 .00 - - -

36 10*329. .5*6 .030 18.3 2.13 23.7 .090 1.01 - .00 .'49 0. .0&

37 *01329. .622 .000 *8.7 2.13 24.2 .037 .6, - .02 - - -

38 202329. .639 .000 18.8 2.23 24.3 .037 .90 - .00 .9* 0. .232

3? 102329. .464 .000 26.6 2.12 24,2 .242 .9 .30 ,'42 0, .02*

'*2 202329, .683 .000 *8.0 1,30 23,2 .052 .22 - .00 - - -

'42 10*329. .7*9 .022 17.2 l.0 22,2 .062 .37 .20 .38 0. .029

92 101309. .733 .000 16,7 2,00 22,6 .073 .58 - - .00 - - -

'*3 102329. .786 .000 26,2 .97 22,9 .379 .60 - .00 .29 0, .025

48. 100326. .740 .000 26.8 .95 20.4 .089 .81 .00 - - -

230310. .760 .030 20.8 .95 20.4 .208 .20 - 8.00 - - -

84 100010. .746 .030 *6.2 .77 20.8 .097 .02 - 6.00 .32 0, .039

'*7 *03013. .733 .002 26,6 2.73 02.4 .083 .78 - - 6.00 - - -

48 200020. .722 .030 27.1 2,03 22.2 .072 .86 - - 6.02 .37 0_ .029

4 *00020. .693 .000 *8.0 2.03 23.3 .056 .29 - - 6,00 - - -

52 100320. .666 .000 18,6 2,12 28,0 .045 ,8 - 6.02 .37 0, .022

SI 220316. .639 .000 26,8 1.23 24.3 .09* .30 - 6.00 38 0, .029

52 100010. .6*2 .000 18,8 2,23 04.7 .343 .08 - 6.30 - - -

53 2002*3. .030 .000 I6,'+ 1.21 23,7 .046 .15 - - 6.00 .53 0, .009

59 2300*0. .56* .330 17,7 1,0 22,9 .009 .35 - - 6.02 -

55 *01010. .545 .200 *7,3 2.0' 22.3 ,069 .64 - - 6.00 .8* 0. .033

YP98ULIC 0169(1(6. 0 .709 INCHES' AV9A0C 400001 9, U 16.4 FT/SEC. U .776 FT/SEC.

TA8LE a-I (C0MT.2. TA LAtI5'* Op IXPFn*,.NIAL DATA.

CHANNEl. 3. I4*1E8101. C448581+. 1888(801, 2/4 2004 56F 5P9C183'

80+' REYII0005 C V ,o tjiu J, o>o'
85E8 IN. *42. p1/5CC

s't, v,,f CuToFF
e,.z

CO09E

*z*
2T
a

I *02210. .630 .824 22.9 .38 29.0 .33* 2.02 - *2.00 - - -

2 *00310. .830 .626 20,8 .37 29,9 .039 .99 - 5.00 - - -

3 *03322. .630 .625 22.8 .37 29.9 .03* .90 - 0.00 -

9 *010*6. .630 .825 22,8 .37 29.8 .009 .85 - .00 - ' -

S *00020. .026 .620 24.2 .86 28.3 .227 .15 - - .00 - -

* *000*0. .093 .626 *1.8 .07 22.9 .063 .98 - - .Q0 .9* 0. .006

7 *00220. .140 .625 *9.4 .18 24.9 .085 .23 - - .00 -

*00210. .227 .625 20.2 .2* 25.9 .0+4 .25 - - 'CO .99 0. .020

9 *30010. .298 .620 22.7 .23 24.7 .043 .29 .00 - -

ID 130322. .36* .620 22.3 .22 27.9 .012 .28 .00 .98 0. .008

2* 100020. .42* .625 22.8 .32 28.2 .339 .38 - .00 - -

*2 200323. .498 .625 22.2
13 2003*2. .062 .625 22.6

.3+ 06.1 .335

.38 29.2 .231
.32

.91

-

-

.30

.00

.90
-

0,

-

.02*

*8 102020. .630 .620 22.8

IS 2000*0. .67 .625 22.6

.37 29.9 ,2D .88

.36 29.2 .033 .95

.00

.00

.33

-

0,

-

.02*

-

*6 *00220. .76+ .620 22.3 .38 28,7 .037 2.07 - .02 .38 0. .02*

*7 200010. .33* .825 22,7 .31 28.0 .043 1,29 - .0 - -

*3 *02010. .898 .626 21.0 .25 27.9 .043 1.29 .30 ,'*3 0. .0*2

I *03026. .965 .620 23.7 .23 26.7 ,C98 2.23 .00 -

20 *03010. 1.032 .625 20.2 .22 26.0 .046 2.05 .02 .85 0. .025

21 1030*0. 1.089 .625 *9,6 .26 20.2 .3+6 2.24 .00 -

22 1003*0. 1.161 .625 *8.0 .39 23.5 .060 *.'** .30 .39 0. .029

23 100016. 1.239 .625 29.6 .86 *8., .225 2.36 .00 - -

C ANNEI. 8. 3(41(8 6*9 TRAVERSE, 1/4 lOCH 689 SPACING.

8 GUESTIONASLE DATA POINT. - 00 0*08 90*41.
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7*866 8-3 *6091,). 7A80L87309 Or (*964,19001.0818.

C44AP.IIEt. 3. INTERIOR 683431(1. MAP, 3/', SAP 9pAC194.

RUN R(YSOLOS 2 0 U 0/Il U/0 2'U U/LP 5/) s#iP CUTOFF C,)9*( P37
93316(8 34. IN. FT/SEC K,,Z A/o P352) a

S4 3300*0. .502 .037 36,8 21.7 ,L74 3.44 - 6.50 - -
57 300013. .489 .007 34.) .9* 23.0 .083 1.68 - 6.00 -
58 300010. .026 .510 33.6 .73 30.0 .352 2.29 - 6.00
59 8000*0. .0,3 .530 33,4 .313 17.3 .393 3.12 - 6.00 .37 0, .027
60 100010. 160 .530 15,6 .94 27.2 .0*6 1.73 - - 6.00 - - -
61 320030. .227 .010 17.8 .05 20.5 .083 1.82 - - 6.00 S3 0, .024
62 300030. .298 .830 18.8 .1) 24.3 .077 3.57 - - 6.00 -
63 330030. .363 .530 19.6 .j9 25.5 .373 3.84 - - 6.00 .53 0. .035
64 100310. .926 .510 20.6 .29 26.6 .063 1.69 4.00 - - -
65 1OCT10. .510 23.0 .29 27.7 .361 3,42 - 6.02 .37 0. .022
66 130310. .562 .510 22.1 .33 28.9 .048 3.37 - 4.00 -
67 120010. .630 .513 22.4 .35 03.9 .043 3.36 6.30 .39 47. .035
68 130210. .630 .565 22.7 ,j7 29.3 .035 1.03 - '.00 - - -
69 100010. .563 .565 22.4 .35 28.9 .039 1.12 - 6.00 .38 0. .016
70 300010. .495 .665 23.9 .32 23.3 .347 3.33 - 6.30 -
73 100310. .928 .865 23.9 .28 27.0 .052 3.'+3 - - 4.00 .55 0. .01*
72 300332. .361 .565 20.7 .23 26.7 .057 3.53 - - 4.20 . -
73 130212. .299 .565 20.2 .21 26.0 .258 1.83 - - 6.00 .43 0. .028
74 300330. .227 .865 39,4 .17 25.0 .062 3.5') 6.00 -
75 300030. .360 .565 38.5 .1* 28.8 .069 3.53 - 6.00 .42 8, .024
76 100010. .093 .865 17.2 .34 22.2 .072 3.41 - 6.30 - -
77 300015. .026 .865 38.9 .92 19.2 .110 2.12 - 6.00 .32 0. .029
76 132656. .629 .568 22.9 .35 29.0 .039 3.18 - - 6.00 -
79 302686. .428 .625 22.1 .35 29.0 .039 3.33 - 6.00 .36 0. .089
80 302684. .542 .325 22.4 .35 28.9 .039 3.33 - - 6.00 - - -
83 *02656. .895 .625 22.1 .33 28.8 .048 1.26 - - 4.00 .34 0. .0*6
82 102604. .821 .428 21.6 .33 27.9 .046 3.38 - 6.00 -
83 332656. .363 .425 21.1 .27 27.3 .053 3.37 - - 6.QO .34 0. .020
84 302656. .294 .425 20.4 .24 24.7 .282 3.39 - - 4.Q0 - -
85 302656. .227 .625 20.3 .31 25,9 .053 3.45 - - 6.02 .40 30. .09)
86 122656. 340 .625 19.4 .i7 25.3 .054 3.41 4.02 - -
87 302486. .093 .625 *6.3 .32 23.6 .266 3.56 - 6.00 .34 0. .022
85 322854. .326 .625 35.0 .90 19.9 .126 2.47 - 6.00 -
69 322656. .026 .688 15.4 .93 19.9 .104 2.11 - 4.30 .36 0. .024
40 102656. .093 .485 37.6 8.06 22.7 .074 1.68 - - 6.00 - *

91 302658. .162 .635 38.8 3.33 23.9 .072 1.72 - - 6.00 .45 0, .030
92 302656. .227 .685 39,8 3.34 20.2 .367 3.6, - - 6.00
93 302656. .294 .685 20.8 1.21 26.0 .06) 3.44 - - 6.00 .33 0. .029
94 102656. .343 ,oas 20.7 1.26 24.6 .063 1.63 - - 4.00 -
95 322654. .428 .635 21.3 1.28 27.6 .083 j.il - - 6.QD .43 0. .029

4 302654. .994 .488 23.0 3.31 28.2 .049 1.3$ 8.o0..- -
97 102658. .562 .685 22.2 3.34 28.7 .043 3.38 - 6.00 .40 0. .033
96 302656. .629 .685 22.3 j,34 28,8 .093 1.22 - - 6.00 - -
9 332656. .629 .790 23.9 3.32 28.3 .046 3.2 - - 4.O .37 0, .020

200 302656. .562 .780 21.8 1.31 24.1 .088 3.38 4.00 -
301 302686. .895 .742 21,3 1,78 27.5 .057 3.58 - 4.00 .48 0, .038
302 102656. .928 .780 22.6 1.79 26.7 .067 1.1$ - 4.02 -
303 302654. .343 .740 19.9 3.20 20.7 .074 3.96 - - 6.00 .55 0. .039
308 *02684. .294 .740 29.0 3,38 24.6 .032 2.00 - - 6.00 - - -
*05 3Q2654. .227 .740 17.8 1.37 23.3 .003 2.08 - - 4.00 .37 0, o30
206 132658. .360 .780 36,3 .98 23.1 .096 2.03 - - 6.00 .35 0, .020
387 302686. .093 .742 19.7 .88 19,0 .204 2.00 - - 4.00 * -
106 302656, .026 .742 33.3 .83 37.3 ,138 2,02 - 6.00 .78 0, .037

C *85(3. 8, SIDE SAP TRAVERSE, 2/4 3608 3Ap 57823435.

81.13 REYNOLDS S 7 12/3 3/3* 3>6* V,U V'/U4CUTOFF 63895 FIT
4083(8 30,

8I0 122658. 506
IN.

.330
PT/SEC
34,7 .95 39,9 .208 .35 -

(AZ j3/0 F 3440 * a- 6.00 -
8330 302656. .039 .330 25.2 .91 39.7 .297 .93 - - 6.00 -
SIll 322654. .533 .333 38,9 .96 20.6 .082 .49 - - 4.00 .29 0. .029
6382 302666. .562 .330 37,3 3.22 22.2 .049 .51 - 6.20 - -
8313 132856. .087 .330 37.8 i,7 23,0 .055 .27 - 4.00 .90 0, .520
8314 322654. .607 .330 39,3 1.38 23,4 .399 .32 - 6.33 - -
8315 102656. .627 .330 18,4 3.13 23,7 .098 .04 - 6.22 .30 0, .02
6116 372456. .654 .330 38.2 2..)V 23.5 .246 .32 4.30 .33 0, .043
P317 330654. .883 .330 Fl.? 3.07 20.9 .3,0 .37 - 6.30 -
8338 332654. .707 .333 38,9 3.)2 03.9 .373 .40 4.0 .39 0, .029
9119 302*5*. .723 33U 36,) ,49 23.0 .040 .79 - 6.00
8320 132458. .734
9123 302658. .746

.330

.333
35,8 .94 20.2
35.3 .83 39.'.

.395

.132
.93
.39 .

'.03 .29 0, 'DO,
4.00 -

8905833.30 0389(3(9, 0 .759 30(465. 80(0906 V6LOCITT,U 38,4 61/SEC. U. .773 PT/sEC.
4U(5T10448L6 28T# P033 .80 7574 P33317,
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5881.0 *i-1 ((587.1. 1590581*0', 3F 6978 115T84. 0808.

CHANNEL 8. 5100 CHAN4EL HAP, £/8 109 s*7 5941.18,5.

NUN RCY"QLDS V U 4/ U/V f/I LI/U 8'/I V/U'CUTCFF (0886 FIT
8)8 A SR IN. 1'). rT/05C 442 /1/0 #1HZ) a8122 *03990. .627 .750 9.6 1.1$ 25.4 .034 .97 - 9.jO .34 0. .029

8*23 l0399,,. .560 .755 9.8 1.17 35.k .040 .02 - 4.50 . -
0*24 10399C. .493 .750 8.9 1.11 24.6 .085 .20 - - 9.50 .33 0. .0i3'8*25 103990. .425 .705 4.0 1.13 23.6 .05* .2* - 4.00 - -
8*26 103990. .308 .755 7.3 1.04 22.3 .061 .37 - - 9'CO .46 0, .0228(27 103990. .29* .155 6,0 .96 20.8 .066 .38 - - 9.00 . -
8*28 103990. .224 .755 '4.4 .37 *0.8 .071 .'46 4.00 ,9Q 0, .02)
8(29 I03990. .157 .750' 3.1 .19 *6.9 .08* .37 . 4.50 - -
$132 *03990. .0,0 .755 I.? .72 £5.1 .082 .22 . 9.00 .22 0. .03*8131 *03990. .023 .755 0.2 .4* *3.1 .125 .68 - - 4.00 - - -
1132 103990. .323 .8*0 1.2 .67 *4.5 .123 .81 - - . 4.00 - -
3133 *03990. 090 .815 3.9 .03 *1.9 .076 .36 9.0 - -
8*34 *03990. .187 .5*0 4.3 .92 19.8 .06* .20 4.0 .29 0. .0*4
8*35 123990. .228 .8*5 6.2 .98 21.0 .05* .03 - 9.Q5 . -
8136 *03990. .29* .915 7.1 .03 22.2 .352 '*6 - '4.00 .33 0, .0200137 103993. .388 .6*5 7.9 .37 23.! .053 .16 - 9.00 -8138 103990. .428 .8*5 8,4 .11 23.6 .047 .11 - 4.50 .34 0, .0(9
8139 *03990. 493 .8*6 8.7 .12 28.2 .099 .19 4.50 -
0190 503993. .860 .8*5 8,6 .13 29.4 .054 .32 - 8.00 .47 0. .597
8*8* 103990. .827 .9*5 9.3 .1" 24.6 .351 .05 . '4.00
8*82 103990. .627 .675 7.8 .37 23.1 .062 .'43 . 4.00 .96 0, .031
8143 *03990. 582 .678 7.7 .06 22.9 .069 .86 - . '1.00 - - -
3144 *03990. .893 .675 7.6 .26 22.8 .063 .43 - - 4.50 .43 0, .0248*43 103990. .425 .875 7.6 06 22.8 .057 .39 9.00 - -8184 103990. .358 .875 7.3 .04 22.9 .055 .28 - 4.00 .46 0, .08*
8147 *00990. .29* .875 6.8 .3* 21.8 .055 .2* 4.00 -
8*48 1)3990. .228 .875 6.3 .98 21.1 .053 .13 - 4.00 .3? 0. .0238*99 *03990. 157 .875 5.5 .94 20.1 .053 .07 - '4.00 -
8*50 103990. .090 .875 3.7 .83 *7.8 .086 .52 - - '4.00 .38 0. .025
8*51 *03990. .023 .875 0.3 .62 13.3 .137 .83 - 8.00 - -
8152 102656. 427 .875 7.8 1.07 23.0 .364 .46 - - 8.D - -
8*53 102606. .427 .935 6.3 .98 2*.! .078 .44 - - 9.00
8*54 102606. 540 .935 6.2 .97 20.9 .080 .47 - ".00 .88 0. .012
$155 102456. .993 .935 6.2 .97 21.0 .078 .69 4.Q0 . -
8*56 102656. .425 .935 6.2 .97 21.0 .075 .58 - . 9.Q0 .58 0. .0*9
8*51 192056. .358 .935 6.0 .96 23.7 .070 .55 '1.00 - - -
8*58 *02666. 2,9* .935 5.5 .99 23.1 .076 .63 - - 4.00 .30 0, .0)7
$15 *02656. .224 .935 8.0 .90 19.4 .070 .5* - '1.50
3160 *02606. * 07 .435 9.6 .88 *8.9 .077 .94 - '4.50 .36 0, .023
8141 132656. .0,0 .935 3.9 .83 17.9 .083 .49 - - 9.58 -
$162 102656. .023 .930 1.7 .71 15.2 .130 .97
8143 *02656. .627 .985 8.2 .84 *8.3 .084 .58 - 4.00 -
8(44 100656. .560 .985 4.0 .84 18.1 .064 .52 - 4.00 -
0145 102656. .893 .935 4.0 .88 18.1 .384 .50 9.00 - -
0*66 *02656. .425 .985 4.0 .84 *8.1 .082 .93 - 4.00
8*47 102606. .388 .985 3,0 .83 17.3 .38* .'43 - 4.50 - -
8*43 10256. .291 .985 3,3 .80 17.1 .383 .43 - 4.00
8149 102606. .324 .935 2,8 .77 16.5 .079 .35 - 9.50
8*70 £02656. .557 .985 2.8 .10 16,1 .08* .30 - - 9.0 -Bill *02604. .090 .985 1.' .7* 15.4 .081 .25 - '1.00 -
0*72 *02656. .023 .985 0.7 .64 *3.8 .502 .80 - 8.50 - - -

'CHANNEl. C, CENTER 669 TN VERSE. 1/8 *8044 SAP SPACIN6.

RUN 8ET5OLDS 0 7 ti u,t.' /U U'/U U/U* VU vu5cuTorr CURVE FIT
NU#85R IN. IN. FT/SEC 0442 JIID FINS) a

C l 122357. .757 .002 *7.3 .93 *9.5 .289 1.93 - - 9.00 -
C 2 102357. .748 .303 *7.9 .93 00.2 .392 1.66 - '4.05
C 3 *02357. .730 .300 *8.4 .9. 20.8 .373 1.53 - - '4.00 .95 0, .020
C '1 102357. .7*7 .000 *6.8 .98 21.3 .269 1.46 '4.00 - -
C S *02387. .690 .030 19.8 1.33 02.4 .05* 1.13 8.00 .44 0. .025
C 4 102357. .663 .300 20,4 * .Ø 23.0 .34* .95 - - 9.0 -
C 7 *02357. .636 .000' 20,6 1.07 23,3 .034 .86 9.00 .44 0. .04*
C $ 102357. .609 .100 20.4 I.C'M 23.* .039 .69 '4.00
C 122357. .582 .030 23.0 l.3'4 22.6 .066 .04 - 4.00 .88 0, .037
C *0 *02307. .586 .202 19.1 1.30 21.7 .,6 .52 '4.00 - -
C 11 137357. .582 .330 *8,6 .97 21,1 ,0o4 .35 - - 4.00 .45 0, .020
C 12 *07357. .628 .330 *6,! .99 00.5 .078 .45 - 4.00 - - -
C *3 *00357. .5*5 .020 *7,0 .9* *.8 ,079 .58 . - 8.50 .35 0. .020
HYDRAULIC SIAM600R, 0 .sSS *5(905. 8450850 5050(1 9. U *8,2 Ti/SEc. $. .883 FT/5E(.
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TAbLE 81 ICONT.l. TS720ATIOS Or £XPERIIILNTAI, DATA,

CHANNEL C. SIDE SAP TRAVERSE. /9 1604 4A9 SPACl45.

24541 RE!NOLUS 2 V U/U U/At U/U U'5
..USBLO IN. IS. PY/SEC

5'/A V-UC3T0?
KNO AID

CORAl FIT
F*HZ) 0

C *4 *02357. .12* OSij *7,2 .90 19.5 .089 1.73 - 4.03 .34 0, .035
C II *02357. .2425 .250 *7.9 .93 23.3 .075 1.5$ - 5.60
C *6 *02357. .531 .250 8.6 .07 21.1 .068 2.43 - '4.oO .99 0. .009
C 57 *02357. .552 .250 29.2 .03 21.7 .04* 2.26 - 4.00 -
C *8 202357. .178 .250 22.2 .5 22.7 .049 5.22 4.00 .44 0, .0*8
C l 202357. .605 .250 20.7 'CI 23.4 ,oqo .0 - .00 -C 20 *32357. .632 .250 00.9 .9 23.4 .037 .17 - 4.00 .5* 0. .032
C 21 100357. .459 .250 00.7 23.1 .042 .97 - 9.00
C 22 2023247. .484 .200 20.2 .oS 22.1 .048 1.20 - 4.00 .96 0. .021
C 23 *02357. .713 .250 19.2 .00 22.7 .046 2,43 - 4.00 -
C 24 102357. 726 .202 18,7 .97 21.1 .072 2.43 - j.Q .34 0, .024
C 25 *02357. .740 .250 18.2 .89 20.5 .383 2.70 '4.50 -
C 24. 102357. 753 .250 17.6 .92 *9., .094 1.57 9.00 -

CI4ASNEI. C INTERIOR CHANNEl. MAP. 2/4 244044 585 SPACIsA.

RUN RETI4OLOS Z V. 0 /u a/U' uO' UU* VI VU*CUT0FF CURVE FIT
NOSIER Ill. IN. Ft/SEC - Kill A/D FIHO) aC 27 202357. .436 28.9 2.00 20.2 .044 2.23 - - 4.00 .36 0. .019

C 21 *02357. .570 .505 29.4 1,27 27.4 .052 2.95 - 4.00
C 29 202387. .503 .535 23.7 2.24 26.8 .05* 2.57 - 8.00 .59 0. .032C 30 502357. .434 .505 22.9 2.20 24.0 .066 5.6? - - 4.20 -
C 3* *02357. .349 ,5o5 22.1 1.25 25.0 .074 2.85 - 4.00 .51 0, .005
C 32 *02357. .302 .505 22.0 1.10 23.8 .07* 5.87 * - 9.00 - -
C 33 *02357. .235 .505 29.5 1.00 22.1 .084 5.16 - - 4.00 .50 0. .021
C 34 502357. .268 .505 *7,5 .91 19.8 .094 1.84 - 4.00 -
C 35 202357. 105 .505 25.9 .13 15.0 .010 2.89 - 4.00 .38 0, .024
C 34 *22357. .034 .505 *5.0 .7* 17.2 .215 I.H4 - 4.00 -
C 37 *02357. .034 .545 *6.6 .87 *8.5 .292 2.61 - 4.00 .24 0, .024
C 38 *02357. 20* .565 19.4 .02 22.9 .078 2.63 - 4.00 -
C 3 102357. 18$ .565 20.9 23.7 .065 1.54 - - 4.00 .52 0. .015
C '40 *02357. .235 .565 22.9 .24 24.7 ,0e3 2.56 - 4.00 - -
C 4* 202357. .302 .645 22.6 .18 25.6 .060 1.53 - - 4.00 .49 0, .028
C 92 102357. .369 .564 23.3 .21 26.4 .057 2.52 - 4.00 -
C '43 102357. .436 .565 23.9 .25 27.1 .05* l.3 - - '4.00 .57 0. 02
C 84 202357. .503 .565 24,5 .21 27,4 .049 2.30 4.00 -
C 45 202317. .570 .565 25,3 .33 25,3 .643 1.21 - '4.00 .59 0. .024
C 86 202357. .635 .564 25.3 .32 28.6 .039 2.13 - - 9.00 - -
C 47 202357. 1.242 .425 27.6 .92 19.? .220 2.39 - - 4.00 - -
C 41 202347. 2.178 .625 20.7 .08 23,9 .062 2.44 - - 9.00 .91 0, .032
C 49 202357. 1.107 .625 22.0 .25 28.9 .049 2.23 - - 4.00
C 50 102357. 1.040 .625 22,7 .11 25.7 .050 1.2, - - 4.00 .51 0, .015
C 51 102357. .913 .625 23.3 .22 26.8 .050 2.31 - 4.00 -
C 52 102357. .906 .625 23,8 '24 27.0 .049 5.32 - 9.00 .46 0, .02,
C 53 102357. .139 .425 24,4 .27 27.7 .044 1.22 - - '4.00 - -
C 54 132357. .772 .425 25.0 .30 25,3 .0'IQ 1.24 - - 4.00 .52 0. .027
C 55 202357. .705 .625 25.'. .32 28.7 .035 2.01 - - 4.00 -
C 56 *02357. .431 .625 25.4 .33 26.8 .035 2.00 - 4.00 .60 0, .06
C 57 202357. .570 .625 25.2 .32 28,6 .037 2,04 4.00 - -
C 56 102357. .503 .424 24.6 .29 08.0 .042 3.27 - - 4.00 .55 0. .031
C 5? 202357. .436 .625 24.2 .24 07.4 .043 1.29 - - 4.00
C 60 202357. .369 .425 23.7 .23 24.8 .096 2.22 - - '4.00 .54 0, .025
C 65 132357, .302 .625 23.3 .23 26,1 .050 2.30 - 4.00 - -
C 62 202357. .235 .625 22.4 '*7 25.4 .048 1.21 - 4.00 .58 0, .029
C 63 102357, .54* .524 22,6 .22 24.4 .052 1.08 - 4.00 - - -
C 69 102357, .201 .625 29.5 .02 02.2 .076 2.69 - - 4.00 .43 0, .054
C 65 *02357. .034 .428 *6.2 .83 18,1 .294 2.60 - - 4.00 - -
C 66 *02357. .034 .685 16,3 .85 18.4 .119 2.19 - - '4.00
C 67 *02357. .101 .685 *9.2 .99 22.6 .064 .42 - '4.00 -
C 68 100357. .368 .4245 20.4 .07 23.3 .041 .42 - - '4.00 - - -
C 49 122347. .235 .495 21.8 .22 24,3 .343 .42 - 4.00 - -
C 70 *02357. .302 .655 22,3 .26 25.3 .062 .85 - - 9.00 - -
C 7* 102357, .369 .635 23.1 .23 26,2 .050 .46 - - 4.00 -
C 72 *02357. .436 .455 23,8 .31 27.0 .052 .37 - - '4.00 -
C 73 262357. .503 .605 24.5 .29 07.7 .045 .24 - 4.00
C 74 222357. .570 .486 20.2 .32 28.4 .093 .13 ' 4.0 -
C 75 *02357. .638 .685 25.4 .32 26.1 .034 .99 - 4.02 -
C 76 502357. .638 .145 35.0 .3) 224.3 .337 .34 4.70 .48 0. .094
C 77 *02357, .570 .795 24.1 .09 27.9 .045 .26 - 1.00- .71 0. .034
C 71 202357. .523 .745 24.3 .25 27.2 .05-3 .35 4.70 - - -
C 7? 102357. 436 .745 23.0 .73 26.2 .055 .50 4.0 .57 0, .025
C 80 *02357. .369 .740 02.2 .25 24,9 .066 .65 - 9.33 - -
C 85 *07357. .302 .745 23,.' .08 23,5 .075 .76 4.00 .67 0, .0*8
C 82 *02357. .035 .745 19.2 .32 22.5 .079 .73 . . 4.00 - -
C 83 232357. .268 .145 7,3 .93 *9.6 .002 .6* - - 4,30 .53 0. .225
C 89 500357. .101 .740 15,4 .92 27.9 .072 .22 - - 9.00
C 85 130357. .034 .745 14.1 .1) 25.9 .163 .72 - . 4.J3 .4) 0, .022
HYDRAULIC OIA9ETER. 0 .656 INCNES. 640960E AELUCI 1, U - *9.2 FT/SEC. . .883 FT/SEC.

5U15010'IASLE 041* 90151. - MO 3674 3I5T.
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OVALE 8-I (0057,6, TU9ULATIOS

CHANNEL C. SIUL CM8Pi'4EL HAP,

OF LIP7RI6EMTAL 0975.

Il 558 5AClNG.

804. 8EYN000S 0 0/U U/J U/S U'/..' 6',a CUTOFF CURVE FIT

C IA

94*366

99768.
IN,

.635
15. P7/070

22.8 'l 26,7 .037 .99 -

KNZ AID

4.00 .64

P1441) 93

0. '086

C 87 997*8. .548 756 22.8 .1* 25.5 .039 .99 - 9.20 - -

C 68 99768. .52! 765 22.6 jU 26.0 .043 .08 . - '4.00 .56 0. 'OS)
C 69 9971*. .'435 75. 26.0 .62 24.3 .063 .20 - '4.00 - - -

C 90 99766. .365 .755 20.6 .j7 23.2 .059 .35 - . i.sO .59 0, .009

C 96 99768. .299 .765 69,3 .36 26.8 .076 .55 - 4.00 - - -

C 92 79768. .232 .756 67,6 .92 69.8 .083 .59 - 4.00 .37 0. .0244

C 93 99766. .660 .755 15.7 .92 7.7 .085 .56 - 9.00 - -

C 99 99768. .098 .756 14.1 .73 15.9 .089 .33 - 4.00 .21 0. .03%

c iS 99fl0. .031 .755 12,9 .56 15.9 .628 .78 9.02 - - -

C 96 99768. .036 .015 13,9 .73 65.7 .121 .96 . 9.00 -

C 97 99768. .098 .865 67.0 .87 (9,2 .070 .35 - 9.20 - -

C 98 99718. .665 .965 18,3 .96 23,7 .366 .36 - - '4.50 .37 0, .06%

C ii 99768. .232 .965 19.9 .06 21,9 ,659 .24 - - '4.50 - - -

ClOD 99718. .299 .865 20,5 .00 23,3 .056 .66 - - '4.00 ,'4 0. .026

I0I 97l8. .366 .865 26,2 .63 23.9 .097 .61 - - 9.02 -

C102 997(8, .939 .868 26.6 .63 24.4 .057 .66 - 9.50 .54 0, .053

C103 99768. .501 .965 22.0 .1 25.8 .2'48 .10 - - 5.50 - - -

CI0'I 99718. .568 ,065 22,2 .66 26,3 .052 .25 - - 4.00 .80 0. .050

CIOS 99768. .630 .865 72.2 .66 25.6 .099 .29 - 9.03 - - -

C106 99765, .635 .876 21.0 .10 23.8 .062 .56 - - 4.00 .62 0. .036
C107 99768. .568 .875 21,0 .62 23.7 .062 .98 - '4.00 - - -

dOS 99718. .501 .075 20.9 ,9 23,6 .262 .96 - 4.00 .99 0, .029

C109 99166. .935 .876 23.6 .08 23,5 .059 .36 - 9.00 - -

CuD 99768. .366 .576 22.5 .35 23.3 .360 .38 - - '4.00 .87 0, .253

Clii 99766. .299 .875 19.9 .0's 22.5 .063 .35 - - '4.00 - -

C112 97l8. .032 .875 19,9 .31 21.9 .257 .25 - - 4,00 .9% 0, .034

C113 99718. .665 .875 15.7 .95 26.1 .085 .69 9.00 -

7619 99768, .098 .878 67.0 .944 19.2 .283 .5's '4.00 .40 0, .090

CIIS 99718. .336 .075 12.9 .67 64.6 .637 2.00 - - '4.00 - -

7166 99168. .031 .935 13.5 71 66.3 .623 6.88 - 5.00 - - -

Cli? 99768. .598 .936 IA.* .87 63.0 .071 0.33 4.00

CIII 99768, .165 .936 61.4 .91 19.8 .272 6.92 - '4.00 ,%7 0. .028

CII, 99768. .232 .935 17.6 .92 69.9 .0)2 3.80 - 4.093 -

dUO 99768. .299 .935 68.1 .90 02.5 .379 1.62 - - '4.00 .56 0, .030

7621 99168, .366 .938 68.0 .98 01,2 .076 1.52 - - '4.00 - -

C122 99768. .939 .935 19.1 1.33 26.8 .6179 1.70 - - '4.00 .61 0, .047

7623 99718. .506 .935 19,3 6.31 21,8 .070 6.76 - '4.00 -

COOS 99718. .588 .935 19.3 6.06 21,8 .286 1.77 - '4.00 .70 0, .03%

7125 99768. .636 .935 19.5 1.01 26,9 .079 3,73 9.00

CIZA 98768. .635 .985 16.1 .21 15.9 .096 1.06 - 4.00 -

'C127 9!71B. .648 .995 16.7 .27 68.9 .39'S 1.71 - '4.00 - -

CUe 99718. .531 .985 16.7 .07 18.8 .092 6.73 - - '4.00 - -

CU9 99718. .539 .985 16.5 .36 68.8 .098 6.83 - '4.00 -

C330 99118. .366 938 16.2 .35 18.3 .093 6.70 - 4.00 -

C131 997(8. .299 .906 15,9' .86 67,8 .093 3.6% - l.gO - -

C132 99716. .232 .985 25.6 .79 17.0 .088 6.50 '4.00

7133 99118. .185 .955 14.8 .17 16.7 .095 1,81 '4.00

7135 99718. .098 .,85 15.5 .75 14.2 .3)7 1.96 9.00 -

C135 99718. .231 .955 12.8 '8' 19,2 .120 2.9) '4.00

CHANNEL C. CE4ATEN GAP TI

RUN REYNOLDS Z

88858, 9886656.8

7 U U/U

cuTOFF

/U

F9862E979,

UiU U'U*

I/'S

8U

14714 SAP SP8CINC,

VU*CU30F9. CURVE 917
8245866 154, I'S. p1/SEC 8442 A/o F)140I 0

C136. 123039. .995 .330 14,8 .83 17,9 .615 2,07 - 60.00 -

C137' 13*23'S, .'495 .000 15,8 ,83 17.9 .110 .97 - - 1.00
C138. 101039. ''495 .002 15.11 .83 17,9 .609 .85 - - 9.00 -
C139' 126035. .995 ,coo 15.9 .83 17,9 .093 .64 - 0.00
CISO' 121039, '495 .002 15,8 .03 17,9 .282 ,'97 - - 3.00 -
Cl'll' 133039. .596 .230 15,8 .33 17,9 .272 .29 .50 -
CPU 101039. .529 .200 16.'l .96 18,5 ,10l .57 - - 60.00 -
Cl'43 101235. .529 .022 36,5 .36 68.4 .098 'VI - - -

C1'I'4 601039. .009 .032 68.9 .06 68.5 ,c93 .73 - - '4.00
CI'$S 631334. .539 .722 66,4 .86 18.5 ,C87 .66 2.00 - -
Cl'IA 101039. .509 .530 68,4 .36 68,5 .032 .82 6.00
CII? 601339, .529 .302 18.4 .5* 69.5 .073 .35 .50 - -

CISI 121039. .536 .0361 67.8 .93 20,6 .376 .52 - 60.00 - -

CI%9 101035, .538 .000 67,8 .93 30.6 .375 .50 - . 7.cO
7150 121039. .536 .209 67,8 .33 33,6 ,C73 .48 - - 4.73
CiSI 121339. .036 .022 67.11 .73 23,1 ,063 .37 - 2.711 - -

C152 131335. .536 .700 67,9 .93 20.6 .0*9 .26 - - 1.00 -

CIS3 106039. .538 .332 67,8 .93 23.6 ,359 'IS - .50 -

C 185 131735. .562 .330 39,3 .9' 26.' .360 .28 - 60.00 - -
C 155 101039. .562 .302 l.3 .9 23.9 .053 .2 -

C 658 631035. .962 .232 69,3 .*9 21. .357 .03 - - 9.00 - -

C 687 621039. .562 .230 1'S.3 .99 26,9 .359 .37 - 2.05
C 658 121035. .542

HYDRAULIC 018'IETF9, 0

.000 39,2 ,99

.6;6 I'ClS.

2(,5

£vLU*G7

.51
VLLSCI

.0,

V. U '
-
9,2

6.02

FI/370,
- -

4*' .805 FT/SEC.



TAaLE 0-I Of USIA.20087.). 7,ULA110r4 (xfEqI#C9TAI.

SUCSTIUNS5L( 0*16 POINT. - 40 3518 '3141,

219

CKAs4I. C. 04159 857 TRAVCRSE. 589158L1 CUTOFF 1321607, 1/9 INCH 557 SPACISU,

RUN 46CIMOLOS U 1 0 3,u a/u' UU UIIJ V/3 8'/s'CSTOFF 00895 FIT

C 169 101038. .542 .000 29,3 .99 22,9 ,0'4. 1.02 - - .50 - -
209356 IN, IN. FT/SIC 1442 /4/5 F)4421 a

C 260 201034. .589 .000 9.7 .3 32.3 .332 1.19 - 10.00 -
C 261 10103'4. .589 .300 19.7 .jO 22.3 .267 2.12 - 7.00 -
C 142 202038. .569 .000 19.7 .3 22.3 .348 2.38 - 4.00 - -
C 183 101039. .589 .330 29.7 .3 72.3 .046 1.03 - - 2.00 - -
C 149 101035. .689 .030 19.7 .33 32.3 .044 .98 - 1.30 -
C 165 101039. .68? .000 19,7 .03 22.3 .343 .89 - - .50
C 166 101039. .816 .330 20.2 .5 22.6 .093 .91 - - 10.00 - -
C 167 121039. .616 .000 20.2 .05 32.8 .051 .94 - - 7.00 -
C 248 101034. .614 .030 20.2 .08 22.8 .040 .?l - - 4.00 - -
C 169 131339. .624 .000 20.2 .5 22.8 .037 .85 - - 2.00 - - -
C 170 101039. .616 .000 20.2 .5 22.8 .336 .81 - - 1.00 -
C 171 101039. .626 .300 20.2 .S 22.8 .032 .73 - - .50 -
C 172 101039. .443 .000 23.2 .5 22.8 .393 .91 - 10.00 -
C 273 101039 .493 .000 20.2 .25 22.0 .041 .99 - - 7.00 -
C 179 101034. .693 .000 23.2 .03 22.8 ,343 .91 - - 9.00 -
C 115 101 039. .643 .302 20.2 .05 22.9 .338 .67 - - 2.00
C 174 101234. .643 .030 23.2 .5 22.1 .039 .78 - - 1.00 -
C 177 101039. .643 .020 23.2 .0, 32.0 .331 .71 - - .60
C 17$ 101039. .670 .302 19.9 .09 22.6 .099 1.12 - - 10.00 -
C 119 101039. .670 .000 19.9 .34 72.6 .048 1.08 - - 7.02 -
C 160 101038. .470 .200 29.9 .39 22.5 .047 1.05 - - 4.Q0
C 181 101039. .470 .000 19.9 '04 22.6 .049 1.00 - - 2.00 - -
C 182 102034. .470 .330 15.9 .744 22.5 .042 .94 - - 1.00 -
C 183 101034. .672 .300 19.9 .39 22.6 .237 .84 - - .50
C 184 201334. .697 .000 29.1 .30 21.6 .062 1.35 - - 10.00 -
C 185 131034. .697 .000 19.1 .03 21.4 .062 1.32 - - 7.00 -
C 288 101034. .497 .003 19.1 .02 21.6 .359 1.08 - - 4.00 -
C 267 101238. .497 .000 19.1 .02 22.8 .056 1.21 - - 2.00 -
C 186 131039. .6,7 .030' 19.1 .03 21.6 .052 1.13 - - 2.00
C 289 121338. .897 .330 29.1 .03 21.6 .048 1.04 - - .50 -
C 190 221034. .723 .303 28.2 .95 20.5 .077 1.57 - - 10.00 -
C 191 122239. .723 .020 15.2 .95 22.5 .073 1.59 - - 7.00
C 292 101234. .723 .300 20.2 .95 20.5 .372 1.44 - - 9.00 - -
C 293 101034. .723 .030 18.2 .95 20.6 .310 2.43 - - 2.30 - -
C 199 101038. .723 .300 26.2 .95 23.5 .365 2.33 - 1.00 - -
C 295 101034. .723 .200 18.2 .95 00.5 .062 1.22 - - .50 -
C 098 102334. .750 .222 25.6 .06 29.0 .096 1.81 - - 20.00 - -
C 297 102039. .760 .000 14,6 .38 29.0 .293 1.77 - - 7.00 - -
C 18 201039. .750 .323 14.8 .68 19.0 .369 2.70 - - 9.00 - - -
C 299 101234, .750 .000 26.6 .88 19.3 .082 2.55 - - 2.00 - -
C 200 201334. .750 .030 16.8 .68 27.0 .077 1.97 - - 2.00 -
C 202. 101339. .764 .333 16.4 .88 19.0 .247 1.27 - - .50 -

C 202. 131334. .164 .200 16.1 .84 18.2 .217 2.22 - 10.00
C 203. 202038. .769 .000 16.2 .0' 20.2 .215 2.08 - 7.00
C 209. 132334. .164 .030 18,1 .89 28,0 .121 2.02 - - 8.30 - -
C 205' 201034. .169 .000 16.1 .84 28.2 .233 2,63 - 2.00 - - -
C 2048 102039, .769 .030 18.1 .24 25.2 .788 '.1 - - 1.23 -
C 207 101204. .164 .000 26.2 .54 28.2 .363 2.46 - .50 - - - -
C 208 102034. .618 .003 23.3 .35 22.9 .382 .91 - 17.00 .34 0. .067
C 009 101334, .624 .303 23.2 .35 00,9 .340 .96 - 7.00 .33 3. .054
C 210 121034. .616 .130 2._.0 .5 32.0 .392 .93 - - 9.03 .30 0. .362
C 212 101034, .614 .000 20.2 22.8 .033 .86 - - 2,00 .36 0. .041
C 222 201039. .624 .000 23.2 .05 27,8 ,.3S .80 - - 1.03 .38 0. .04,
C 223 202038. .626 .330 03.2 .S 22.5 .332 .73 - - .50 .99 0. .032
$T0RSULIC 2186(118, 0 - .466 I6ClES' 6V076.E 55030111, 2 19.2 91/853, 5'. .888 fT/SIC.



QUEST1ONAOLE DATA POINT. - '40 DATA POINT.

220

TAOI.E B-I (CONY.).

CHANNEL 0, GAP TRAVERSE. I/I

TA8ULAT*O0 OF EXPERI,IENTAI. DATA.

13044 OAT SPACI'iG.

RUN REYNOLDS 2 9 a,. ,u* Uu v'u V,u'CuToTf CURVE FIT
3338CR 44. IN. FT/SEC 1HZ /4/0 P1HZ) 0

0-la 52605. .476 .030 11.6 .92 *3.6 .113 2.04 .076 1.45 1.00 -

0-2 52625. .503 .030 *2.2 .97 *9,7 .005 1.68 .034 9A 1.00 .36 0. .036
3-3 52625, .530 .000 13.0 1,23 23,9 .073 1.46 .037 .77 1.00 -
0-352625.. 557 .030 13.9 1.09 22.1 .009 1.30 .03* .68 1.00 .37 0. .02
0-5 52625. .583 .000 *4.9 1.13 23.2 .042 .97 .025 .89 1.00 - -
0-4 52620. .611 .003 *4.8 1.17 23.8 .033 .79 .022 .5? 1.00 .36 0. .OiO
0-7 62428. .637 .000 *9.9 1.17 23.9 .032 .77 .022 .53 1.00 - - -
0-8 52625. .464 .000 14.7 1.16 23.4 .039 .92 .023 .55 1.00 .36 0. .03B
0-9 52628. .6,) .000 *4.2 1.12 22.8 .05* 1.17 .027 .6Z 1.00 - -
0-10 52625. .718 .000 *3.8 1.07 21.7 .068 1.47 .033 .72 4.00 .ii 0. .036
0-11 52605. .735 .000 12.6 1.00 20.3 .085 1.73 .032 .85 1.00 - -
0-12' 52623. .772 .000 *2.3 .95 *9.3 .135 2.32 .07* 1.36 1.00 - - -

0-13* *07933. .396 .000 22,7 .90 20.2 .092 1.86 .031 .82 1.00 -
b-li *07953. .523 .000 24.7 .98 21.9 .070 1.53 .028 .42 1.00 - -

0.26 107983. .550 .000 26.6 1.05 23.6 .035 1.30 .023 .53 1.00 .43 7. .0)0
0-14 107953. .577 .300 28.0 1.11 23.9 .042 1.03 .01, .47 1.00 - -

0-17 107953. .603 .000 28.9 1.14 25.6 .03* .79 .017 .49 1.00 -

b-IS *07983. .43* .000 29.2 1.15 25.5 .027 .70 .016 .93 1.00 .63 0. .033

0-19 107903. .457 .000 28.3 1.13 25.5 .032 .83 .0*8 .36 1.00 - -

0-20 107953. .483 .002 28,1 1.11 24,9 .093 1.07 .019 .48 1.02 .63 - 0. .023

0-2* *07903, .711 .000 26.6 1 .oS 23.5 .055 1.29 .022 .53 1.00 - -

0-22 107953. .738 .000 29,6 .97 21.8 .075 1.64 .031 .67 1.00 .53 0, .083
0-23' 107953. .766 .000 22.5 .89 19.' .095 1.89 .083 .0 1.00 - - -

0-23. 22*023. .49* .000 21.9 .86 21.9 .296 2.05 .046 1.02 1.00 - -

0-25 221023. .5*8 .300 29,1 .95 23.5 .073 1.78 .032 .71 1.00 .34 0. .010

0-26 221023. .545 .000 24.0 .3 25.'* .009 1.39 .025 .63 1,00

0-27 221323. .57* .300 27.6 .9 26.9 .047 1.27 .021 .57 1.00 - - -

0-28 22*023. .598 .000 a.s .12 27.8 .036 1.01 .020 .55 1.00 .64 0. .027

0-29 221023. .625 .003 24.7 .19 28.1 .029 .82 .0*, .53 1.00 . -

0-30 221223. .461 .000 28.5 .13 27.' .033 .92 .0*3 .64 1.00 .68 0. .026

0-31 22*223. .678 .000 27,4 .A 26.7 .09* 1.11 .02* .56 1.00. - -

0-32 22*323. .706 .030 26.1 ,3 25.5 .357 1.95 .027 .66 2.00 - - -

5-33 22*023. .731 .000 29.3 .96 23.8 .07* 1.69 .009 .70 1.00 - - -

0-34. 22*023. .758 .000 22.5 .99 20.0 .057 1.92 .042 .92 1.00 - -

4IYDR6uLIC CXA9ETER. 0 .499 INCHES. AVERAGE VELOCITY, U 23,3 FT/SEC. u*.I.02) FT/SEC.



7*81.0 a-I EZU9IME6TAL DATA.ICOPIT.). 7*67104 °r

221

CHA44UEI. 0, 659 18*9(850. iii c# SAT 59A0153,

RUN 807901.05 2 9 0/U u/U UlU U6 V'U V6C loFT 00890 FIT
6u41608 IN. IN. FT/SOC 0HZ /1/0 9(82) a

E-I 52791. .463 .000 9,5 .36 17.7 .112 1.96 - .00 .15 0. .060
(-2' 52791. .976 .000 9.8 .aa 3.3 .O9U 1.74 - .00 - -
(-3. 52791. .491 .000 0,2 .71 13,9 .049 1.63 - .00 .29 0, .091
0-9 52791. .530 .033 0.9 .98 21.3 .065 1.32 - - .00 - -
(-4 52791. .569 .000 l.A 1.04 21.5 .051 1.10 - - .00 .40 0. .032
(-6 5279*. .497 .000 2.3 1,08 22.9 .035 .73 - - .00 - -
(-7 02791. .631 .000 2.2 1.09 22.7 .031 .70 - .00 .40 0. .039
c-I 52791. .669 .000 2.0 i.oA 20.4 .031 .54 - .00 - - -
(-9 52791. .494 .000 1.5 1.03 21,4 .353 1.13 - - .00 .43 0. .339

(-ID S2771. .131 .030 0,7 .96 19.9 .372 1.43 - - .00 - -
c-Il' 42791. .745 .000 9.8 .88 18.3 .090 2.64 - - .00 .2? 0. .093
(-12 42791. .776 .000 9,5 .80 17.6 .100 1.76 - - .00 - -
(-13' 52793. .795 .000 9,3 .54 17.4 .113 1.97 - - .20 - - -
(-14' 52719. .496 .000 9.9 .99 18.5 .103 2.00 .079 1.36 .00 .27 0. .QS$
c-Is 5271 4. .523 .300 0.6 .96 19.. .373 1.55 .093 .IS 0D - -
(-16 52719. .537 .000 1.5 1.04 21.5 .062 1.33 .034 .73 .00 .41 0, .031
(-17 52134. .590 .003 2.1 1.13 22.8 .040 .93 .026 .59 .00 - - -
(-II 52714. .629 .003 2,4 1.13 03.3 .032 .023 ' .00 .3? 0. .050
E-I 52719. .656 .000 2.3 1.11 23.3 .039 .91 .028 .56 .00 - -
c-Do 52714. .691 .002 1.8 1.07 22.1 .052 1.15 .029 63 .00 .41 0, .000
0-21 S2719. .720 .000 0.9 .99 20.5 .073 I 93 .041 .69 .00 - - -
(-22' 52719. .751 .000 0.1 .91 13.9 .096 1.80 .049 1.12 .00 .26 0. .093
0-23 105955. .536 .000 9,4 .87 17.7 .065 1.67 .050 .99 .00 - -
(-24 1.04455. .533 .000 21.0 .99 21.4 .367 1.43 .033 .71 .00 .49 0, .025
(-25 105455. .560 .300 22,4 1.03 22.0 .051 1.17 .027 .60 .00 - -
(-26 205966. .586 .000 23.0 1.3 23.8 .333 .92 .023 .65 .00 .82 0. .029
(-27 108455. .613 .003 23.9 1.07 24.3 .032 .78 .022 .53 .00 - - -
(-28 125405. .640 .002 24.0 I .1 24.3 .332 .78 .022 .02 .00 .40 0. .042
0-29 105455. .667 .000 23.6 I 23.9 .038 .91 .022 .59 .00 - -
0-30 105455. .694 .030 22.1 1.01 23.0 .099 I 12 .025 .67 .00 .54 0. .027
(-3* 135955. .721 .300 21.3 .95 21.7 .063 1.37 .031 .66 .00 - -
(-32 105455. .797 .200 19.8 .89 00.2 .063 1.61 .346 .93 .00 - - -
(-33' 216240. .'18? .000 18.4 .82 20.5 .094 1.99 .043 .96 .00 - - -
(-39 216260. .515 .030 20.2 .91 02.4 .067 1.52 .230 .69 .67 .50 0. .011
(-35 216263. .592 .000 21.6 .97 24.3 .056 1.37 .026 .69 .00 - -
(-34 216260. .569 .000 23.0 .03 25.7 .092 1,08 022 .55 .00 - -
(-37 216260. .595 .020 23.6 76 24.4 .033 .87 .020 .54 .67 .S 0, .020
0-38 216260. .622 .030 23.9 .37 26.3 .028 .76 .0*9 .50 .00 - - -
(.39 214260. .699 .000 23.8 ,7 26.6 .031 .33 .019 .50 .03 - - -
(-43 216260. .675 .330 23,2 .4 26.2 .039 .03 .020 .52 .00 .47 0, .02
0-91 216260. .702 .000 22.3 .00 24.9 .050 .29 .024 .89 .03 - - -
(-42 216260. .729 .000 21,1 .94 23.5 .061 .44 .026 .61 .00 - -
(-93' 216230. .756 .000 19.4 .87 21.7 .076 .54 .039 .75 .00 - - -
(-44' 216260. ,76 .000 18.7 .86 21,2 .081 .72 .094 .93 .00 - - -
HYDRAULIC 024901(9. 0 - .365 150900. 8604300 900001 0. U - 22.9 FT/SEC. 06. .199 FT/SOC.

SU(SIIDNAILC DATA POINT. - 53 DATA POINT.



TABLE B-2. Tabulation of Pressure Drop Data

Flow Temo. P3-P4 P4-P5
Channel (gprn) (°F (a) 34 (a) 45

Re

222

jf7,3 100, 1,60 .0199 1.58 .0196 69180. .0197
250.3 99. 3,22 .0179 3.17 .0176 102402. .0177
334.1 99. .5.57 .u173 5.'43 .0169 13687. .0171
417.6 99. 8.40 .0167 8,50 .0169 170848. .0168
556.8 99, 13,98 .0157 13.77 .3154 229019. .0155
63.k 99. 20.40 .0152 19.95 .0148 261091. .0150

250.0 83. .09 .0199 7.79 .0191 79501. .0195
300.0 84. 11.19 .0191 10,69 .0182 96546. .0187
403.0 82. 19.49 .0184 18.44 .0174 126625. .0179
503.0 82. 28.47 .0173 26.96 .0164 158045. .0168
600.0 83. 38.90 .0166 36.99 .0158 190802. .0162

45.5 44. 1,08 .0235 1.14 .0248 22763. .0241
63.0 44. 1.95 .0221 2.00 .0227 31517. .0224
aO,2 47, 2,97 .0208 3.05 .0213 42081. .0211

101.0 47. 4.47 .0197 4.60 .0203 52995. .0200
136.5 47. 7.65 .0185 7.85 .0190 71622. .0187
172.0 47. 11.60 .0176 11.80 .0179 90249. .0178
203.5 45. 15.70 .0171 16.00 .0174 104277. .0172
234.0 45. 20.15 .0166 20.68 .0170 119905. 0168

58,5 44. 3,60 .0209 3.75 .0218 35363. .0213
62,0 44. 4.05 .0209 4,10 .0212 37178. .0211
81.4 46. 6.40 .0192 6.75 .0202 50802. .0197
87.0 47. 7.35 .0193 7.53 .0198 54727. .0195

121.3 46. 12.95 .0175 13.67 .0184 75703. 0180
124.0 47. 13.87 .0179 14.15 .0183 78002. .0181
146.1 45. 18.50 .0172 19.00 .0177 89743. .0174
113.0 71. 10.60 .0165 11.00 .0171 101026. .0168
170.3 45, 24.45 .0167 25,10 .0172 104609. .0170
170.5 46. 23.65 .0162 25.30 .0173 106409. .0167
210.5 46. 35,77 .0160 3.75 .0165 131373. .0163
219,3 46. 37,30 .0154 4u,10 .0166 136865. .0160

14,8 78, 1.07 .0267 1.01 .0252 18281. .0259
19.5 78. 1.74 .0250 1.60 .0230 24087. .0240
30,2 78, 3,76 .0225 3.34 .0200 37304. .0213
4J.3 78. 6,12 .0206 5.43 .0183 49779. .0194
49.6 78. 8,76 .0195 7,7C! .0171 61267. .0183
89.6 78. 16.11 .0182 14.00 .0158 85971. .0170
89,6 78, 25,49 .0173 21,99 .0150 110676, .0162

15,2 70, .96 .0246 .94 024j 19613. .0244
30.3 70. 3.25 .0210 3.01 .0194 39097. .0202
39.9 70. 5.20 .0194 4.78 .0178 51484. .0186
49,4 70. 7.67 .0186 7.03 .0171 63742. .0179
65.4 70. 12.20 .0169 11.17 .0155 64388. .0162
77.2 70. 16,83 .0167 15,39 .0153 99613. .0160

(a) Inches of 2.95 specific gravity oil

A

1" Dia Rods

A

1 1/8" Dia Rods

E


