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D. S. Rowe

ABSTRACT

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 experimental measurements of turbulence velocity were
performed with a two-component laser-Doppler velocimeter in approxi-
mately twice size models of nuclear reactor fuel rod bundle flow
subchannels. The experimental flow models considered pitch-to-
diameter ratios of 1.25 and 1.125. Axial components of velocity,
turbulence intensity and Eulerian autocorrelation function were the
primary measurements. A limited amount of Tlateral component turbu-
lence intensity data was also obtained. The autocorrelation function
provided an indication of the dominant frequency of turbulence and
an estimate of the longitudinal macroscale by using Taylor's
hypothesis. The experiments were performed in water with a Reynolds
number range from 50,000 to 200,000.

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

diameter ratio) is the most significant geometric parameter affecting
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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 adja-
cent subchannels and only slightly affected by the amount of lateral
freedom allowed by the various size and shape of flow models con- .
sidered in this study.

The results indicate that macroscopic flow processes exist adja-
cent to the rod gap. This includes secondary flows and increased
scale and frequency of flow pulsations when the rod gap spacing is
reduced. By considering the eddy diffusion coefficient to be related
to the product of intensity and macroscale, the results show a com-
pensating increase in eddy diffusion for a decrease in rod gap spac-

ing. 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
I /////\
= ixay,

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 crossf]ow'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

ua_l-‘-pva_F:8

3 BF) + 2
X ay IX

oI 3 8F)
Y 3x ay

(b (Dy 3y (2.1)

where T is the scalar quantity being transported and Dy is the molecular
diffusion coefficient. Instantaneous values of u, v, and T can be

defined in terms of the time averages and fluctuating components

r=T+y (2.2)
us=u+u' (2.3)
v=v+yv. (2.4)

By substituting these definitions into Equation (2.1) and performing

a time average gives
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This is identical to Equation (2.1) except for the added transport
terms. Thus, the distribution of T 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' .

Now consider the distribution of the scalar in the x direction,
under conditions of v = 0 and without axial mixing. Under these condi-
tions Equation (2.5) becomes

ar ) oT
X

3y’

u [(Dy + e, (2.6)

gl

where the eddy transport coefficient €y has been introduced by assum-
ing that v'y can be approximated by a gradient diffusion term. This is
the form of the scalar transport equation often used as the basis for
formulating Tumped parameter crossflow mixing coefficients for the sub-
channel analysis method. The quantity in brackets represents the flux
of transported scalar I'. In this example and for further discussion,
ey 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 e#.

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 Tlength 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

t
y(to+t) =.£ v(to+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

T 5
y (t) = ‘[; y (t0+t) dto. (2.8)

— =

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

NI 2 [t [t
yo(t) = 2 v f f RL(T) dr dt' (2.9)
L)

as
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where the Lagrangian correlation function is defined by
RL(T) =y t+T (2.10)
2
vl
Equation (2.9) can be integrated partially to give
2 2 t
yo(t) = 2 v' (t-1) RL(T) dr. (2.11)
0
For short times RL(T) = 1 and &/ yz(t) ~ v't, thus diffusion proceeds
proportionally with time. For long time RL(T) + 0 as 1T -> . Under
these conditions Equation (2.11) becomes
Yo(t) =2 vieTt (2.12)
where the Lagrangian macrotime scale is defined by
T j; R (1) dr. (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
y(¢) (2.14)

or

€ = V'AL (2.15)
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where the space macroscale is defined as
A= v T (2.16)

The product] of the Lagrangian fluctuating velocity and space macro-
scale defines the eddy diffusion coefficient.

L and AL are diffi-
cult to measure since they must be determined with respect to a moving

Unfortunately, the Lagrangian parameters v', T

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' (xo)u' (x0+i7

u'2

f(x) = (2.17)

and the corresponding macroscale is defined as

e =fwf(x) dx (2.18)
0

]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.
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where Ag 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

Re () = “'(W"‘;t'ﬁ : (2.19)
u

The macro time scale is defined as

Te =J£® RE(T) dt. (2.20)

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 u

in the x direction and if u' << u then

f(x)

RE(T)

where

Ix - xX°| = d|t - t°] (2.21)

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

and the macro scales can then be related by

A=u Te (2.22)
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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 velocitysignal. To dis-
tinguish between the true macroscale Af the symbol A is used throughout
the remainder of the discussion to denote the product ETE.

2.1.3 Relationships Between Lagrangian 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 N and ¢ are believed to exist; however,
even for jsotropic 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
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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 = ut. 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(S,T) (2.23)

where 6§ and T are related by

§=0.8v't (2.24)
By assuming
R(8,7) = Re(8,0) Re(0,71) (2.25)
and
R(8,0) = exp (-6/L¢) (2.26)
R(0,7) = exp (-/Tp), (2.27)

The Lagrangian correlation can be written as

R (1) = exp [- (%E-+ O-fEV') T} (2.28)
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and the Lagrangian time macroscale is

_ 1
TL - + 0-8 vl (2.29)
E L

-

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

-
L. 1 (2.30)

m

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
ph&sica] 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 T while moving a distance L normal to the flow from its

point of origin. Upon reaching its destination, the packet will differ
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from its surroundings by an amount f|y+L - f|y. By assuming the
mixing length is small this difference may be expressed by the
approximation

leiL - I‘|y =+ L 5y (2.31)

y

Now let the instantaneous scalar be written as
T=T+y (2.32)

Since the fluctuating quantity y is responsible for the scalar transfer

in Equation (2.31),

o

y=+1L 5y (2.33)
The cross product term can be written as
vy = v'L ol (2.34)
oy
or
— _— ol
vy = vlL = 2.35
; (2.35)

From Equation (2.35) the product v'L 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 Tongitudinal 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 enérgy
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 simpie
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

of _ AT
pse 3y " pSe By | (2.36)

and the turbulent crossflow mixing per unit length is defined as

v = PSE
LA Al (2.37)

Dividing Equation (2.37) by GD gives

& - (i) (&) (2.32)

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.
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 1mp11cation'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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% « Re /f (2.40)
from which it is seen that
€
U5 f (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."

Galbraith (14) performed a mixing experiment where he varied

gap spacings over a range from 0.011 to 0.220 inches for 1 inch diameter

Zzij/d using Rogers and Todreas notation.
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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

wo_ e Ay* s*
G~ UD &y &y*

(2.42)
where the ratio Ay*/Ay is the centroid (diffusion) length ratio

(1.0 for square-square; 0.79 for square-triangular) and s*/Ay* 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/Ay*) 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

-0.1

by using a single value for (s*/Ay*) and e/UD « Rq No other data

are considered for this correlation.
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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 Galbraith (14,15), Hetsroni (22), and Van der Ross

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

& - (i) () ¥ (2.49)

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

gap spacing and

R

<=5 2 (2.44)

The correction factor Y corrects for the assumed eddy diffusivity
correlation and the ratio of the centroid distance to some diffusion
length. His correlating variable Y » « as p/d - 1 and decays rapidly
as p/d increases. The combination of s Y/Ay 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
corfe1ations 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 € = 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-centroid 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 aﬁd
small-scale turbulent eddies. The second was a convective transfer of
momentum due to large-scale motion of eddies. The turbulent transverse

shear was given by

pu'vi =- (D+¢) %%—+ o u'vh (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 experiménta]
data.

Subboten, 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, Kjellstrom (32,33) reported what is believed to be the first
known measurements of rod bundle turbulence parameters available in
the open Titerature. 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
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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 Tower 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 Buleev's (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 Kjellstrom 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 measurementé
were made in air with a hot wire anemometer just upstream from the dis-
charge plane Tocated 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 Tess 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* = /Tw/p (2.46)

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

relationship

f o= W ‘(2.47)
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TURBULENCE INTENSITY BASED ON SHEAR VELOCITY
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Figure 2.2a. Experimental turbulence intensity data of Kjellstrom
at ¢ = 0 compared to the data of Laufer.
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Experimental turbulence intensity data of Kjellstrom

at ¢ = 18° compared to the data of Laufer.
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Experimental turbulence intensity data of Kjellstrom

at ¢ = 30° compared to the data of Laufer.
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Kjellstrom 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 Kjellstrom's study could not explain the high mixing
factors recommended by Ingesson and Hedberg (29). The experimental
data indicated a value of Y = 1.6 whereas Ingesson and Hedberg's cor-
relation would indicate Y = 7.9 for the geometry considered. |

Kjellstrom 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
e =Kz k' (2.49)

where k' is the kinetic energy of turbulence and 2 is a length scale
defined by using the semjempirical model of Buleev (10). Various
values of K are used for the different coordinate transport directions.
The length scale & is assumed to be known from purely geometric con-

siderations. This contrasts with the approach of Ng and Spalding (40)
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where £ is a property of the turbulent flow. Kjellstrom 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. Kjellstrom (32,33) esti-
mated the length scale of turbulence by using the assumption of

Buleev (10) which gives a scale estimate of

2T
1 1 1
’E'EL y‘“ (2.50)

where y is the distance from the point under consideration to the wall.
For pipe flow the above equation gives & = D/2m = 0.16 D. An estimate

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

2 4
= 0.07 - 0.04 (%ﬁ) -0.03 (%ﬁo (2.51)

O =

which gives 2/D = 0.07 at the center of a pipe. Kjellstroms 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
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generally of the magnitude 2/D = 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).

A1l 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 LASER-DOPPLER MEASUREMENT TECHNIQUE

Since the laser-Doppler 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-Doppler 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 1ight with
the reference light from the same Taser. The resulting heterodyne or
"beat" frequency is equal to the difference of the frequencies of the
reference and scattered beams. The velocity can 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 (30), they all derive
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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

Sl
fD = ?E'K v (3.1)
where fD is the Doppler shift frequency and V is the velocity. ,R is

the scattering vector given by

R=2M G _F) (3.2)

where FS is the unit vector for scattered light, FO is the unit vector
for the reference light and Ao is the "in vacuo" wavelength of the laser
light. Combining Equation (1) and (2) gives

Vel -r) (3.3)

fp = s 0

D

>‘|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
pefform 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 1ight 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 6 is
gathered by a Tens 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 1ight 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 Tight to be
monochromatic with angular frequency 0 and Wy respectively. Let

their electric field be given by

E. = E

] cos w,t (3.4)

10
E

5 E20 cos wzt (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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ia (E +E,)°2 (3.6)
1 2 :
or
. 2
ia (E10 cos wt + E20 cos wzt) (3.7)
Expanding this gives
ia E$0 : Ego + Efo cos 2 w,t + E-g-g-cos 2 w,t
2 2 il 2 '
+ E10 E,p oS (w1 + wz)t + E]0 E20 cos (w] - wz)t (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 Timited 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
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frequency is to analyze the photomuitip]ier 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 1aser-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 Taser-Doppler velocimeter is determined by the inter-
section of the scattered and reference light beams. An estimate of
the effective diffraction 1imited beam diameter at the focal point is

given by

d= 20 =

2
m

o>
—h

(3.9)

where o is the standard deviation of intensity, D is the beam diameter
at the 1/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 1ight beams
also affects the size of the sample volume. The smallest volume is
achieved when the scattered 1ight 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 6 less than about 45°. This gives a sample
volume elongated in the direction 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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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 1limit 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,

ACTUAL

NOISE LEVEL

FROM EROADENING MEASURED

LOG POWER DENSITY SPECTRUM

\
LOG FREQUENCY

Figure 3.2. Power density spectrum of turbulence showing the effect
of laser-Doppler signal broadening.
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its effect on the measurements cah be reduced by "cutting off" the high
frequency components with a Tow 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

Aw u
.4 (3.710)
®w W 20min
where Omin 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

= =y (3.11)

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 al. (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

-

=

Aw
w

(3.12)

CI|

This is the quantity to be measured 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
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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

o _ 20 U
"% T (3.13)

where ¢ is the effective maximum sample volume size and A is the
microscale. For this term to be small, the sample volume must be
smaller than A. 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 1limits 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 Richland, Washington. A1l 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 following 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
Toop.

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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Figure 4.2. Test section construction details.
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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-1b. 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 Tlaser beam. Opti-
cally flat (A/4) view windows were fabricated from quartz. The windows
were sealed by "O-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

Rod Flow Wetted Hydraulic
Test Diameter Area Perimeter Diameter
Section (inches) (inches)? (inches) (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

44
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windows and their rods had 1/8 ihch 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 Tong 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 60° 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. Al1l 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
achievé fully developed turbulent flow.

Pressure taps 1/32 inch diameter were drilled into the back b]ate
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 QOptical 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

fp = % Ejsin 6 +w (1-cos eﬂ (4.1)

Since the contribution of the w component was small for 6 = 10° and

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

N
fD = 3 usin 8 (4.2)
for X = 0.6328 x 10_6 mand n = 1 (air), u = 11.93 f, where u is the

D
velocity in ft/sec and fD is the frequency in MHz.
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Figure 4.4. One-component laser-Doppler velocimeter optical
arrangement.

The beam from a Spectra Physics Model 124 He-Ne laser was focused
to a point within the flow channel by using a 237 mm focal Tength 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 1ight was gathered at an angle of 10° by a 42 mm focal length
combination lens with an aperture of 16 mm. The scattered 1ight 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 photomultiplier 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 bosi-
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 Tocated 45° from vertical. These two
velocities were resolved into the axial and lateral velocity

components.

FLOW CHANNEL
\ LASER

X CHANNEL P.M. TUBE
\ LENSES

~—~ MEAS UREMENT
POINT

X
v
P’

Figure 4.5. Two-component laser-Doppler velocimeter
optical arrangement.
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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 Taser 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-
ment 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
Tocal instantaneous velocity consisting of the time average value plus
the fluctuating component. The basic elements of the readout system
are shown in Figure 4.6. The signal from the photomultiplier tube

entered a 10 MHz Tow 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 Tower 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
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Eo(t) = e(t) cos wpt + n(t) (4.3)

where e(t) is a random amplitude, wp is the radial frequency of the
Doppler signal and n(t) is noise. Mixing this signal with the local
oscillator signal gives

E](t) = e(t) cos wpt cos w t + 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
£(t) = &L [cos (u - wp)t + n(t)] (4.5)

Delaying this signal by time T gives

E,(t-1) = sﬁ%;zl cos [(u, - wp) (t-T)]+n(t-17)  (4.6)

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

E3(t) = gl;l—%izill-{%os (wo - wD)t + n(t%

{cos [(uoo - wD) (t - 1)] + n(t - T)} (4.7)
Expanding this by using trigonometric identities gives

E3(t) = &ugt-_‘r)_ {COS (wo - wD)'r + cos [(oo0 - wD) (2t - 1)]

+ cos (wo - wy)t nlt - 1)
+ cos (wo - wD) (t - 1) n(t)

+n(t) n(t - T)} (4.8)



BNWL-1736

52

A11 terms in brackets, except the ffrst, 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 Teaving as the output
£y (t) = SELEET cos [y - up)] (4.9)
4 8 0 D

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

;
) e (t=T) = %f e(t) e(t - 1)dt (4.10)
0

This is an autocorrelation function of the amplitude modulation in
the Doppler signal for T » . 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-tT)
is essentially constant. The value of T in the readout system is about
0.8 x 10'4 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 1070 sec.

Equation (4.9) shows that the time average output signal is pro-
portional to cos (wo - wD). The first zero crossing occurs when

(mo - wy) = w/2. Since the center frequency of 1 MHz is used in the

p)
readout system, a value of T = 0.25 x 10'6 is required. Thus, when
f0 - fD = 1 MHz the average output of the readout is zero, or null.
For other values of (mo - wD)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 Tow 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 Doppjer frequency is measured from fD = f0 - 1 (MHz) where

fo is the Tocal oscillator frequency that produces the null voltage.

BAND PASS FILTER WIBTH

A
( )
Eé
=
éé ‘1 - } ‘%‘*
= 1\ 2 3
o
f’: AE NULL POINT
3 Af

FREQUENCY, f0 - fD' MHz

Figure 4.7. Frequency-to-voltage characteristic of readout system.
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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 fD = ?D + fb the Tower
limit is fD > 0.5Af, where Af is the filter band width. This limit
occurs when fD is reduced to the point where the upper side band
f0 + fD 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 fb. The band pass filter also limits
the band width of the turbulence such that fb 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 Wy varies with the velocity, let

wy = wy * g (4.11)
where w6 is the fluctuating component and &D is the time average

value. Substituting this into Equation (4.9) gives

£y (t) = S ST o5 [(u - @)t - wprl (4.12)
Expanding this yields

E4(t) = & t [cos (mo - E)D)r cos wgT

+ sin (wo - (LD)T sin w[‘)'r] (4.13)
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At null, cos (wo - &D)T = 0 and sin (wo - &D)T =1;
therefore,
£y (1) = ST i (4.14)
For small wﬁT
Ey(t) = SELEET) o (4.15)

and since T is constant E4(t) varies as mﬁ. 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 wp 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 AE 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 Tow-
pass filtered by a Rockland Laboratory Model 1020F filter. A Model 419A
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 rms 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



BNWL-1736

57

t
c(x) = M1 _[ E(t') E(t' - t) dt’ (4.16)

over a selected total delay range T. The correlator divided the total
delay range into 100 increments At = T/100 and simultaneously computed
C(t) for each of these increments. For a short total delay time where

At was small, C(At) = C(o) and

C(o) = E(t)? (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 EX and Ey 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 EX and Ey, 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 (1 volt) into
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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.

Ex +:
_fl\—_> EX'Ey
EX:w. TO
- fy _ ~e—» LOW PASS
>0 FILTER

Figure 4.9. Sum and difference amplifier 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 Toop 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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AE/Af. Milk was injected into the loop to provide sufficient scatter-
ing centers. For single-component 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 x0.001 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 AE 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 AE/Af for each channel.
A11 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
u=11.96 (f0 - 1) (4.18)

where fo is the oscillator frequency in MHz.

The fluctuating Doppler frequency was computed from

. g O
fD] = E AE (4.19)
and the local rms turbulence velocity was calculated from
u” _ E7 Af
T A = (4.20)

For two component measurements the axial component Doppler frequency

was calculated from

£ =2 (s

. =Y (fy +fp) (4.21)

1 X y
The axial component fluctuating Doppler frequency was calculated

from

|l>
m|—h

!..:
a

and for the transverse component

-

(4.23)

1_.L_).E *Ey) (4.22)

A_
AE

ci<
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Pressure drop data were takeﬁ for each of the flow channels over
the Reynolds number range of interest in the experiments. Pressure
drop was measured over one-foot 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 1listing of the
digital computer program used for these calculations is given in
Appendix A.

The measurement locations corrections were made according to the

equations

N
n

(z - zo) Cn (4.24)

and

y=y-y, (4.25)

The refractive index correction Cn 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,

n sin 01 = N, sin 0, (4.26)
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Figure 4.10. Refractive index correction for light ray
path in water.

For air, n] = 1.0; therefore,

-1 [sin 6,
0, = sin s (4.27)

where n, 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 8, = b tan 6, (4.28)

therefore
a tan 6]

sin §
tan %in'1 ( ])]
ns

(4.29)

b =
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and

_ tan 61

Cp = [ _1 /5T 9
tan |sin ( )]
‘ n,

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

(4.30)

n if the small angle approximation (tan 6 = 6 = sin 8) 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

0T
R(t) = e COS 0, T (4.31)

This equation allows for periodicity in the correlation function.

From Equation (2.20) the macrotime scale is given by

*
TE = ;7—:—;7 (4.32)
1 2
and from Taylor's hypothesis the longitudinal macroscale is
A=uT (4.33)

E
The autocorrelation 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:

1.

The axial (u'/u) and lateral (v'/u) components of turbulence
intensity are highly nonuniform with relative minima near fhe
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'/u) ranges

from about 50% to 80% of the axial component (u'/u) 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 doubies 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.



BNWL-1736

66

6. 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.

7. Reynolds number generally has a weak affect on the velocity
(u/U), turbulence intensity (u'/u), and Eulerian longitudinal
macroscale (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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Additional maps of velocity and intensity were taken in Channels B
and C to determine how a more restrictive flow configuration affects
the subchannel flow structure.

5.1.1 Maps of Velocity and Intensity

Figures 5.1 and 5.2 show maps of velocity and turbulence intensity
distribution in the side, corner, and interior subchannels of Channel A.
The velocity profiles are quite symmetrical 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'/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

3Th1's is actually a "saddle point" because the intensity increases

toward the wall,
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Figure 5.1.

Axial component velocity (u/U)map in Channel A,
Re = 100,000 p/d = 1.25.
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Figure 5.2. Axial component turbulent intensity (u'/U) map,

Channel A, Re = 100,000, p/d = 1.25, 4 kHz cutoff.
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rod gap. The corner and wall subchénne] 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% Tower 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 (u'/U),
Channel A, Re = 100,000, p/d = 1.25.
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energy. In the corner subchanneT 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 Qf
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'/u) 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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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 side-wall
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 Tongitudinal 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 1ittle 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 subchannels 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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it had been severely corroded beneath a paint coating that was put on
the rods to minimize 1ight 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 A1000 through A14971 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. 1In 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

4 and 0.125 inch for the rerun.

width of about 0.105 inch originally
When the data in Figures 5.13 and 5.74 are viewed in Tight of

increasing rod surface roughness (unknown magnitude) with Reynolds

4Th1's 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 subchannel
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 1imited 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 Tines of constant velocity
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Figure 5.20. Velocity (u/U) map in Channel B,

Re = 100,000, p/d = 1.25.

REGION OF MAP

Figure 5.21.

Axial component turbulence intensity (u'/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.

003,008 - = - —
\\///, u mm/ ‘

0.05° %

0.06
0.07

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 Tower 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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Velocity, intensity and scale in gap, Channel E.
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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).

A11 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 siope
in that region. This would give a larger value of TE 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 D. This is due to the

lower velocity in the triangular shaped subchannel. The intensity data
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are essentially identical for thé two channels. The dimensionless scale
A/D within the gap of Channel E is about 20% smaller than in Channel D.
If average values of A/D = 0.50 and 0.42 are taken at a Reynolds number
of 50,000 for Channels D 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 D 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 D 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 Targer
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Figure 5.28. Velocity, intensity and scale in gaps of Channel C,

Re = 100,000.
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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 1nten;ity 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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Velocity, intensity and scale in corner rod wall gap,
Channel A, Re = 100,000, y = 1.250 inches.
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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
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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 1imited 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.



14
12
10
0.8

<let

2.6
04
0.2

(§7]

. 0Pop |
i 926660%690 T
L) o

o s L

\wawaw; B
Q00O
OOOr™ ]

| L | 1

TRe  CUTOFF KHz

- 0 -50,000 2 L
| & 100, 000 a7

a

a 200, 000 4
L o o
-
a
L ﬁ D Agﬂ
GSQD 60

. AO% -

] i ] 1
18 19 2.0

LATERAL DISTANCE, y, INCHES

BNWL-1736

113

Figure 5.33. Velocity and intensity in corner rod-wall gap,
Channel A, 3/16 inch gap.
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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 0.055 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 1ist 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

a
f=a Re?

where o and a, are the correlation parameters. The results of the
curve fit are presented in Table 5.1 together with the computed

standard deviation.



TABLE 5.1. Friction Factor Curve Fit Parameters

Channel * %2 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 Kjellstrém (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
Kjellstrom (32,33). As discussed in Chapter 2.0 he performed experi-
mental measurements of turbulence parameters for air flowing through
an enlarged flow channel (10X). 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 Kjellstrom.

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 Kjellstrdm 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
Qou1d give good agreement with Kjellstrdm's data for both the lateral
and axial components of intensity. The data also tend to confirm
Kjellstrom's trend of Tower 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 Kjellstrom. 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.
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Figures 6.6 and 6.7 present turbulence intensity data obtained in
fhe side rod-wall gaps and interior rod-rod gaps. These data show about
the same average values as the data of Kjellstrom 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 Tocated 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 Kjellstrom
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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Figure 6.8. Comparison of data in Channel A with the data

of Laufer and Kjellstrom.

1.0



TURBULENCE INTENSITY BASED ON SHEAR VELOCITY, u'/U*

BNWL-1736

129

0.6 T _ — L AUFER (ROUND P1PE) i
0.4 =———KJELLSTROM (ROD BUNDLE, ® =309 n
0.2 | ——=—ESTIMATED FROM DATA MAP i
0 | I N |
0 0.2 0.4 0.6 0.8 1.0
DISTANCE FROM WALL, yly, ¢ =300
Figure 6.9. Comparison of data fromChannel A with the data of

Laufer and Kjellstrom.



BNWL-1736

130

from the experimental data fall above the data of Kjellsti¥om and Laufer
and with a flatter distribution. Kjellstrom's data shows an increase
at ¢ = 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 (¢ = 45°) to the subchannel center. The
increase at the intermediate location is higher for the present experi-
ment than for Kjellstrom'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 Kjellstrom'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 bundies.
This method assumes the validity of some sort of universal velocity

profi]e along normals from the rod surface to the T1ine of maximum
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velocity. If the wall shear stress can be determined the entire turbu-
lent velocity profile can be calculated. One possibility is the Kdrmdn-
Prandtl velocity profile derived from circular tube data. For the

region in the turbulent core the velocity is given by

f=d ]

U _ 2.5 1n ”—:l+ 5.5 (6.1)

[t

where U* is the shear velocity based on the wall 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,

<D

u-u_
ux

2.5 In L | (6.2)
y

The value of § was taken to be one half the nominal gap spacing
plus a 0.010 inch allowance for the window flat 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+ = u/U* are the range from about 15 to 22 where
the Tower values are toward the wall. Values of U* approaching 15 for
tubes are known to start dropping below the universal profile.
Kjellstrom 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
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Figure 6.12. Velocity distribution in rod gaps of Channel C,
1/4 inch spacing.

VELOCITY DEFECT, (0 -u)/u*

DISTANCE FROM WALL, y/§

Figure 6.13. Velocity distribution in rod gaps of Channel B,
1/4 inch spacing.
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Channel A,

Velocity distribution in rod gaps of Channel A,

1/4 inch spacing.
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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 u along a normal to the rod surface

equation can be written as

n

(6.3)

!
N
o
w
chie
< =<

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
of Kje{1str6m. 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 vort1c1ty (41) given by the equation

0
Dg _ 2 3 BUW‘
bt = ' & 3 5 * ‘5/@[ X az 3y

Lo ED (2 o

ayaz * 532' 537 W (6.4)
where
£ =5y - 5% (6.5)
n=ou. M (6.6)
g=L. (6.7)
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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 (u'w') 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 (;?.- ;25 are

the most important terms responsible for the production of stream wise

AU, U Budv_ dudw
"3y T %3z " 5z 3x ~ 3y ax
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vorticity. The transverse shear stresses are much less important. The
difference between ;é-and ;é-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 w’ 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



BNWL-1736

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.

(b) LINES OF CONSTANT KINETIC ENERGY
OF TURBULENCE

Figure 6.18. Examples of velocity and kinetic energy of turbulence
distributions for square channels.
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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 Q (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
feported 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 sécondary 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 Tower 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.
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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
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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).
RE(T) = e¥17 cos AT (6.8)

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

153?==l:n E(n)dn . (6.9)

The relationship between the power spectrum and the autocorrelation

function is given by the cosine transform

Q0

RE(T) cos 2 mnt dt (6.10)

E(n) = 4 u'?
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and the inverse transform is defined as

R(1) = E{(n) cos 2 wn Tdn (6.11)

1
2
u

By using the correlation function given by Equation (6.8), the Fourier

cosine transform can be shown to be

E(n) = 2 u'? > M o ™ 2} (6.12)
ap + (a2+2wn) ay + (a2—2wn)

If a, > 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 ay is nonzero, the correlation function
exhibits periodic behavior with an exponential decay and the power
spectrum has a péak 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 Timited 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 Tc. The validity of this approach depends
upon the ability of the function to fit the correlation plot which in
turn affects the coefficients o and X 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

To- . [

E o 0 \C
%

For no significant periodic motion compared to the time of decay

(6.13)

(a2 << al) the time scale is just Tg = —1/a] and the value of 0y has
little if any effect on the estimate of TE' If oy is of the same mag-
nitude of o then the value of TE becomes less than the value given by

oy and the value of a, has importance.

2
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 p1ots 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

' S
o @ % - (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 /UD also
occur with changes in geometry and that additional macroscopic flow

processes contribute to €/UD in regions adjacent to the rod gaps.
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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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Referring to Equation (2.15) the eddy diffusion coefficient could

be expressed as the ratios

(6.15)
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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 scalar 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 Tess 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 e/UD would therefore be

ee (W (b (4 (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 comp1ete 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 fhe 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

A "y(A
Lo iy

[ =
cle
o|=
|

Interior Subchannels:
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/Ay
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.
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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
vy = e Ly yT (6.17)

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

vy = W3—§ : (6.18)

therefore

vivt = (e, + VL) — . (6.19)
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The macroscopic part of the sca]ér 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.



BNWL-1736

158

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 = Flxys x5m- 5 x). (7.1)

Small variations dxi in X alter y by the amount

n
oF
- 2o % (7.2)
The square of the error is
oF 3F
= > S-S dx, dx, (7.3)
i3 Bxi ij i J

If the components dx1, dxz, -—- dxn are independently distributed

and symmetrical with respect to positive and negative values as they
are in the following discussion, then the product dx dx (i#j) vanishes

so that

2 _ W oF ¥ T2
(dy)® = 1_; (Bxi) dx (7.4)
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This may also be written in terms of the variance as
2 2
2 _ S 9F “o.
g = 1§] g)q' 1 (7.5)

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
chénne] 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 Taser beam. The basis for this estimate is summarized in
Table 7.1.

TABLE 7.1. Summary of Accuracy Estimate for Sample Volume
Size and Location

Normal
Along Beam to Beam
Sample Volume Size 0.026 0.0034 in.
Components affecting location:
1. Flow channel dimensions +0,006 in. +0.006 1in.
2. Traverse position +0.001 in.  0.001 in.
3. Uncertainty due to sample +0.013 in.  #0.0017 in.
volume size
Total +0.019 in. +0.006 in.

The sample volume location is calculated from the equations

N
1]

(Zr - zo) *Cn (7.6)

<
n

3y - ¥,) (7.7)
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By using Equation (7.5) the variances are
2 . 2 2 2 2
o, = (Cn) o, + (Cn) o, + (Zr - zo) o, (7.8)
r 0 n
2 2 2
= + .
Oy Oyr Oyo' (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 Cn ~ 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

d=20 == (7.10)

2 Af
m D
where ¢ is the standard deviation of intensity, D is the beam diameter
at the 1/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

A =0.6328 um, 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 no more Timiting 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 A1000 through A1491 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 A1492 through A1574.

The traverse position of the measurement point was Tocated 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
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oi = (1.33)2 (0.006)% + (0.001)2 + (0.013)2 = (0.019)2 (7.11)
and
05 = (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 dinch 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

Components Affecting Mean Estimated
Velocity Accuracy, %

Scattering Angle *1.5

Doppler Frequency Measurement 2.8

Total +3.2

The mean velocity is computed from the equation

- A -
U= Usine f

D (7.13)
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The variance on u is

22 2 [/ f 2 2
2 A o A D o
%u Glsin e) fD * (; sin e) (tan e) 0 (7.14)

In terms of a fraction this can be written as

R -
= + 7.15
E?' ?S tan 29

A 10° scattering angle was built into the receiving optics; how-
ever, measurement of this angle during the experiments indicated varia-
tions of about #0.15° 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 (20.1%) and null meter 2% was about

+2.8%. The total variance was estimated to be

2
2y - ((0.02)2 + (0.001)% + (0.02)2) + (0.015)2 = (0.032)% (7.16)

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%. In 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

Aw _ 20max Au

" 0 Ax (7.17)
Taking values of 20/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.
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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 Af/AE +2.0
Frequency Offset, Af 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

. AT : (7.18)

o

:ll
>
m
—h

o

The variance on the intensity is

2
2 [E 2 OZ . (o ¥ °2E. L JEF\ O D e ar ot
1”7 |, £ * (a7, 5EF fg y g

(7.19)
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where I is taken to be the ratio u'/u. As a fraction, this is
O2 s 2 o ? of2 . 2
Gl B 7.0
I Af E' fD AE

Effects of system noise and linearity of the AE/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 Tinear 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 kHz 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 mv. 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. A]i checks indicated less than 5 mV 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. A1l
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% Tow. From the above estimates the total estimated variance for

the turbulence intensity is
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Figure 7.1. Turbulence energy versus low pass filter cutoff
frequency in center gap of Channel C.
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Figure 7.2. Turbulence intensity distribution in center gap of

Channel C at selected cutoff frequencies,
Re = 100,000.
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= (0.02)2 + (018)2 + (2(0.02)% + (0.02)2 + (0.012)2 + (0.025)2

HI\J HQN
{

(0.051)° | (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 Taylor's 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.

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

The estimated macroscale was calculated from the equation

A=u TE (7.22)

where
2
)

5 (7.23)

_ 2
TE = - a]/(a] + a
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and where o, and a, are the parameters used to fit the correlation

function to the form
R(t) = exp (u1T) cos (azr) (7.24)

By using Equation (7.5), the variance of A on a fractional basis is

+
I Q
— N

|Q
o= N
i
!Q
Nje ro
m

(7.25)
A

(=]
—
m N\

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, ay > Ay therefore, as an approximation

Te = - o (7.26)
or
dT;  do
- (7.27)
Te o

From Equation (7.16) for small o,

%5-= da (7.28)

If Tt is taken to be 1/a1; then, an estimate for the variance on TE is

approximately
2
Te o
o (7.29)
Z R

E
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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 2

+ (0.02)2 + (0.02)% = (0.083

|Q
N[ = N

= (0.032)° + (0.05)2 + (0.05) )2

=

(7.30)

7.5 REPRODUCIBILITY

Several sets of data were taken 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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Figure 7.3. Comparison of data obtained in one- and two-component
. configuration, Channel E, Re = 50,000.
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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 bundies 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 Targer 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:

1. The dimensionless parameters u/U, u'/u and A/D are weakly
dependent on Reynolds number,

2. 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'/u) varies
depending upon location but ranges from about 50% to 80% of the
axial component intensity (u'/u).

The turbulence intensities show highly nonuniform distributions
with relative minima at the subchannel 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 diameter for p/d = 1.25.
The experimental results for velocity and turbulence intensity
are in general agreement with the results of Kjellstrom.
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.
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The crossflow mixing parameter w'/GD as estimated by the product
(u'/u)(A/D)(s/Ay) changes only moderately with a change in rod gap
spacing. This is the first known 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:

1.

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 experi-
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.
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9.0 NOMENCLATURE

Flow area

Refractive index correction to traverse dimension z
Autocorrelation function

Diameter of laser beam at focal point

Rod diameter

Hydraulic diameter (4A/Pw)

Diameter at 1/e2 intensity points of a Gaussian distrib-
uted laser beam at the lens

Molecular diffusion coefficient

Fluctuating voltage amplitude

"Rms" fluctuating voltage

Turbulence energy spectrum

Electronic signal voltage

Focal length

Darcy friction factor

Doppler frequency

Fluctuating component of Doppler frequency
Oscillator frequency

Eulerian longitudinal spatial correlation function
Mass flux, pu

Photo tube current

Turbulence kinetic energy

Scattering vector

Lateral turbulence scale



U, vV, W
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Mixing length

Frequency

Refractive index

Noise contribution to electronic signal voltage
Rod pitch

Pressure

Wetted perimeter

Radial distance

Reference unit vector

Scattering unit vector

Reynolds number (GD/u)

Eulerian correlation function

Lagrangian correlation function

Eulerian space-time correlation function
Rod gap spacing

Time

Averaging time

Eulerian time macroscale

Lagrangian time macroscale

Velocity along line of maximum velocity
Channel average velocity

Shear velocity based on u

Instantaneous velocity components in the x, y, z

direction
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Fluctuating velocity components in the x, y, 2z
direction

Mean velocity component in the x, y, z direction
Turbulent shear stress components

Principle turbulent stress components
Macroscopic shear stress component

Kinematic viscosity (u/p)

Velocity vector

Radial frequency

Fluctuating component of radial Doppler frequency
Average radial Doppler frequency

Radial Doppler frequency

Turbulent crossflow per unit length

Radial oscillator frequency

Cartesian coordinates

Distance from wall

Distance from wall to line of maximum velocity
Correlation parameter of Ingesson, et al.
Reference coordinates for (y, z)

Mean square diffusion distance

Function fit parameters

Fluctuating component of scalar

Scalar quantity

Average value of scalar quantity
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Voltage offset

Frequency offset

Centroid or "mixino" distance between subchannels
Space-time correlation parameter

Eddy diffusivity

Vorticity components in x, y, z direction
Scattering angle

Wavelength of light

Turbulence microscale

"in-vacro" wavelength of laser light (AO = 6328R,
He-Ne)

Eulerian Tongitudinal space macroscale as estimated
by Taylor's hypothesis

Eulerian longitudinal space macroscale

Lagrangian space macroscale

Absolute viscosity

Density

Sample volume standard deviation of intensity
distribution

Standard deviation

Time delay

Wall shear stress

Angular coordinate
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APPENDIX A
DATA REDUCTION COMPUTER PROGRAM

DIMENSION FOUZ}s ERNMSL2)y DELTAF(2)y DELTAE(2)y BAND(2)y LPF(2),
1 U(2)y UP(2)s F0U2)y FP(2)

DIMEWSTIAN COMZNT(11)

DIMEASIAN Cl11), TaUlt1}

OTAENSION AL TY9), w0}

DINENSION TITLE(L1S)

DINENSION F(LO), FHTL20)

REAL LPF

DATA (F{1)ylal, 19}/ HHCA7 s g SHF T o0y ySHF 733 95HF 734,

I EHF64l ) 8MF542)s5hFb, 1 )oHF5.3435HFb6,2)
2 SHFSe33151F 54239531 F 5,20 950F5424,5HF 64U
3 SHF643943d14) )3rad,ys3HAS »3IRAY)/
CATA NBLANY yOLANK BLANKS/4H =s5H
DATA (wlI),1=1,4110711ele/
FORMATIAS ) 1442F5e3,43F5,0011A5)
FCRMAT (AS 74 e )F5e032F5¢3,72(4F5e39F2,UsF3e0),F53)
FORMAT( HIDRAJYLIC DIAMETERS D =2'F5,3,° INCnESe?,
1 AVERAGE VELOCITY, U ='F5.,1,% FT/SECs U ='F5,3,!"
1 ' o QUESTIQWABLE DATA POINTe'
3 = NO DATA PIINTet)
FORMAT(4ES«2)

=y4H -/

FT/SECe/

FORMAT(6X yFH4eD0412F5,2)

FORMAT (16A51)

FORMAT(®] TABLE te~] (CONTe)e TAEULATION OF EXPERIMENTAL D
LATALY//1X416A77
2" RUN REYNOLVUS 4 Y U usu usu sV u/v v/
v V/U CUTOFF CURVE FITY/
4 NUMBER INe INe FT/75€C
] KHZ /n F(nZ) ')

AVISCIT) = Ue05830 e 446,/(20G746+T))

RHOUT) = 62476=0e53768(T/100e)=0e365%{T/100,)¢22=«,0173%(7/100,)8e3
VISCIT) = AVISC(T)/RHQITI/ZIbUGS

RINDEXI(T) = 143370 - 0e0001740(T=32,)105,/9.

AAl = 7,110

AAZ = 5,54%

AB ® 24644

AC = 1,890

AD = 1,137

AE = 1,113

Pl = 3¢14}159%

READ 1, NUNSHRUNSy KO0 ,YO0 PSI COMENT

IFENRUNS LLTel) 3TOP

READ 6y T]TLE

PRINT 9, TITLE

READ S, Ay LHYD, XCORR, YCORR

X0 = X0 = XCOUKR

YRUMY = Yo

INTERCHANGE NEAT 2 CARDS FOR Y TRAVERSE OPTION

YO=YDUMY~TYCORK

11 READ 2,

YO = YDUMY = YCORR

YO = YCUMY + YCORR

IS THE OPTION FOR RUNS A1000 = A149] ONLY.
COSINE = COS(PSI®*PI/180s)

SINE a SIN(PSI*pl/180,.)

LINE = 0

00 100 K=1,10300
LINE & LIKE + |
IF(LINE«LESHD)

PRINT 3, ONHYD,
PRINT 9, TITLE

LINE = 1

G0 To 11!
JAVG, USTAR

(FOLL)sERMSII)sDELTAFIL)
EIER2
uSTaR

RURe TEWP
1 DELTAS(I),,3ANDI] ),
IFITEMPoLTole) PRINT 3,
IFITEMPaLTote) G3 TO 10

FLOWy X3 Yo
LPFCIY 1m1,2),
DHYDs UAVG)

186
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READ &y T, OIVIG, ¢
12 TF(F23(1) 4oTe God 59 TY 1S
FO(L) = Fyi2)
FOot2) = 0,
E3MS(1) = ERAAS(2)
ERMS(2) =i
DELTAF (1Y = DelLTAF(2)
OELTAF(2) = 0.
DELTAC(Ll) = DELTAE(2)
QELTAE(2) =N+
SANDIL) = 3AnL (2}
3AKD(2) = 0.
LPF(1) = LPFL2}
LPF(2) = G
1S THETA = «17453
CN = SIN(TRETA)/RINDEX(TEMP)
CN = ASIN(CiH)
CN = TAN(THETA}/TaAnN{Cy)
X = (K-XO0}eCh
YOUMY = Y « YO
INTERCHANGE NEXT 2 CARDS FOR Y TRAVERSE OPTION
Y = YDUMY
Y = =yYpuUAY
YsYDUMKY I3 THE GPTIUN FDR RUNS A100G - A1491 ONLY

00O 18 Isl, 16
18 FHTI]) = FU1)
DO 20 1=1,2
FO{1} = Folll=1i,
IF(FD{I)elToUo) FDLL) = Qo
ULL) = 11,969F0C(1)
FPII) = QDELTAF(I)/VELTAE(I)@ERMSI(I])
UP(I) & 1leF0eFP(])
20 CONTIHUE
25 UlLU2 = CELTAF(1)*DELTAF(2)/DELTAE(L)/DELTAE(2)
1 ¢ELE2%11,56002
Vi = U{)eCOSINE = U(2)eSINE
v2 ® Y([)eSINE + Ul2)0COSINE
VPLI = yP(])
IF(PS1eNE«Ce) VPl ® VPpL/le4]H
VIV2 = Uly2
TURBL = YPI/VI
VP2 = up(2)
IF{PSTeNELCs) VP2 ® VP2/1 o414
TURBZ = VPI/VL
IF{VI LE«De) GO TOQ 40
CMAX = Ct1)
IF(CMAXJLEeosUl) GO TO 40
DELTAT = T/CIVISN
DO 30 =141
Cll) = CU1)/CMaKX
A0 TaAUtl) = DELTATerLOAT(1=1)
ALTL) =(C(2Y=CU1))/DELTAT
AL(2) =m=D,b6%AL L))
M= 2
LSO = |
LS9 = 2
ERR ® ] E=%
NTRIES = 150
CALL LSO(TAUICav sl AL, sERR)RMS)LSOSNTRIES)
AL(TI) = AL(1)e10300,
AL12) = AL(2)e]10UQ.
TE s=le/hLl1)el1s/l1eelALE2)/ALIL))002))
SCALE = VieTEel2s
DSCALE = SCALE/DHYD
FREQ = AL(2)/2+/P1
GO TO 45



40

45

49

50

60

100

DSCALE = BLANKS
FMT(13) = F(18)
FREG = BLAWK
FHT(14) = F(17)
RHS = 3LAKK
FMT(15) = F(17)

UAVG 8 FLO./AZT7.,48/760,%144,
RE = UAVGeOHYD/VISCITEAP)/ 120

UD = V]/UAVG

FF = 1o
IF(ABS(A=AA]L) 4L T,001)
IF(ABS(A~An2)4LTe,001)
IFCABS{A=A3 }ebLTe,0n1}
IF(ABS{A=AC ) 4LTs,D31)
IF(ABS(A=AD }eLTs,001}
IF{ABS(A=AE )sLTe,031)

FFeel566/RE®®s 18469
FFme2112/RE®ea2]10
FFEe2182/xE®®e2]196
FF=e2004/RE®®,2]142
FFRel374b/RESee 2725
FFae343|/nE®es2678

USTAR = SQRT(FF/8,)sUAVS

US = V]/USTAR
UPS] ® VP /USTAR
UPS2 = VP2/USTAR
IF(V14GTeQe) GO TO 49
VI = BLANK
FUT(S) = F(17)
Up = BLANK
FUT(6) = F(17)
US = BLANK
FMT(7) = F(17)
LPF(l) = gLAKK
FrTC12) = FL17)

IF{TURBLleGT.0e) G0 TO 50

TURB] o BLAKNK
FMT(8) = F{17})
UPS1 = BLANK
FMT(9) = F(17)
LPF(l) = BLANK
FUT(12) = F(17)

IF(TURB2+GT0e) GO TO 40

TURB2 = BLANK

FHTCI0) = F(L7)

UPS2 = BLANK

FMT(11)Y = F(LIT7)
IF(YeLEolosE=5) ¥ = Q¢
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WRITE(S+FMT) FUNWREX,Y eV UDJUS,TURB]L»UPS]1,,TURB2,UPS2:LPF(I1),

I DSCALEFREQsRMS

CONTInUE
GO0 TO 10
END



[aNaNaNaNaNaNaNaNallal

[aNa)

n

[a il

[aXaNaXal

C
C

BNWL-1736

189

SUBROUTINE LSUIXaY ¥ st ALIMIERKRWRMS)LSOWNTRIES)

TAIS 1S A LLAST SGJARE D]STAUCE CURVE FITTING SUBROUTIHNE,
IT HAS BUILT It THE SUCESSIVE TAHGENT LINE SCHEKE TQ FIND THE
DISTANCE FRD'W A DATA POILT TO THE CURvEe
IT CALLS3 2ZC0dP AMD SOLVE T) SOLVE THE LINEAR SINULTANEOUS EQUATION
AL=B IN M UNKENULINS,.
IT CALLS FUNC TOU 08TALlN INFORMATION ABOUT THE FUNCTION BEING FITTED.
LSO 9PTIOn AODED LY D.Se KOG
IF LSO=1,y THE LEAST SAVUARES DISTANCE TECHNIQUE IS uStD.
IF LSO=2, Ttk CONVENTIOHNAL LEAST SQUARES TECHNIQUE IS USED.
PARAMETER MDELL
PARAMETER “p=4
DIMENSION X{ND) Y (D) g&{ND) ¢ALINP) 4DILP4ND)
DIMENSTIOt: DISCIND) o X2 CpND) 9u2(ND)»ID{3)sYLIND)SDXIND)
COMMON /BUL/ A(NPNPYZZLAP) 4BINPY o IPS{NP)

1F IPRINT=3, THERE IS NQ PRINTED OUTPUT FROM THIS SUBROUT[NE.
IPRINT=2
IPRINT=D
TRMS®l4ELD
IDl(Y)= 4ACOMVER
1002)= SHVERGED
10(3) = ¢&n
DQ 2 I=1sn
2 Dxi{1)=0.

START ITERATION
DO 100 ITER=l4NTRIES

GO0 TO (5,3%),LS0O

LEAST SQUARES OISTANCE OPTIGH
FIND CLOSEST POINTS ON CyRVE
5 DO 30 Is],h

w21 l=a(1)

FInD CLUSEST POALMT GUIVEN AN INDIVIDUAL DATA POINT
DO 10 K=} ,50
IFCABS(N(I))eLT4l,E=«9)G0 TO 20
XTex{1)+2x(1)

CALL FUNC{XTsYlylsALIXDERID)
oY=y (li=-YI(1}
CXTm{~DX{1)40Y*XDER)/ (| o+ XDER®®2]}

THE NEXT 3 CARDS PREVENT OVERSHOOT BY DECREASING THE INCREMENT.
THIS GIVES !SCKEASED STABILITY AT THE EXPENCE OF INCREASED
CONVERGENCE TIME,

TT=2e.

IFCABS(OK(I)) eGTo eE=4)TTRARS(DXT/DX(1)])
DX(1=DX([}+DXT/([«+TTe,5)

T=ARS(OY)+ARS(DX(1))

IFCABS(DXT) LT eABS(IoE=~4¢0X(1))sOReTeLT41.E~8)GO TO 20

10 CONTINUE

PRINT 100S

1005 FORMAT(® SHIRTEST DISTANCE NOT FOUND')

N2{1)=0.
20 CONTINUE

CLOSEST POINT FOUNDy NOx FIND DISTANCE
X101 )=X(1)+2X(1)
DIS(I)I=SQRT(DX([)ee24pYCe2)
IFISISOI) L TeleE=3)01S(1)21,E~3

30 CONTIHNUE
G0 T9 39

LEAST SJJUARES OPTIOWN
35 DO 38 (=[N
w201) = w(l})
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XT = x(1)
CALL FUNC(XTiY1,i4AL»XDERD)
DY = Y{l)=Y1(1)
X1(1y = x¢1)
DIS(I) = ARSIDY)
IFIDIS(I) LTelsE=3) DIS(1) = [egE~8
3B CIJUTINVE
COMPLETE SET OF CLOSEST POINTS ANO DISTANCES FOUND
50X FIND A NEw SET JF PARAMETERS
379 Dhv=d,
WT=Je
00 40 lal,k
ODFmDOK+DISIL)eDIS(Ies2(1)
40 WT=NT+82(1)
RMS=SRRT(CIOM/&T)
IFCIPRINTGGECIIPRINT JOCGLoRMSH(ALIT) y %] 4D

1001 FORMAT(® RMS®'G15,7/' PARAMETERS=?5G615¢74(12X,5G15+7))

449 I1F(AQS(TRMS=RMS)IsLT,ERR®RMSIG0 TO L1IC
TRMSERMS
CALL FUNC{X13Y1yNyAL+XDERYD)
DO 45 K=i,n
DO 45 Isiyn
85 DKy I)=E(Y(T)=YIC(1))eD(KyI)/DIS{T)
DO 840 Kalyh
DO S0 J=K,M
A(KyJd)=ge
DO 47 I=1,4N
47 AR JIIRAIK II+D(K,1)oplUylden2(])
S0 A(JyK)=AlK,J)
B(K)=D.
DO 40 I=1,N

60 BIK)=3(K)eD(KyI)®DIS()ow2()

THE NEXT & CARCS ARE DERJVEO FR0M A DAMPING TECHNIQUE THAT INCREASES
STABILITY AS MEHTIOWED IN THE DESCRIPTIONs [T WILL INCREASE
CONVERGENCE TIME TO SUME EXTENT» .

T=0,
DO 45 1=fH
45 TmT+3(1)esn2
MA=,SeDDM/T
DO 67 lIeg,n
67 A(l4I)=AC 1) %a5/unN ~

THE FOLLOYING SUBROUTINE CALL SOLVES THE LINEAR SIMULTANEOUS
EQUATION GIVEN BY aZ=3 NITH M UNKNOWNS,
CALL DECOMP (M) IERROR)
CALL SOJLVEt™)
IF (1ERRORSGTol) IPRINT = 2
00 70 I=t4n
IFEABS(ZUI)) oGToe50ABS5(ALIII)IY Z(I) = oSeABS(ALILI))eABS(Z(I))/Z(1)
70 ALIL)=AaL(1)+20(1)
100 CONTIWNUE
JPRINT = |
IC(L1)= "6H:OT CO
10{2) = 6RNVERGE
[o(3y = 6KD
110 CONTIWIE
IFCIPRINT L GE«LIPRINT JCU4» 1D RMSHWERRYITER

1004 FORMAT(/* SUGROJTIHE LSO *3aé /% RMS=TELS.7/? CONVERGENCE C

SRITERIOiH=Z15,7/* ITERATION COUNT=?13/)
IFCIPRINT oGE«1) PRINT 10Ub, AL
IFUIPRINT oGEel) PRINT 13064 b

1006 FORMAT (1GEID.5)

IFCIPRINT(GE«L)PRINT 10000 (X(I yY (D)oY E(T)oDISUTI)yW(I)ol=]4N)
*/15G1547))

RETURN
END
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SIMULTANENUS LINEAK EGUATION SCoLVvERy REF = Ge FORSYTHE AND CaBe MOLER,
CUMPUTER SOLUTION OF LINEAR ALGEEBRAIC SYSTEMS, PRENTICE=HALLI(1967).

-

10
191

13
14

20
21

17
18
100
113
112

19

PARAMETER “G=¢4

Connon /Bul/ UL EEGsmG)y XIMG)y BIMG)y IPSIMG)
DIMENSION SCALES{tG)

N = NN

INITIALIZE IPS, UL ANO SCALES
NOUT = &
N s N
DO 5 I = |,N
IPS(1) = |
ROWNRM = 0,0
N = 7
D0 2 U = IsN
IF(ROMNRM=ABSIULI{T,J))) 14242
ROWNRM = AEBS{UL(TJ})
CONTINUE
IF (ROWUNRM) 344,3
SCALES(I) = }+0/ROyNRM
G0 10 5
%RITE (NOUT,111)
FORMAT(S4HOMATRIA wiTH ZERO ROW IN DECOMPOSESs
IERRAOR = 12
GO TO 140
CONTINUE

GAUSSIAN ELIMINATION wITH PARTIAL PIVOTING
NM]l = N}
00 17 K = 1sN41
BIG = Q0«0
DO 11 I = KN
IP w IPS{])
SIZE = ABSIUL{IP,K))I®SCALES(IP)
IF {SIZE=31G) 11,1110

8le = s512°%
[0XPIV = 1 -
CONTINUE

IF (B1G) 13,13,13
IF (IDXPIV=K) 4,415,148
J & IPS(K)
IPS(K) = IPS(1DxPlv)
IPS(IOXPIV) = J
KP = [pS(K)
PIVOT = UL(KPsK)
KP1 = K+!
00 16 1 ®» KP1,N
IP = IPS(])
EM & =UL(IIP,K)/piIVvOT
UL(IPsK) ® «EN
IF (EM) 20,16,20
D9 21 J = KPI,yN
UL(IPsJ) = ULUIPYY) « ENeULIKPyJ)
CONTINUE
CONRTINVE
KP = [PS{n)
IF (ULIKP,N)) 19418,19
PRINT 112
PRINT 113y ((UL(KyL)sLm]1yNN)yK®]oNN)
FORMAT(7E144.8)

FORMAT(54HISINGULAR MATRIX IN DECOMPOSE. ZERD DIVIDE IN SOLVEe )

TERROR = |2
RETURN
END
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SUBROUTINE SOLVE(INN)

PARAMETER kGaq4

COMMO /BULZ UL(MGIMG), X(MG),y B(MG),y IPS(NMG)
N = §ig

NP1 = N+

IP = IPS())
X{1) = 3([P)
DO 2 ] = 2,N

IP = IPS5{I[)

IM] & |-1

SU = 0.0

v 1 VU = [eInl

SUM = Sun + UL {IP0)ex( )

X(I) = B{}P) = SUM

IP = [PSIN)
X{N) ®» X{N)ZUL{IP,4N)
DD 4 IBACK = 24N
I = NPI-JRACK

1 GOES (M=1)jye,e,l

1P = [pS(I)

[Pl = |+]

SUM = pe0

D3 3 U = 1P1yH

SUM = SUM + UL(IPsJ)eX{Y)

X(1) = (X{1)=SUMI/ZUL(IP,I)
RETUARN
END

SUBROUTINE FUNCIX,»Y sNsALeXDERWDER)

PARAMETER AD=11

PARAMETER hP=d

DIHENSION X(ND),Y(ND),DER{NPIND) sAL (NP}
ALL2) = ABSIAL(2))

IF(NeNE,1)GO TO 50

Nely, CALCULATE THE FUNCTION AND ITS X~DERIVATIVE AT X(I)s
X1 = x(1)

YO1) = Exp(AL{l)ex]l)ecOStAL(2)*x])

XDER ®» AL(1)®Y(]) = A L(2)%EXP{ALI))ex])eSINCALI2)ex])
RETURN

N NOT = 1, CALCULATE THE FUNCTION AND DERIVATIVES wWiTH RESPECT
TO ALL PARAMETERS AT PQINTS x(1)I=1,n,

00 100 I=1,N

Xl = x(I)

Y(I) = ExplAL(1)ex])*ocOS(AL(2)0X])

DER(1,1) = XleY(])

DER(241) = «X]®EXPIAL(1)O®X]1)eSINIAL(2)ex])

CONTINVE

RETURN

END
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TABLE w=l
CrAENEL A &ALL ANV
aus »EYNULDS N
Lorsey I~
A=l LA PN o 27
A2 LASES Y XY
Aed §9219. etol
Ae® 9925, 225
Ae§ LA FA XY «2¥5
A=a LAN PN «db?
A7 €225, RN
A=6 FV 725 X312
A=9 FiTeve 388
A-l0 99745 b3y
A=1} V729 s ¥
Aei2, ¥9725, 7685
k=13 9972y, «332
A=y ¥9725. «8YS
A-1S ¥O729. 987
A=]4 P572%. 1el3y
A=17 Y725, 1e1 )
A=)8 99729  1elbs
A=19 98725« 14235
aAs20 9972%¢ 1e302
A=21 99729, 14389
A=22 99725«  1e43s
A=2) 95729 1+503
A=24 99729, 1571
A=25 99729 12638
A=26 9972%. 1705
A=27 99729, 1772
A=28 99729, 14839
A=29 99729 14906
A=30 99729, 14972
A=3] 99729« 240643
A=32 99729+ 2,108
A=33 99729¢ 24175
Ae34 99729, 20242
A=)S 99729 24309
A=dé 99729 24378
A=37 99729,  2.44)3
A=33 99729« 24510
A=39 9972%% 2577
Ae4qQ 99729 2e844
A=d) 99729 2.712
A=%2 99729« 2.779
A=4) 99729, 2.B4%
A=ty 99729, 2,913
A=45 9972%« 2,983
A=d 9972%« 34047
A=q? 99729 36114
A=48 99729« 3.181
A=y 99729« 3e249
A=50 99729« 36249
A=51 9729, 3,184
Ae§2 99729« Jdelly
A=53 99729« 3.047
A=54 99729« 2.980
A=Ss 99779, 2.913
A=5é 99725« 2+846
A=57 99729« 24779
AeSs 99729, 2712
A=59 99729 2.644
A=60 99729« 24577
A=b1 99729, 2451C
A=62 99727 2e44)
A=63 99729« 2376
A=by 99729 24329
A-85 99729. 20242
A=86 99729« 2417
A=87 99729+ 24108
A=b8 9972%« 2.340
A=b9 99725 1973
A=70 99729 1906
A=71 9729, letde
A=72 95729, 16722
A=7) 99729¢ 14705
A=7y 99729« 14438
As?lS 9¥72ra 1571
a=7é $7229¢« 14503
A=77 5727, LR YY
A=78 99725« 1+369
Ae79 99729 1322
A=30 15729 le235

HYDRAULIC O1AJETENRS

APPENDIX B

TABULATION OF REDUCED DATA

[

T

IN.
)
o745
7S
«743
o745
RAL
o THb
RLT}
o« THS
o745
745
o745
A
« 745
e 745
«745
745
« 745
e 745
o745
743
o743
«745
o745
o745
745
« 745
» 745
« 745
745
«745
o745
AL
o745
o748
o745
o745
«745
«745
« 745
+ TH5
745
o745
« 745
o745
745
e 745
o745
« 745
« 685
« 585
585
«635
+48S
685
«535
« 885
585
0885
« 835
« %85
«6€5
«635
v535
<6385
v 565
535
o285
«485
«535
LY}
«585
«685
*885
e 685
2485
«635
«5655
«b6AY
«b95
enll

o QUESTIL.ia3Lc UATR PUINT,

InTFRIOR CHAnNEL

N
17523
12,2
196
129
156
1oet
15,9
1544
1443
13,9
131
1203
‘1242
1240
13.9
15.4
15,9
16,0
17.2
1.0
18,9
13.6
18,4
17.9
17,3
lo,8
15,9
1535
13.8
12,5
11.1
16,9
12,4
13.8
14,9
15,5
18.2
17,3
17,7
18,2
18.2
17.9
17,2
16,5
15,8
15,0
14.1
13.0
11.5
P4
1led
13.9
15.3
15,8
18,3
té.8
17.4
17.9
18,8
18,7
18,6
1843
17.6
17.1
1648
1642
16.0
15
15.1
1541
1543
15,8
1o,
17.90
17,5
17.9
183
18.7
19.G
lo.7
1
1L.CHER.

HAR,

vV

70
(R4
Jeond
1el3
14,5
1ou3
39
35
¥
Y
epd
78
)
«39
Rl
1432
1027
1e1d
1eld
l1e18
120
1018
lete
1e1l
106
192
.97
«89
(33}
72
«70
*80
89
98
103
1004
1e59
1el¥
117
1217
115
1011
1.06
1.02
.97
91
83
74
60
71
«90
.98
te02
1+05
138
1012
1e15
118
123
1020
118
143
1eiu
107
1e25
123
120
*33
.97
«3d
4
1200
1029
1012
l1elbd
1+18
1420
1022
1021
1019

174 INCh GaP

v

lae4
1%.7
2143
221
d2el
d1a5
ite?
23.0
13.6
178
14.7
laad
173
133
20.2
215
224
232
24,1
iveB
251
24.8
2442
2343
226
21.5
233
18.7
1649
15.0
14.7
1647
18+6
203
21.C
21.8
22.9
23.9
24.5
2446
242
23.3
22.3
213
20,3
19.0
1745
15.5
127
14.9
18.8
2046
2le4
2240
2246
234
2441
2448
2502
251
247
23.7
23.1
22.4
22.0
218
2141
2004
2343
2046
2143
2241
22.9
2346
24.2
247
25.2
4546
2543
24,V

AvERAGE

= 1O DATA POINT.

TAduLATION OF LXPERIMENTAL VATA.
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126
svde
wlel
92
51
o0l
vt
U0
oD
vs32
bBe
92
<087
«091
«D87
«033
oc27
«C07T
080
«052
o048
«051
«358
071

«073 .

<085
<0838
097
<083
. 058
.101
«091
089
11
+083
077
075
«361
«056
«C56
«260
»071
«081
o086
Y
+09%
«092
096
2155
o136
<084
«074
«078
080
o074
oG85
WDél
« 087
«CS0
« 083
« 054
.Cé5
«Coe
«073
«075
oUs?
«085
087
<087
<088
089
«C72
+087
302
2080
+059
o047
o241
N
«C51

SPaCING.
Gt WY U cuTofF
[T}
2.4 - - 4.00
Lea? - - 4400
130 - - 4400
1015 - - 4eQ0
Leld - - 4e00
jedt - - 400
137 - - 4.00
eyl - - 4.00
151 S - - 4.00
1+45 - - 4.00
1ea4 - - 4.00
1e51 - - 4.00
151 - - .00
172 - - 4.00
je75 - - 4.00
1e82 - - 4.0
1e73 - - 4.00
1esl - - %.00
le4é - - 4.00
1230 - -  4.00
119 - - 400
1e26 - - 4.00
1«41 - - 4.00
lea$S - - 4.p0
1e58 - - 4.00
1e82 - - 4400
1278 - - 4400
1.02 - - 400
1249 - - 4400
ledé - - 4.00
le4? - - 4.00
151 - - 4000
1065 - - 4.00
130 - - 4.00
174 - - 4400
140 - - 4000
1e71 - - 400
Jo46 - - 4400
137 - - 4.00
137 - - 4.00
145 - - 4.00
1eb4 - - - 4.00
1+80 - ' 4.00
1082 - - 4.p0
175 - =? 4400
1+80 - - 4.00
1261 - - 4.00
1.49 - - 4.00
197 - - 4.00
2002 - - 400
1e58 - - 4.00
1452 - - 4.00
1067 - - 4.00
177 - - 4.00Q
167 - - 4.00
1e53 - e 400
1e47 - - 4400
1e41 - - 400
1e26 - - 4.00
126 - - %00
1033 - -  4.00
1+55 - - 4400
152 - - 4.00
lebH - - 4,00
1465 - - 400
Je4? - - 4egD
137 - - 4400
1037 - - 4400
1437 - - 4.00
140 - - 4.00
Leds - -  4ep0
1+58 - - 400
152 - - 4.00
1248 - - 4,00
lekb - - 4400
1e45 - - 4400
1018 - - 4400
104 - - 4,00
1.23 - - 4,00

1+26

VELJCITr, 0 = 15,5 FT/SE

4.00
Cs

AZD
«30

«30
24
«30
X1
«21
.29
.92
39
30
«30
o34
42
39
29
2%
37

%0
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curyg 3T
Fin2y o
0, e0%2
;. '0;5
0. 0%
0. .028
0. 0%
o, 033
0. «03s
9. 023
0. 030
0. .033
0. 023
0. 031
5. .029
0. +033
;o -oD;b
0. .02
;; -o;l
0. «028
0. .03
Se -O;I
- -
8. 022
o. .oz
°. .03
o, .02y

Ve o741 FT/SEC

e 15 8 0 0 00 A DAY GNP
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TABLE U=) (CUNT )y TASULATION OF EXPERIHINTAL DATAW

CHaANAEL A SALL ARD BITENTOR CHAKNEL NAPy 174 INCH GAP SPACTINGS

Kuk  mEY.OLOS L2 1 o Ssu Vst T U YU VYW CuTofF Curvg FIT
: RIS KT tve  FT75¢C . Xnl A/D FIWI) g
Aeb] IVTeSe  jelen 673 12,9 Jele 2442 L1557 1ev) - - 4400 = - -
A=b2 LAN PR N Ledart sany 173 113 23,6 Tavw - - .00 - - -
A=uld IVTive leldw 0685 17,0 Jent 22,9 1avy - - 4.00 = - -
Amp VY725 «S5a7 e8d3  Jo.d Jeue 3242 lebd2 - - 4ec0 - - -
Aed5 IVTeve bv® «0b65 I5.¥ 133 2145 leve - - 400 - - -
A=de LARRE NS 532 603 1.2 e 0.4 ledsd - - 4040 - - -
Aeg? $972Y, o705 Ty 149 «9e  20.1 Ledé - - 4eG0 - - -
A-29 VI 27 “e9€ k55 1n.0 «95  20.0 1e21 - - 400 - - -
A=t § 5. ol s0da  a1n.9 e¥e 2Ge ! 1023 - - 4400 - - -
a=se IvIZv. eSo4 R85 15,2 eS® 2046 121 - - 400 = - -
A=9] L2210 97 0695 1947 fal) 2141 119 - - 4.00 = - -
Ae$2 ¥972% e 430 e85  Joel 1e0% 2147 1415 - - 4.00 - ‘. -
A=93 95725, ETY 655 16.% 1lsuo 2241 1415 - - 4.00 - - -
A=94 99729, 2295 (835 led? Jen? 22,5 1.01 - - 4e00 = - -
Ae95 99724, <228 635 16,5 faD6 22.3 1013 - - 4.60 = - -
A=9e $°729. elel «665 15,9 1432 214 L0l le3l - - 4.00 = - -
A=97 99729 0094 WA95  14.e 74 1947 LTBY 1475 - - 4.00 = - -
A=-98 4729 27 655 1243 «7% 18.5 117 IEX A - - LR - - -.
An99 19729, 2027 «625 1241 T8 lesd L1127 2.08 - - %4.00 - - -
A=1C0 5729, «0v4 «625 14,5 93 19,5 ,CE& lebe - - 4.00 ,L38 0, o034
A=])C1 99729 e161 ¢825 15,8 1652 2143 L0463 1435 - - 4400 - - -
A=1c2 99729, 0228 e$2> 16,5 1.06 22,2 ,049 1,10 - - .00 .30 0, +0%3
A=1G3 99729, «295 825 16,5 }1+36 22,3 046 1+08 - - 4200 = - -
A=159 99725, 0362 «625 16,3 1405 2149 L0550 111 - - .00 .24 0, +037
A=1C5 99729 430 625 15,9 .02 21.5 ,L,040 1.29 - - %.00 = - -
A=104 99729, 497 625 15,7 jegt 2142 ,L,053 112 - - 4400 L32 0. 027
A=107 9972V 0564 2625 15,5 1«00 20.9 L052 1.0% - - 4.60 = - -
A=108 99729, 83 625 15.3 e98 2046 L052 1.07 - - 4.00 ,2% 0. 4030
A=109 5729 598 0625 1543 e98 20,4 L0448 08 - - 4.00 - - -
A=110 9725 v 765 625 15,4 99 20,7 L0854 1e12 - - 4.00 ,30 0. D38
A=111 29729, 832 0625 1548 1402 21.% L058 1423 - - 400 = - -
A=112 997279, «899 «625 16,3 1eD5 22,0 ,05&8 1.2¢ - - 4.00 .37 D, D20
A=113 99729, 967, 4425 1beb lesB 22,7 L058 1632 - - 4.00 = - -
Anl)d 99229+  1.03% 825 1743 1412 23,4 L0585 1.28 - - 4000 L35 0, 026
A=116 99729, 1.101 0625 1747 1e1Y  23.9 LUSI 1427 - - 4,00 = - -
A=116 929729« 1.108 2625 18,2 1017 28,5 L0852 1e29 - - 4.00 ,32 0. <018
=112 99729, 14235 0625 18.6 120 25.2 L0448 110 - - 4.00 = - -
A=118 99729 14302 0625 18,9 1+21 25.5 L0843 Jel} - - 9.00 ,24 0, <031
A=119% 99729 1349 0025 16,9 1022 25.46 L0841 teQ5 - - 4.00 = - -
A-120 99729 le4lds 0625 18,8 1+21 25.4 L0433 1.09 - - 4400 2% 0, <023
A=121 99729« 1503 2625 1845 119 25.0 .047 1418 - - 4.00 ~ - -
A=122 §972%9¢ 14571 625 1841 1el7 2445 .052 1.27 - - 400 N $le 025
A-123 99729  §e63E 2525 1745 1el% 24,0 ,055 .32 - - 4.00 - - -
A=12% 99729+ 1705 625 17.4 1412 23.4 L0585 .29 - - 4.00 ,32 0, 015
A=125 99729 14772 625 16,9 1439 2248 .Gé1 1.94D - - 4.00 = - -
A=124 9972%. 1539 0625 1644 1eD6 2242 L0577 1e26 - - 4.00 L35 0, 024
A=127 99729, 1.906 625 1641 193 21.7 .05% 1437 - - 4.00 = - -
A=128 99727» 1973 025 15,9 1432 21.% L0511 1.l0 - - 4.00 L,25 0, 027
A=129 9729 2040 e825 16,0 103 2146 ,052 111} - - 4.00 - - -
A=130 99729, 2.108 0623 1642 1405 21,9 ,054 1.22 - - 4+00 32 D, +D26 _
A=131 99729« 24178 0625 1647 1097 22,5 L0857 1.29 - - 4.00 = - -
A=i32 99729 2.2%2 625 1741 1+10 23.D 055 1.26 - - 4.00 o34 36, 010
A=13) 99729« 24339 625 1744 1el2 2344 L0587  1e38 - - 4,00 - - -
A=134 99729, 237% 0625 1747 Jel% 2307 LU41  1ed4s - - 4.00 .30 0. +020
A=135 99729 24443 625 18,2 1el7 24,5 ,055 1e35 - - 4400 = - -
A=136 99729s 24510 0625 1848 1423 25,1 049 1423 - - 4,00 L32 0, 022
A=137 99729« 24577 «$25 18,9 1422 25.5 L0422 1.07 - - 400 - = - -
A=138 9972%+ 20644 0025 1849 1422 25.6 L0%2 1.2% - - 400 L32 0., 021
A=139 9972%  2e712 625 1847 1420 2542 o047 117 - - 4400 = - -
A=140 9972%. 24779 825 1843 1.18 24,7 ,054 134 - - %.C0  L32 0, «01°¢
A=1%] ?9729¢ 2e.B4e *825 17,9 1el5 2441 L0588 1239 - - 4400 - - -
A=142 99729,  2.913 825 17,4 112 23.5 L0630 1441 - - 400 L3I 0o 025
A=14) 99727« 2.940 0625 17,0 1.09 22.9 ,062 1941 - e %00 - - -
A-149 99729«  J.047 0625 16,5 1.06 2242 L062 138 - - 400 433 D, +03%
A=]14S 99727  3a114 0525 1548 1402 21.3 LD61 1430 - - ‘4400 = - -
A=146 99729, 3.18} «625 14,1 %1 1941 ,08% (.71 - - 4.0 ,23 0, +03%
Aelu7 7972%e 3o 249 625 11,3 «71 1449 .137  2.GH - 4.00 = - -
A=148 95729, 3249 0565 11,2 72 1541 L1126 1.7 - - 4.00 = - -
A=149 99729  3.18) 0565 13,2 «8? 1Beéd o082 1453 - - 4.00 = - -
A=150 9972%s  del14 «345 14,9 e%6 2J3.1 L0382 1.4l - - 400 24 Oy 038
A=151 99729«  3.0Y47 0565 1549 1202 214 JC77  1esd - - 4.00 = - -
A-152 9729 2.980 565 1047 1408 2246 070 1e58 - - 4000 434 0, 00%
A=153 99726, 2.913 345 1744 .12 23,5 084 1451 - - %.00 - - -
A=154% 99729« 2494& 0365 17,9 jel5 24.2 L0597 1.4% - - 4400 L32 0s o019
A=15S5 95729, 24779 e585 1843 lel3 2447 L0546 1.39 - - 4060 - - -
A=154 99727, 24712 W3h5 1847 1e21 25¢3 L049 l1e23 - - 4.00 o430 0., 023
A~157 FYT2%¢ 20644 4545 1940 1e22 2546 L044 leld - - 400 = - -
A-158 9Y72%e 20577 2565 19,0 1022 25,4 L0422 157 - - 4.G0 L25 0, D2}
A=159% 9¥Y72%. 20512 o545 1847 1.2 23.2 LU4s 117 - - 4.00 = - -
A=180 9972%Ye 24443 «245 18,3 lel3 24,7 L0051 1e28 - - 400 .29 0. o011
HMYURAULIC LZIAPETERY 3 ® 41l INCaESe AVIRAGE VELSCITY, y @ 1545 FI/SECY U'e 741 FT/3€Ce
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TA3LE o=l

(CLRT ),

TARULATION OF EXPERIMENTAL Oalae

CAANNEL Ay VALL ANV INTENRDDR guAuaiL HAP, 174 LuEN GAP SPACTING.

RuN

A=lsl
A=162
A=183
A=len
A=l0o5
A=l66
A=187
A=l66
A=} 69
A=170
A=171
A=172
A=173
A=174
A=175
A=176
A=177
A=i78
A=179
A=180
A=181
A=182
A=18)
A=18%
A~185
A=166
A=187
A=188
A-189
A=190
A=19]
A=192
A=193
A=17%
A=195
A=196
A=197
A=198
A=19Y
A=200
A=201
A=202
A=203
A-204
A=205
A=206
A=207
A=208
A=209
A=210
A=21]
A=212
A-212
A=21%
a=215
A=216
A=217
A=218
A=219
A~220
A=221
A=222
A=22)
A=224
A=225
A=226
A=227
A-228
A=229%
A=230
A=231
A=232
A=23)
A=23%
Ae23%
A=236
A=237
A-236
A=237
A=240

REY.40L0S

94749
99727,
95725,
99723,
9972%.
297295,
99725,
99729,
§9729.
2972%.
99729,
99729
9972%.
997295
99729,
99729,
99729
99729
9729,
99729,
99729,
99729
9972%.
99729
99729,
99729,
99729
99729
99729
$9729.
99729,
9972%.
99729
95729
95729,
95729,
99729,
95729
99729,
9729
99729
99729
99729
99729
99729,
99729,
99729
99729,
§9729.
99725,
997:i9
29729
§9729
99729
9972%.
99729
29729
99729
99725,
99729,
99729,
97729,
99727
99729%e
99729
99729
99729
17727
19729

2
14,
24378
20309
20242
20175
2elU8
24040
1973
1236
1239
1.772
1735
leble
1571
1503
tedds
leldo®
10332
16235
1e168
1101
1034
967
«899
832
«765%
*698
0631
«544
o497
«430
0362
0295
«2298
o181
«0%4
«027
o027
«J94
el61
2238
295
0362
°430
497
e564
0631
v6%8
0765
832
899
967
1034
1101
10168
1235
14302
1369
10436
1523
16571
12638
1708
1772
1839
1906
16773
20042
24108
24175
20242
20309
2378
2e44)
2510
20577
2eb4y
2+712
24777
2094
24713

HYLRAJLIC D14nETENY L »
® QUESTIUNALLE DATA POINT.

T
INe
0568
0385
v205
945
245
o545
e 545
365
«565
5365
0565
365
° 985
o555
«565
o563
0563
565
«565
o565
«565
565
«565
565
0565
e565
«565
«565
«565
«565
565
565
«565
«56%
«565
«565%
«505
+505
305
«505
«5G5
«505
«505
505
«505
505
+505
505
+505
«5G5
«505
«505
«505
«505
«505
«5J5
505
«505
509
+ 585
«535
«5G5
535
»57%
«525
«50%
«505%
«505
«535
«535
«305
«535
«505
0309
«305
¢55%
« 305
515
#9325
«5CH
811

u iy
FY/5FC
172 1ei>
17.4 1el2
16,5 1e04
1642 (ed4
15.5 LeCO
15.1 97
1543 2]
159 .99
15.% 103
16e6 1007
17.1 110
17.5 113
17.9 1e15
14,3 1e18
18,7 120
1éed 121
18,7 1e21
18,4 1e1?
179 115
1749 je12
16,8 108
1602 1605
15.4 .99
14.8 .5
143 92
14,2 °%1
149.4 93
14.7 95
14,9 .96
15.2 .98
15,7 te01
1601 1e04
16,2 1004
156 1edl
14.4 [ 2]
12.0 77
11,8 .76
14.1 o?1
15.3 99
15,7 1.01
15.5 100
14,38 95
1441 91
1.4 v86
12.5 «30
11.0 71

8.4 54
1046 Yy}
12.8 .8d
14,5 L]
1506 1620
16,3 105
17.1 1410
17.8 1.15
18.3 1018
1be¥ 119
tde2 1017
17.4 1019
17.1 1190
18,7 103
1641 104
15.3 .99
14.1 *91
12,3 *82
11.8 o746
11.7 074
1247 032
141 91
154 .99
16,5 1s06
17.1 113
1747 10194
1642 1417
16,6 1029
10,4 tel9
1841 117
1704 1013
fee? 1429
ool 1elH

INCHES

e MU DATA P

vrut

24.0
23.5
22417

2146

20.9
204
2043
20.8
2145
22.5
23.1
3.7
2441
24%.6
2542
2564
25.3
24.8
2442
2304
2247
21.7
2008
2040
193
19.2
194
19.9
202
2006
2142
21.7
21.9
21.1
19.4
16¢2
15.9
19.C
20.7
21.2
20.9
20.0
19.0
1801
16.9
14,9
113
144
17.3
19/
2140
22.1
23.1
24.0
2447
249
246
23.8
23.1
2246
2146
2044
19.1
1743
1549
15.8
172
19.1
2048
22.2
23.1
23.9
2446
2541
2449
2445
23.7
2249
2te7
AvERAGE
0lnTe

vy Ut

.057 137
057 1435
0862 lend
U6 lewd
<0867  1e4C
«0886 1435
67 1437
066 1437
«063 Je46
sOaY  ledd
olUbo 1452
«063  1e49?
W57 1.42
+US5 1436
o043 1e21
o044 1411
oC46 1417
o081 $e27
«059  he42
«062 1ens
+067 1e52
«071 155
«076 1458
«076 1451
«073 1445
0064 1430
+065 1427
0067 1438
o071 1e82
«072 1lese
2063 1433
+C60 1430
«CS1 112
2065 1438
«081 1458
o116 1438
«320 1490
«C91 173
«070  ledw
62 1431
+C6% lesS
+081 1481
«G87 1465
+087 1.58
o094 1458
+103 1453
189 2,13
«127  1e82
+100 1483
«0686 1eéb8
«086 1480
«+081 1.80
+048 1.58
«061 1ew?7
«051 126
«048 1420
«050 1423
«060 1e44
<077 1e76
«072 181
«076 1445
«3JB80 1465
«C83 158
«084 1oy
2090  1le4)
+088 1le36
«088 1451
<089 1469
«G87 1.81
G671 1458
2067 1454
«D53 139
<054 1632
084 110
«050  le2%
«055 1e36
«U63 1457
¢G45 1450
074 1+20
VELOCITY

v

[N IO O I B D )

VY7u* CuTOFF

v ® 15,5 F1/5¢€

KN
4400
9.00
400
400
4.00
4000
400
4e00
400
400
400
4.00
4400
4.00
%00
4eC0
400
200
400
4.00
%.00
4.00
4.00
%00
%.00
Y00
%00
4000
%.00
%00
4+00
%00
%00
%00
%00
%.00
%+00
%+c0
%.00
%00
400
4400
4.00
%00
%00
%4.00
400
4.C0
4.00
%400
4+00
4.00
4.00
400
4.00
400
400
%400
4.00
4.00
4.00
YeC0
9.00
400
4¢00
4¢00
%00
%.00
450
400

%.00 '

4400
.00
4500
4,60
4.0
Yo O
4.00
4.00

Cr e o741 FT/8EC

Azo
o
LR
.28
o34
.90
37
o27
029
027
.38
3?7
o35
.28
o33
034

-
25
.32
.25
38
.27
.28
033

.21

.
L I
o

LI I I I R IO RN D U RN I T DAY DN DAY D NN B IR R N B B BN I N ]

BNWL-1736

Curve FIT

FiN2y o
18, 011
0, 020
0. +02)
0. 033
0. <028
- -
0, 017
0, +02¢
O, +02%
- -
0. 023
0. 020
0. 030
0. +038
0. 032
0, -e034
0, D24
0 +03%
0. +034
Os <020
0. 055
- -
0., 0%
0. +03
- -
8. D%
, -
0. <038

195



TaBLE

Yel (CONT,L),

TABVLATIYY

CRALNEL Ap ~ALL avd IATERJOR CHaAMNEL w4p,
AUN REYANOLOS z Y 3 Srv
NV bER Ine Ine FT/5EC
A-24) §9729+  249JC e5CS 1562 °9d
A=242 PIT2ve Del47 535 1347 23
A=24) 7972%.  Jallw «>0% 11e° o7
A=244 9772ve  3.l8) +57% Pa7 o8)
As2n5 IST26e  deid9 .325 - -
A=ius”  9972¥e 4295 .55 15,5
A=247 9725, 295 335 13.5
A=248 99725 2?5 505 15.5
A-249 99729, 295 505 1545
A=253 9972v. 295 535 I3ed
A-251 99729, e2vs 385 leed
A=252 99729, 295 0585 joel
A-25)3 79729, 295 2565 16,1
A=254 99729, «295 565 141
A+255 99729, 2295 565 Joel 1ed4
A=256 99729 0295 565 Jéel  led%
A=257 99729 293 0625 Joed 1437
A=258 9972%. 295 «625 16.4 107
A-259 99729, 295 425 léeo 1437
A=260 99729, 295 0625 Jbs6 1407
A=241 95729 295 «625 106 1427
A=242 99729, 295 «825 1646 14237
A=263 99729, 295 ¢685 1647 1.03
A=264 79729 295 «625 1847 1.08
A=245 99729, .295 2685 14647 1408
A=268 99725, 295 485 14,7 1e08
A=267 99729, .295 685 1647 JeC3
A=268 99725 0295 0685 1647 .08
A=289 99725« 295 «745 1645 1.06
A=270 99729 295 e745 1645 1e05
A=271 99729, 295 745 1645 1e06
A=272 99729, 0295 L7845 1645 1e34
A=273 99729, 0295 «745  18.5 1.06
A=274 99729, 0295 745 14,53 1e06
CHANNEL A, COKWER AND WALL CHANNEL 2Ap, |
RUN  REYNOLDS z Y N G
NUKBER IN, INe FT/S2C
A=275 99729, €067 1,755 1242 .78
Ae276 99729, 134 1,755 14,3 .90
A=277 29729, ©231 14755 15.0 .97
A=278 99729, 268 1,755 15,3 .93
A=279 99729, 0336 1,755 14.9 98
A=280 99729 e403 1,755 1%.4 .93
A=281 99729, eH7C 1,755 13.7 .88
A-282 99729 ©337 1,755 12,3 .83
A=283 99729, 604 14755 1145 74
A=284 99729, 471 1,755 9.9 b4
A-285 99729, 738 1,755 - -
A=286 99729 +805 §,755 - -
A=287 99729 «B73 1,755 10.1 .45
A=268 99729, 40 1,755 11.8 .74
A=289 9972%9¢ 10007 1,755 13.3 86
A=290 99729+  1+0748 1,755 14,5 X2
A=291 99729«  lel41 1,755 15,5 (¢33
A=292 §9729¢ 16208 1,755 1642 104
A=293 9972%9¢ 1275 1,755 1643 1.08
A-294 99729« 10342 1,755 7.1 110
A=298 99725e 1439 1,755 17.% 1212
A=296 99727 1477 1,755 17.3 1e1z
A=297 99729« 1e544 14755 1741 .12
A=298 7972%¢ 1e611 1,755 1646 1437
A=29% 99729e 10676 1,755 loel 1403
A-300 99729¢  1s74S5 [,755 15,3 99
A=301 99729 14812 1,755 14,4 2]
A=302 9972%. 14879 1,755 13.2 *RS
A=303 997i¥e  1e946 1,755 1242 ' 78
A=3CH 9972%¢ 24014 1,755 11,8 75
A=3GS 99729s  2:08] 1,755 1l4b 74
A=306 9972%¢  2+081 J,A15 14,4 93
A=337 9972%¢ 24014 J,815 14,4 .93
A-338 99729¢  Le46 1,815 14,7 093
A=33¢% 9Y729s 14679 1,415 159.2 «9a
A=310 9972%e 14312 1,915 1547 el
A=J11 9972%. 1745  J,A15 1ae2 1enH4
A=312 9974%e 10676 1,015 1643 1s06
A=313 972y 1etl) lenlS 16,7 jegw
A=314 99727« leS44  f,ul5 1649 1eqv
AYURAULIC UIARETE~ys 3 ® 431 1%ChESe

o QUISTIUNARLE DATA rulwnT,

OF €C(PLRIFNCATAL CATAS

174 140m 3AP SPACINGS
ULt aYs Ul WYD VIURCUTOFF
ANl Asp
2145 L0927 jee® - - 4400 -
1345 Jlla 2614 - - .00 -
ibel G175 1es¥ - 4.00 =
13e1 L1236 1e6t - - 4.00 -
21eC  LCE5 1433 - - 7.00 =
21.C LCe2 1432 - - 4,00 -
2140 JC87  le2e - - 2.00 =
2.0 LI33 .10 - - 1400
Z1e2  LuU33  1eCS - - 50 - =
2168 ,04) 1] - - 50 =
21ed L Uv4 97 - - 100 =
2148 L0477 13 - - 2.0 =
2143 L3501 3e42 - - 400 =
21eR  ,053 118 - 7¢00 =
21.¢ ,055 1.20 - - 12.00 -
22.% L0499 1.1) - = 10«00 =
22.% L048 1.08 - - 7.00 -
22.4 L3407, 105 - - 4,00 -
2244 041 93 - -  2e00 =
22.4 ,038 .85 - - 1¢00
2244 L033 .75 - - 50 =
2246 o032 072 - - 50 =
2244 L,034 .78 - - 100 =
22.6 L038 .a? - - 2000 =
2206 L0442 .95 - - 4.00 =
22.6 ,044 1.00 - - 7400
2246 L0446 1.04 - - 10.00 =
22.2 ,051 132 - - 1000 =
2242 L0449 1.10 - - 7.00 =
2242 4047 leD4 - - 4000 -
22.2 L0493 95 - - 2000 ‘-
2202 L0383 +85 - - 100 =
2202 G35 .78 - - 50 =
749 INCH GAP SPACINGe
Usu* d6 uvu* vIU v utcuToFF
. . . _.Z 2. KAl p/0
lée4 o104 171 - - 4200 =
13.9 0749 1.40 - - 4.00 .37
22.2 ,051 1.0% - - 4.00 -
2046 ,C47 96 - Y- 900 ,25
20.1 L0953 1.07 - - 4.00 -
19,8 ,06% 1.23 - - 4.00 ,29
18.5 L0687 1e24 - - 4.00 =
17.3 ,076 131 - - 4.00 L27
15.6 LBl 1026 - - 400 -
13.9 .,088 1.18 - - 4.00 LI
- - - - - - -
13¢6 092 1425 - - .00 -
16.0 ,080 1427 - - 4.00 27
18.0 ,L07% 1.33 - - 4.00 =
1966 ,068 133 - - 4.00 437
2049 LUS9  1e23 - - .00 =
21.8 ,056 1422 - - 4:00 .1
22.6 L,051 114 - - 9.00 =
2341 oD%t 1e02 - - 4.00 .28
235 o043 1legQl - - 8.00 -
23.4 L243 1.0} - - 4.00 L,27
2341 JL4e  1e07 - - 4.00
22.4 LCho 1426 - - 4000 L33
2147 L0539 1.27 - - .00 =
20.7 L0062 1029 - - q.00 430
19,4 ,072 1.39 - - 4000 =
178 ,C87 1655 - - 400 L0
16s4 LC70 1425 - - 4000 =
15,8 L0077 .20 - - 4,00 ,22
1569 Lu?77 123 - - 4.00 -
19,4 L0654 1e04 - - 4,00 L,24
195 LGS7 1e10 - - 4,00 =
1969 U577 leld - - 4.00 o28
20,6 LJUB% 1.1l - - 4:00 =
2142 LU0 1eQ7 - - 4e00  ,32
2149 (547 1e52 - - 4,00 -
2242 ,T4Y  1.39 - - 4,00 L,32
2248 404Y fe1l - - LRY X B
2747 4une Lelw - - 4,00
AVERAGE ¥TLUCITTs U » 15,5 FT/SECY

hO CATA PplaT,

BNWL-1736

Curveg FIv

FinZ)

CURve FI7
F(H2) o
0. -063
0. 018
;. -0:1
o, w037
;. 00:.
- -
5. .oz
o, w037
0. 037
0. 035
0. .00z
;. QO:J
0. 038
;o 00;3
;t oO;D
0. +030
;. 00;7
;- -O;I
;. 00:7

yte o741 FT/SECS

196



TAELE Bel (CONT )y TABLLATION CF ELXPIRIHLNTAL CATAs

CHANANEL A
KUK RETAOLOS
AUSBLR
A=21S 99729,
A=314 V973v.
A=317 95729,
a=318 V9729,
A=d19 9572¢%.
A=329 99725,
A=321 V9729,
A=d22 99729,
A=323 99729,
A=324 99729,
A=325 98729,
k=326 99729,
A=327 99729,
A=328 99729,
A=329 99727,
A-330 99729,
A=331 95729,
A=332 99729
A-333 99729,
A=338 99729,
A=335 99729
A=334 99729,
A=337 99729,
A=338 99729,
A=339 99729,
A=340 9§729.
A=34) 99729,
A=342 99729,
A=343 9972%.
A=348 99729,
A=d4§5 99729
a=34s 99729,
KA=347 9972%.
A=)48 99729
A=d49 99729,
A=350 99729,
A=35] 99729,
A=352 99729,
A=35) 99725
A=354 99729,
A=355 101044
A=35% 101044,
A=357 101044
A=358 101044,
A=259 101044
A=360 101544,
A=36) 101044,
A=362 101044,
A=36) 101044,
A=d64 10104%.
‘A=385 101044,
A=3eb 101044,
A=3e7 101044,
A=368 101044,
A=369 101044,
A=370 101084,
A=371 10134%.
A=372 101CH4.
A=373 101044,
A=374 101044,
A=375 101544
A=374 101044
A=377 IC1CH4.
A=378 1GICHY.
A=279 101o44,
A=d8p 1015044,
A-38) 1olc44,
A-382 101044
A=383 101044,
A=28% 10044,
A=385 1210L44%,
A=38¢6 1olusde
A=387 151244,
A=388 131044,
A=389 10104%.
A=390 10154
A=39] 131044,
A=392 101544
A=39) 121044
A=394 I3tL4se

z

1N,
1e477
led0F¥
10342
1275
le208
lel4]
1074
1007
0940
«873
s 805
«738
0671
o604
«537
«47C
°e4U3
0330
«268
©201
[REL]
«067
«Cé7
(R L]
«201
0268
«33b
403
e 470
«537
604
°b7]
*738
«605
«873
« 940
1007
1e074
l1el%)
14208
1275
ledN2
1409
le478
l1eS44
lsb1)
l1eb78
le745
leBl2
1.879
le?46
2.C13
2.081
2.C81
lev4é
1e812
les78
leSH4
1409
1275
Teld4l
1237
«972
«738
o604
o470
«33e
268
«201
o134
o Ga7
2067
«134
201
0268
«J3s
«¥7
«h0Y
0737
o972

HYDRAULLEC vlr4ETEns 0
® QUESTIVIASLE DATA POINT,

Y

INe
1.315
leglS
1.815
1.%16
1.815
14815
leBlS
1.615
1.815
1.815
1.815
1,915
1.815
1,615
1.615
1.815
1815
14815
l1+8185
1.81%
1.815
1.815
1.875
1,375
149875
1,875
o875
1.875
1,875
1,875
1.875
1,875
1.875
1,875
1.875
1.87S
1.875
1,875
1.875
1375
14875
1375
1,875
1,875
1.375
1,375
14875
1,875
1.875
1,875
1375
1,376
1.875
1.925
1.925
1.925
1.925%
1,725
1.725
1.925
1,925
1.925
1.925
1.925
1.925
1.925
1,725
1.925
1,925
1,925
1.925
1,745
1,965
1,765
1,985
la%¢b
t1ev69
1,5¢%
1,965
1,965
. ynid

CCANER ARLD ®ALL CnaR~EL “AP,

¢ v
FT/S¢C
1ee¥  jedf
15,9 .09
16,9 (eGh
16,6 1eg?
1043 1405
15,6 1e02

15,3 .98
149.6 94

13.7 87
13.2 .85
12,8 €2
12.93 22
13.1 edd
13.7 -1
1h.2 (321
14.6 94
14.9 90
1541 .97
152 .98
15.1 «97
14.% .93
124 «&0
12.5 81
14,1 .9l
15,4 .93
14.3 .92
14.2 .91
14%.2 .91
14.0 *90
13,9 «90
13.7 «3?
13.5 e87
13.5 e87
134 «a?
1346 88
13.¢ «90
14,3 .92
14,7 .95
15.1 .97
15¢4 . 99
156 1.0}
15.7 101
15,8 1402
153 102
1948 leg02
15.8 1402
15,8 1e02
15.6 1e0l
15,4 .99
15,2 v98
149 o2
14.8 95
14.8 95
13,9 «%0
1441 0%l
14,5 LX)

14,6 «95
1469 *96

147 *%5
1496 94
14.1 .9l
13.5 a7
12.9 «f3
12,8 w82
13.2 *83
13.1 .84
13,1 *84
13.1 «84
13,2 e85
13,2 «85
12,4 «3D
19.3 o867
11e2 72
11,5 o74
11.5 74
1.5 74
Ples 74
1hen °73
1112 072
Tlen 74
tlnllse

NU DATA P

gsue

22,9
22.7
22.7
22.4
22.0
2143
20686
19.7
18,7
17.4
173
17.2
17.7
16¢4
19.1
19.7
2041
2043
2D 6
2043
19.4
16.7
1649
19.1
19.5
1943
19.1
19.1
19.0
18.8
18.5
1843
18.2
1841
1Be%
18.8
193
19.9
20.4
2047
211
213
214
214
21.%
21«8
2143
21,1
20.8
205
20e2
20.0
199
1848
1941
19.46
20.0
20.1
199
19.7
19.0
18.2
17.5
172
1745
17.7
177
177
1748
17.8
las?
1440
15.2
15086
15.6
1548
15446
154
152
15¢%
AVERAGE
0lnTe

1749 InCH GAP SPRCINGe

WU Ut v
SO 1e17 -
oCS5  1:2¢ -
o051 1415 -
50 lell -
+0S0  1.0% s
«£H2 lell -
«Che el -
oC56 1+0% -
+L5% .10 -
«C59 teCS -
<058 1.00 -
aCod  leg? -
«059 te05 -
+CS3 97 -
«053 1.02 -
«Cu8 .95 -
<049 °58 -
0049 101 -
«C47 32 -
oC48 98 -
«G60  lelé -
«104 1073 -
+CB8 1e50 -
«059 1lel2 -
«06C 1017 -
«06% 1023 -
2065 1625 -
«060 1015 -
«063 1420 -
+055  1.04 -
«055 102 -
« 055 101 -
«051 9} -
+052 78 -
2055 1.01 -
2060 1413 -
0062 1el9 -
«Cbb6 1430 -
«066 1234 -
o067 1439 -
«071 lea? -
+070 149 -
«071  1e52 -
«071  le52 -
w071 152 -
¢065 1439 -
«063 1435 -
2065 1037 -
«0862 1.29 -
s 087 1e18 -
+056 1413 -
«050 1.0 - -
Ll 92 -
2058 le0% -
o062 1419 -
«a0b4 lezé -
o070 1492 -
070 1e40 -
074 lek8 -
«073  leun -
2373 1939 -
eC67 122 -
Cb  lel} -
«062 107 -
elit> 1el4 -
«C71 126 -
+378 1238 -
+076 1435 -
073 le29 -
069 1e22 -
207N 124 -
o134  1e45 -
2088 1434 -
o585 132 -
WGBS ledd -
WUBE 135 -
2U83 1430 -
G277 1019 -
«L72 1819 -
073 1el2 -
vitocltyY, y = 15,8 F

LI T T D O O R RO DN B N NN BN BN BN BN BN NN B )

Y/u* CuTorF

KHZ
400
400
%.00
8.00
%000
8.00
4400
4e00
100
4400
4.00
4.00
4000
400
4400
4900
400
400
4000
400
%00
4.00
4.00
4+00
4.00
4400
4.00
400

- 4600

4,00
4.00
4+00
800
4000
4400
4000
%000
4000
4000
400
4400
4.00
4.00
400
4000
400
%00
%,00
4400
400
400
4000
4+00
4+00
4400
4.00
%400
400
%+00

- %400

4¢00
400
%00
400
%.00
4+00
4.00
4400
%.00
%.00
4000
%00
4+00
4.00
400
400
400
4000
400
4.00

T/SEC

[ 4]
.
3
3
.9

.23
.2
.26
.28
.29
.28
ot
027
32

1)
.29
.22
°20
33
I}
38
.39

39

3
«30

»28
.29
32
82
o4l
.38
.98
Rl
43
.38
.28
.22
.28
»34
o1
.29
21
.22
«30
24

24
29

BNWL-1736

CuRve
F(NZ)
o
o,
S

0,
0,
0,

197

Iy
o

-
«054
-

«034

*+D37
+0%%
«0%2

«037

2044
<047

«062
031

024

-
o024

° 044
«044
-

0042

«038

«D4é

° 044
“on
00:3
OO:I
“0ss

°DA2

°04}
04
042
«058
<045
+0%2
«04%
2026
051
0489
o081
«03S
038
«050
Q51
*04%0

«037
L1

«027
2033
042
«037
002}

Ve 790 FT/SEC.



ChannEL

RKUN

A=395
A=396
A=397
A-398
A=399
A-400
A=401
T a=u32
A=40)
A=N04
A=425
A=436
A=407
A-408
A=409
A=410
A=411
A=432
A=413
A=419

CHANNEL
RUN

A-q15
A=416
A=417
A=918
A=419
A=420
A-92]
A=422
A=42)
. A=924
A=425
A=926
A=427
A=428
A=429
A=430
A=%31
A=%32
A=433
A=N38
A=435
A=436
A=437
A=438
A=439
A=440
A=441
A-942
A=44)
A-4n8
A=845
A-4%6
A=447
A=443
A=449
A=450
A-454
A=452
A=453
A-454
A=455
A=456
A=457
A=458
A=459
A=440
A=441
A=482
A=%63
A=tb4
eI
A-90b
A=487
A-468
A=469

TauLE o=)

Ay CORSER ALD 4ALL CHA'NEL MAP,

REYHLULIS
HUMOER
Lalas,.
101 14+,
1030499,
1X1u4a%
13134
Ed1244e
[ EERR
101044
13104,
101245,
131C4,.
131C4a4.
101044,
101544,
133344,
101644
101244,
101044,
101044,
101044,

As dALL

REYNOLDS
NURN3ER
101344s
101044,
131044%e
101044,
101044,
101044,
191044,
131344,
101044,
101G44.
101044,
101044,
1010%4%.
101044
105044,
101044,
101044,
101044,
101044,
101044,
101C49%.
$GIU4%.
101C44%.
101044,
F01044.
101G44.
105044,
101044,
101044,
101044,
101044,
101044,
JUIGH.
101044,
104044
101044,
101044
1DICHY .
101504%.
101644
191094,
101094,
101244,
101344,
101044
11944,
1010U%4.
101044,
1UI044
101594
104044,
101049,
125044,
101094,
10i04%e

4

INe
1002
lel¥1
1,275
1e409
Leahy
1+678
lebl2
194
2.C81
1e0678
16738
leb7¢
14673
1e873
1678
l1eb78
1e678
1e678
leb78
1¢678

AND INTERJOR CHANNEL

z

1IN,
067
«201
0336
*47GC
604
«738
.04
*%70
0338
«201
o067
087
«201
*336
e47C
ob60%
°736
°738
YL
470
336
0201
«Qo7
«087
.20}
«3346
e%7G
e60%
+738
c067
o13%
«231
«201
0268
+403
*537
671
+835
V4D
940
«805
671
«537
+403
«268
«201
ol 3
087
e 387
13y
»231
0263
403
537
6171

HYDRAULIC DIANFTER. D =
& GUESTIUNAGLE UATA FOInT,

tcont,),

Y

Ihe
le%65
)
1.98%
1,985
1,965
1.965
1,745
1,965
1e%05
1,965
1e925
1.37>
1,315
14755
1,755
1,755
1.755
1.755
1.755
1.755

Y

INe
«505
505
«505
«505
528
v565
0565
«565
+565
565
»585
o625
0625
«625
«525
«625
v625
«695
«685
0465
+685
0685
«685
« 745
«745
o745
» 745
o745
o745
o745
o745
o 745
o745
¢ 745
745
o745
o THS
° 745
«745
« 685
0885
585
«685
« 685
«685
635
+685
*555
0825
v825
oh25
0h2%
0625
429
025
still

TAduLATLON

o Crv
Fr/8:C
10,2 o706
12.4 «8Q
1249 (X2
13.7 .34
13.2 «85
13.1 8%
12,8 .82
12.5 81
1243 79
1301 *89
14.¢ 95
1349 14032
1oe6 107
1602 1oy
163 104
16,2 1eQY
16,2 1409
1642 1404
16.2 1004
16,2 le04%

Y v
FT/SEC
13.9 «93
1643 105
15.9 1e22
19,4 92
12.3 79
1946 94
14,9 96
15.6 101
16,6 107
los6 1.07
14.0 «90
14a1 91
18,8 1.08
17.2 1.10
1644 1006
15,49 len2
15.7 1.0l
15,1 97
15.5 1.00
16,3 (.05
17,1 1e18
jes7 1«08
1491 91
14.2 91
16.8 (.08
16,3 108
1546 100
14,20 «%0
12.6 81
13.9 «90
15,9 1e02
17,2 109
17.0 te0?
17.3 111
16,9 .06
15.2 x
1341 B84
12,4 «30
9.7 .95
15.4 1427
15,4 99
1%.3 99
1641 Je04
17,0 199
17,5 113
17,1 1e10
15.9 103
19,1 %)
4.3 (A D)
15,9 133
1742 1e07
17,% 1012
1646 1008
16,2 Jen4
1249 1022

1+ CrESe

-y

Gse

16.0
1823
17.5
17.4
17.8
17.7
17.3
16.%
164
17.7
2Je2
21,5
22.5
21.9
21.9
21,.%
21.9
21.9
21.9
21.9

0/7ue

1848
22.1
21.5
194
1600
19.7
20.2
21.1
224
22.5
18,9
19.1
2246
23.2
2242
2144
212
2044
21.0
22.1
23.1
22.6
19.C
19.2
2266
226
210
1849
17.0
18.8
2145
23,0
23.0
234
22.2
20.5
17.7
16,8
199
22.4
2944
2047
2408
22.9
2344
23.1
215
19,0
l18.9
21,5
2247
235
2247
2.9
2ie¢d
AVEIRAGE

IATA PQINT,

7V

2340
LA
082
PR L
o097
a7
Wu?8
a7
«G70
«J33
2370
«JS8
CHb
JL55
057
«056
«052
.050

2045

<040

RAp {CHECK RUND,

OF EXPERINENTAL DATA.

L7% INCH GAP SPACINGe

128
l1el
1o8%
1e47
155
137
135
1026
1e16
1e4}
1439
126
1.0%
1.20
1425
1024
1013
1.09

.99

°88

v/ CutofF

Knl
%00
Ne 00
.00

%00 .

4400
4400
4400
400
400
400
4.00
4.00
4.G0
4.00
10400
7.00
200
100
50
.20

179 INCH GAp SPACINGe

v U
091 1470
054 3020
W061 3431
2082 1459
387 1.48
066 331
0G68 3037
0068 Je43
oC55  Je24
52 .1e17
2088 1e67
2GBT  Je47
o052 tey?
.04% 1.0
«053 1.18
052 1412
+050 1e06
o062 1427
+057 120
054 1419
«048 1430
2054 fe22
096 1483
2084 Jes2
2050 1413
2,052 1017
066 1440
082 1454
2076 3430
093 375
069 3037
045  1.0%
<045 1404
2036 o84
2052 1415
oC63  1e24
083 . 1e21
«C71 1620
2074 1e48
«0357  le29
2356 lelé
051 1.06
048 1405 °
<042 97
N33 W70
J04% 1401
165  Je4D
20%0 17}
37 1485
062 1434
RULTY 106
'YrL) egh
o M3 lel0
002 1413
2042 .39
VELUCITY,

*

viu

v/u* CuToFF

Kni
4000
900
400
4.00
4.00
4400
.00
400
4¢00
4.00
4400
4.00
.00
4.00
400
4.00
400
.00
400
9.00
400
4400
9.00
4400
4+00
4400
400
4400
4400

10.00
10.00
10.00
400
4400
4400
4.00
9.D00
9.00
4.p00
4.00
400
4D0
4400
9.00
4400
4400
4420
4.p0D
9.00
4.00
9.00
4000
4000
4400
4,00

U o 15,5 FT/SEC

Ure

BNWL-1736

Aso
«Jb
« %0

3

39

AMD

~

-
LI 0 N D T N T I DI I I I RO D R RN D I I N R I T RN R DN N I T IO IO NN R RN DN R R R R R I R I I N B BN )

38
«35
W36

Cur
Fin
L]
0

Q9

CUR
FIH

L= 2 T T T N I I IO IO IO I I B IO I B I B )

2%
38
o

198

ve FIY
)y o
. o0%2
o D29
o 028
o 03§
¢ D28
-
-
vE FIT.
iy ¢
-

.

o
.

o
™

¢ 039
e G377
» 022

«7%0 FT/SECe



Tadef d=i

(CiNTede

CHANAEL Ay ~ALl AL INTERJOR CRAnEL SAP {CHECK mudy

AUN

A=470
A=47]
A=472
A=47)
A=NTN
A=475
A=%T7¢ ¢
A=RT7
A=478
A=479
A=NB0
A=481)
A=482
A=48)
‘A=Ha N
A=485
A=434
A=487
A=489
A=%90
A=49)
A=492
A=493
A=494
A=49S
A=498
A=497

CHANNEL
RUN

A-498
A=499
A=5C0
A=561
A=502
A=50)
A=~504
A=~50%
A=506
4-507

CHANNEL
RUN

A=528
A=527
A=528
A=529
A=530
A=S3]|
A=532
A=533
A=53%
A=535
A=53é
A=537
A=538
A=53%
A=540
A=541

A=542
A=S4)
A=S544
A-555
A=54%
A=547
A=548
A=549
A=550
A=56p
Ae56)

A=562
A=562
A=>b64
A=565

REY~CLls
RU* oE
191 J4%e
IR RS R T
10lLvde
121344
Teluste
1J1unve
1J1ou4,
INLll44e
101044
101044
101244
1017344,
131u4h.
121044,
101Gn4e
101044,
101244
131044,
101044
101044
101344,
101044
101044
101044,
101044,
101044
L3144

1
InNe
«8J5
625
08?1
*537
03
w288
i1
o134
o134
201
263
IR REY
337
«871
©«805%
71
o671
«b71
0871
671
0671
0671
671
671
0671
o671
71

Y
INe
v825
«503
e3d>
9835
«305
«545
0565
«585
505
<509
«505
5235
505
«50§
» 505
o625
825
0625
e 625
. 625
0625
«625
0625
« 425
625
625
+625

v
FI/5EC
loed
13e)
179
138
tos2
17.1
153
1547
1547
loe3
1644
15.2
13.7
112
1041
13.3
158
15.8
156
15.9
138
15,8
158
15.8
15.8
1548
15.8

Aw CENTER mALL GAP TRAVERSE,

REYNOLOS
NUMBER
101044
131044
101544
101044
101044
101044
101C4%e
101044
101044
101044e

As WALL

RETNOLDS
RUHMBER
99729
99729
§9729.
99729,
99729
99729
99729,
99729
99729,
99729
99725,
§9729.
9972%.
99729
§9729
99729
9972%
99729,
99729,
99729,
79729,
99729
9729,
99727,
95729
9729,
$972%.
9972%.
97729,
99727
99729,

4

INe
« 005
«032
059
«086
113
« 143
elbs
*193
220
247

A\

1Ne
000
<000
+ 000
+000
+000
+000
+300
+000
000
=008

[}
FT/SeC
12.3
11.3
122
12.9
13.3
13.3
13.0
12.3
113
10.2

Srv

123
97
o9
XAl

104

1e1d

1e0%

122

131

107

1e07
294
«a8
72
“65

1.02

102

102

1002

1e02

192

1402

132

102

1002

1,02

1.02

Drut

2146
2.3
231
23.8
21.9
2344
2247
AR ]
21.2
2.4
2244
20.¢
18.5
151
13.6
2143
2143
2143
21.3
2143
2163
2143
2143
21.3
21.3
2143
21.3

oo
ite?
ool
158
sus?
oNe9
L P
43
«CaU
PRy
047
«C59
72
o8
w79
3?7
LR
> )
«La2
+040
032

ould7-

+03%
<031
« 320
022
«013
«009

TAIULATION UF EAPENTAENTAL SaTde

ot

1eG2
Le25
lelo
139
1028
°%é
1202
120
1e34
109
1ell
Yeu8
le54
123
133
.92
91
89
86
82
o778
.72
obb
«5é
43
32
20

174 INCH GAP SPACING.

v

Y X
.73
79
.83
.86
w36
«B8Y
79
73

Y

vsut

13.9
15.2
16.5
17.5
1840
18.0
17.5
i6et
15.3
13.8

AND INTERIOR CHANNEL CENTERLINE

2
Ine
o067
134
«201
w268
336
<403
«470
«537
604
eb71
«738
+805
«873
s 94C
1007
1eC74
lel4l
1.208
10275
10342
1+409
1e877
1544
leb11
1eb78
1795
leB812
lea7®
le9%e0
2514
2e0inl

HYCRAULILIC UlalETiny v a
& QUESTIOJWAKLE UATA PLINT.

Y

INe
o425
625
o625
«h25
o425
«625
+625
2625
«&25
«625
»625
«625
v625
625
525
625
625
e 625
«625
625
.« 625
« 825
«625
0625
«h25
«425
v025
«b25
0625
«Hh2>
«625
«ali

I}
FT/SEC
13.7
157
1648
172
17.2
16,8
1644
1602
15.2
1546
1546
15.6
1643
l1e.8
17.4
17.9
18,3
187
171
174
1%.5
192
19,3
13.6
1502
1747
17.2
16.7
16,3
16a0
1os1
1.CnEse

v

.68
1-01
1+08
141
1e11
[ 1
196
134
1.92
1o
1.901
1.02
105
1.08
112
115
118
ezt
123
125
1e28
1+25
te22
1020
1017
1014
et}
1e538
105
Jeq?d
104

Tsur

1845
2142
22.6
23.2
23.2
22.6
22,1
2108
2143
2141
211
210
22.9
22,7
2345
24,1
247
2%.3
258
262
2643
2601

2546
25,1

24,5
23.9
23.3
2246
22.8
21e%
41

AVERASE

e L AATA POLNT,

W
L97
.08}
«065
«153
o C47
«ONb
352
U065
«JB2
e102

vy

135
Le24
108
.92
*8%
62
.92
1.08
1026
140

TRAVERSEy /9

uyl

088
«CoD
«045
«036
037

047,

2049
LT
eC47
P-LE]
42
oCa7
+GS1
«C51
<049
o147
047
<043
G239
+03%
<032
«03%
N-TT]
+CHS
e 048
«CS1i
$052
«951
Jsuy?
N4
eUYD

VELICLITYe U »

uyur

159
1026
101

.83

65
LeDé
1+08
10}
100

94

.88
100
el
1e1é
[XRE]
1e1%
1016
1.C8
101

.9l

286

92
1012
leld
119
1023
12}
116
el

.99

.97

e

v/u

1/% InCH QAP SPACINGe

v7ut Cutofr

KH2
4.0V
400
4.00
4«00
4.00
400
400
.00
%4.00
4.00
%00
4.00
400
400
400

10.00
7+00
4.00
2.00
1400
50
30
.20
)0
08
*03
(1:1]

AZD

Y/ CuTofr
KHZ A/D  F{H2)

[ it I T O I B I B )

INCH GAP

/U

15,

5

4.00
400
4.00
4.00
400
4.00
4.00
400
400
400

SPAC]IN.

YyusCuTOFF

F

T

KHZ
3.00
300
300
3.00
3.00
3e00
3400
Je00
3.00
3«00
3.00
.00
3.00
3.0
300
3«00
3.00
3.00
300
300
3+00
Je00
3.00
300
3.00
3400
300
3eG0O
3.90
3.00
.00

/5ECy

A/D

N6

«33

«33

Cunve
Fingy

CURYE

CURVE
FL{HZ)

;.
2.
0.
o

0.
-
43,

BNWL-1736

Fiv
[

Lt R

FIT
g

FiT
g

«030
-

«02%
-

+04S

«012

«031

«0ls
-

1137
-

Q13

ute o741 FT/SECe

199



BNWL-1736

Vaorl 6=1 t(INTeds TARULATION OF EXPERIMENTAL OATAe

CHANKLL As CInvER AND RALL CHANNEL THAVENSES 179 1HCUH GAP SPACINGe

RUN  REYNOLDS H Y v Jou G W W wWu WUt cutofr CuRve FIt
NMBR I8, I*e FT/35C Kut MO F(Hll o

A=Sesé olUs4e 20013 10923 142 92 19,2 ,051 »97 - 3:00 o - -
A=387 131444 1+379 1,322 1961 97 J0.8 049 1+00 - - J.g0 - - -
A=5e8 151299 1745 1,42)  Jo.2 Je3% 2}.% ,042 o2 - - 3.00 = - -
A=So¥ L01044%e  Yeall 1,820 16e€ 1439 22,7 ,CH42 .95 - - 3.00 - - -
A=370 103J 4 1476 1,920 17,3 1elU 23,0 L08% 1.5) - - 3.00 = - -
A=571 1910%%s 1342 1,320 1643 .08 22,7 043 .97 - - 1,00 = - -
A-572 E0104%s  §e2d5 1,320 16s2 1+3Y 21.% L343 87" - -~ 3.00 = - -
A-573 10104 1.074 1,820 1v,9 95 23,2 L3051 .03 - - 3,00 - -
A=574¢ 121044, «940 1,320 13,5 «87 18.2 ,0S52 .95 - - 300 = - -
A=575% 101044, +805 1,820 12.0 «31 1741 ,L054 ) - - 3.00 - - -
A-57e 1015449, 675 1,425 13,3 .35 17,9 ,053 .96 - =  3.00 - -
A-5277 131044, «537 1,822 14.4 93 19.5  L,Cuv .87 - -~  3.00 - - -
A-578 121044, «403 1,420 15.3 93 2046 ,037 .77 - - 1.00 = - -
A=57¢ 101344, €268 1,320 13.6 430 211 40DI& 28 - = 3.0 = - -
A=580 101u4Y. o134 1,320 1%.) «32 19,3 LUS8 .13 - -« 3.00 = - -
A-501 §3522. e134 1,320 740 90 17,7 L0642 1409 - - 2.00 - - -
A=582 55522 €268 1,820 7.7 «9? 19.5 L0384 .75 - e 2000 = - -
A=58)3 53522 403 1,320 7,5 +97 1941 L0400 o764 - - 2400 L2% 0. +038
A-584 53522 *537 1,820 2.1 92 18.0 .040 .82 - e 2400 = - -
A=58S 50522, 671 1,820 445 184 16e4 ,053 488 - - 2:00 = - -
A-588 50522, 885 1,320 4.2  «79 15.6 L0535 .85 - « 200 1Y 0, 0%
A=587 50522, «940 1,320 b6 86 186+8 L0853 X2 - - 200 = - -
A-588 50522+ 14074 1,320 7.4 94 18,8 049 92 - - 2000 38 8, 082
A-58%9 60522+ 14238 1,820 8.1 104 20,9 L045 92 - = 200 = - -
A-590 50522+ 14342 1,329 8.4 1405 2143 ,043 92 - - 2030 L,27 0. +0D38
A=591 50622, 1476 1,920 8,5 1.09 21,5 ,L044 .95 - - 2.00 = - -
A=592 505220 leéll 1,820 3.4 1+08 2142 L0442 .90 - - 2000 L34 O0e 032
A=593 50522« 147495 1,320 8.0 1409 20.9 .,083 .88 - - 2000 = - -
A=594 50522« 1879 1,320 Ten *98 18.8 ,052 .97 - - 2+00 L29 D, 032
A=595 50522¢ 24013 1,320 4.9 87 17,6 ,L055 96 - - 2.00 - -
A-!;’b 50522+ 24148 1,820 6,9 89 17.6 L05Q3 .88 - 2400 L23 D¢ +037
CHANNEL Ay WALL AND ENTERIOR CHANNEL CENTERLINE TRAVERSE»s 1/% INCH GAP SPACINGs

RUN  REYNOLDS b4 Y 0 /v Bsur WD udur wED wYUE CUTOFF CURVE FIT .

i NUMSER INe INe FT/SEC KHZ A/D F(HZ) ¢
A=597 53522« 24148 825 8,2 196 208 ,050 1.04 - - 200 L34 8¢ DI
A=598 50522+ 24013 2825 8,3 1632 20.1 L2346 92 - e 2000 = - -
A=599 50522+ 14879 .625 8.3 1437 21,0 L,054% 1e19 - e 2400 o,32 26, o047
A=600 50522¢ 14745 325 8.9 1.1% 22.% L053 118 - e 2000 = - -
A=b01 50622+ 1e611 825 9.4 1420 23,7 049 116 - « 200 L37 30, s020
A=602 50522¢ 1e476 - L,625 F.B 126 24,7 L0040 1.00 - - 200 - - -
A=603 50522+ 1v342 0625 9.8 1027  24s? L035 .36 - = 200 L36- 0, 027
A=604 50522, 1+238 625 9.5 1¢22 24.0 ,046 1410 - - 2.00 = - -
A=405 50522 1e074 625 9.0 1el14 22.83 ,050 115 - - 2.00 .40 2, +027
A=604 50522 +940 625 8.4 109 21.4 L0553 113 - - 2.00 - - -
A=607 50522, +805 0625 7.9 1402 20.0 L045  «91 - - 2050 L33 0. +024
A=4GB 505226 v671 2625 7.7 1.00 19.6 ,043 .85 - -  2.00 - - -
A=40Y 50522 *537 #4625 8,3 1.93 20.2 ,050 1.02 - - 2400 L33 23, 041
A=610 50522 «403 o625 3.4 1605 2102 L,04% 98 - e 2¢00 = - -
A=611 50522« 268 0825  Beé 1ell 2149 ,033 73 - - 2¢00 L4%0 . 0. 029
A=812 SLS522. .134 0625 7.9 1402 20e1 L05B8 1e37 - -  2.00 = - -
A=813 203451, 134,425 15.% e®? 2242 L0559 1431 - - 300 = - -
A=b148 203451 . °247 0625 16,8 1.08 28,2 ,C34 82 - - 3¢30 28 0. 029
A=b1%5 203451 w401 e625 16,4 1406 2347 G446 1eg® - - 3.00 - - -
A=b16 203451, 534 «625 [5.d 102 2247 ,0S81 1415 - - 3¢00  LI7 37, D18
A=617 203451, 668 0625 15.5 1400 2243 ,L041 92 - ‘e 3eG0D - - -
A=618 223451 . «601 eb62% 15,5 100 22.3 Lu43d 97 - - 300 ,30 O, 027
A=61% 203451, 0935 L0625 16,3 1G5 23,5 L04% 115 - - 3.00 - - -
A=62D 203451e 14069 2625 17,2 Jell 24.8 ,C4s6 1415 - - 3.00 ,4%0 S. o014
A=621 203451 14202 2825 13,0 1el5 28,0 ,242 1416 - - 300 - -
A=822  203451. 14336 625 1bed  3e2J 26.%Y ,033 .28 - - 3.C0 L30 0, <029
A=$23 203451 1e469 2625 18,5 1619 2647 ,037 .99 - - 3¢00 - -
A=624 ° 2034951 14033 625 (7.8 [e15 25.7 ,047 (.22 - - 300 L35 $5, o012
A=625  203451. 1.7 WA25 17,0 1ei0 24,5 L5501  1e2% - - 3eg0 = - -
A=b2é 203451 1.870 0825 16,1 fep¥ 23,3 349 1.15 - - 300 - - -
A=b27 2034%1e  2.003 2625 15,7 1.0l 22,7 L0485 1.03 - - 3,00 L33 0. <036
A=628 203451 24137 2625 16,3 1euS5 23,5 ,050 1.18 - 3.00 = - -

HYDRAULIC OJAMETERy D ® ,b811 INCRESe AVERAGE VELOCITYs U ® 15,5 FT/SECy Use (693 FT/SECe
¢ QUESTIONABLE OATA POINT, « 1.0 DATA POINT, .

200



BNWL-1736

201

TaBLE v=) (COMTode TABLLATIO! CF EXPERIMULNTAL ULATAS

CHANNEL Ay CORKER AR »ALL CrANKEL TRAVERSE. )1/7% IhCH GAP SPACING,

RUN  REYLOLDS b Y i s O/sut uYG LYUY VI V/UTCUTCFF Curvg FIT
CNUFAER 1Y, l1iue FT/SEC Knl  AZ/D FiNl) ]
A=s29 2udable 20137 14422 1442 92  20.5 Ll4e 94 - - 3400 433 0, 037
R=e38  <Udable 24033 1,622 15,3 o922 2047 Lub3 lerd - « .00 = - -
A-0di 2034%01e  1eBJL 1,922 15eJ %6 Iled LSl 1e40 - - 3.00 3% 0y «030
=032  233%51e  1a7d6 14222 i3 fed2 23,0 042 .97 - « .00 = - -
A=633  213%51e  bebud 1.62¢ 33.4 106 23,7 ,Ced 9 - « 3.0 o35 Oes <030
A=634  203%51e 1e%eY 1,622 18,5 Je0¢ 23,8 L0492 100 - -  Jegd = - -
A=bd5 203451 12330 1,022 16,42 1605 23,4 081 eve . - 3.00 L3¢ Os ¢03é
A=63b6 203451 1200 1,822 135 1edl 22.5 L0%1 .93 - -  3.00 ™ - -
A=637  203450e 10369 1,822 14,5 93 23,9 .353 108 - e  3.00 o9 12, <030
A=638 | 203451 0935 1,822 13,2 085 1941 L0552 Jed0 - -  3e00 = - -
A=639 203451 831 1,822 1Zeb  +61 1841 LUS1 .93 - = 3.00 L3 Do <025
Asb40 202451, e80b  §.822 13,2 85 1943 L0S1 .96 - =  3.00 = - -
Avbd4) 203451 534 1,822 14.1 91 20.4  ,J%e .93 - «  3.00 o3& O D42
A-642 203451 CHUL 1.822 14,9 498 2145 337 080 - -  3.00 = - -
CA=643  20045)e 0267 1,822 1542 498 22.0 L3235 o7& - =  3.00 430 0. o052
A=644%  2014S1. 134 1,822 13,9 <90 20el L359 118 - - 300 - - -
A=045  203451. 2935 1,822 13.3 485 1941 LU54  1eid - e 10.00 - - -
A=b6486 203450 0935 1,822 13,3 ¢85 [9.1 LC5% 1403 - - 400 = - -
A=697  203451. 0935 1,322 1343 85 J9¢l ,352 100 - e 8,00 - -
A-6848 203451 2935 1,822 1343 85 19.1 ,L,052 1400 - - 3e00 = - -
A=44% 203451, 0935 1,822 13,3  «85 19.1 L05} .98 - - 200 - - -
A=650 203451, 935 1,822 1343 <85 J9.1 L0849 93 - - 1000 = - -
A=651 203451, 935 1,822 13.3 85 19,1 L0447 90 - - S0 - - -
CHANNEL Ay CENTER «ALL GAP TRAVERSEs 179 INCH GAP SPACING,
RUN  REYNOLDS ] Y [ G/ Gsur 0¥0 W WSS v/ CuTOFF CURVE FIT
NUMBER 1N, I1Ne FT/SEC KHI A/D FtHI) o
A=652 101044, «015 L,000 10.6 68 14,3 ,090 1e2¢ - - 3.p0 = - -
A-653 101044, «015  ,000 10e6 68 14,3 ,099 led4l - - 1000 = - -
A-854 101044, eGl5  .000 10e6 68 14,3 ,D96 11237 - - . 7,00 = - -
A=655 101044, eC15  ,000 1046 48 14¢3 ,C93 133 - - %00 - -
A=8656 1231044, #0158  .000 13.6 68 14,3 ,089 .27 - - 2.0 = - -
A=657 101044 e015  L000 10¢6 68 14,3 ,083 1.19 - -  1e00 o - -
A=658 101049, eG¥2  ,000 1147 76 15.9 L0701 1e12 - -  1e00 = - -
A=659 101G44, 042 200 11e7 o766 15,9 L0783 123 - - 300 - - -
A=660 121044, 0058  L,000 1246  o81 17,1 056 .96 - - 300 N} 0. 031
A=561. 101244 «J58  L000 12.6 81 1741 .055 93 - - 1e00 = - -
A=662 101044, #8095  .000 13.1 ¢85 1747 L047 o34 - e 1+00 = - -
A=663 101544, «G95 L0600 13,1 e85 1747 L2449 87 - e 200 =~ - -
A-66% 131044 «G95  ,090 13.1 285 1747 LCSD 87 - e 3.00 = - -
A=665 101244, «095  ,0G60 13,1 83 17,7 ,0s1 *90 - = %00 = - -
A=bbs 151044, «0%5 L300 1.1 e85 1747 ,052 92 - - 7.00 = - -
A=b667 101644 «095 L0080 13,1 e85 1747 L0853 93 - - 1000 = - -
A~668 101044 2122 L0000 13,3 86 17,9 .050 91 - -  3.00 L3% 0, «03S
A=bbY 1G1G44. 122 L0000 13.3 <86 17,9 046 .82 - - 1e00 = - -
A=670 101044 199 L0038 1342 ¢85 17,8 ,044 78 - - 100 = - -
A=671 101044, o149  ,000 1342 +85 17,8 LG43  «8S - - 3.00 ,L30 0. o029
A=672  1T1044. 176  .000 12.5 81 16.9 L0864 1e07 - e 3,00 = - -
A=67) 191044 «176  ,000 12,5 31 16.9 .Csl 1403 - - Jegd = - -
A=674 101044, €203 ,0GO0 11,7 75 15,8 ,080 1e26 - -  3.00 2§ 0, <025
A=675 101044, 0203 2000 11,7 75 1548 ,074 1lelé - - le00 = - -
A=676 131044 €23C 000 1047 57 14,4 085 1e23 - - 1e00 = - -
A-677 101044, €230 o000 10,7 69 14,4 .095 1e37 - - 3e00 - -
A=6784 101544 €256 4000 946 062 12,9 118 Jen? - e J.00 L14 Do <026
A=679% 101044, 027G 4390 8,8 57 11,9 L179 213 - e 3400 19 O¢ 039
A~6€0  101G44. o012 L0000 10.8 +70 1446 L105 134 4,063 e?1 3400 ,L21 Do o029
A=681 101044 0039  ,000 1147 75 1548 ,086 136 +050 79 3e00 = - -
A=682 131044, #3566  .0D00 12.6 81 17.0 ,Ce7 1lel% o043 «72 3.00 ,28 0, «03¢
A=683 101344, «393 L0170 13,2 35 17,8 ,054 96  L039 «69 3e00 = - -
A-684 10124, ef19 L0320 13,4  +86 13.1 L5497 .88 L0239 *70 3.00 - -
A~685 191044, 119 L0000 13.% +86 J3el ,G51 91 040 *72 1000 = - -
A=686 101344, <119 WD00 1344 e84 1del L0503  +90 LSO 72 7.00 = - -
A=687 Jalu4Ye o119 «200 13,4 «B86 (8,1 ,LCu9 +88 L0040 e71 4.00 - - -
A=688 101y44. 119  .000 13.4 86 13,1 ,J347 86 +CIé 49 2,00 = - -
A=689 101344, 119,320 13.4 <38 18.1 L0496 8% ,L035 063 1400 o - -
A=690 121044, 119,300 1de4 86 i89,1 ,D44 <80 ,D3I 59 50 = - -
A=691 501044, 1% 4790 13,3 <85 17,9 351 91 4039 70 3.00 L33 0, 031
A=692 101344, 173,000 1243 ¢33 |7.4% .06} 1e06 oC41 72 3,00 429 *0, 033
A=693 101044, 0200  L700 12.1 73 1heN  ,078 1e28  L047 «78 3400 ,27 0. s02%
Acb9n 101044, €227 ,200 1l.1 71 1540 L1001 1452 057 86 3400 - - -
MYORAULIC ULIAYETEHRs D = o811 INCHESe AVERASE VELOCITY, U = 15,5 FT/SECs s 740 FT/SECe

® QUESTIONABLE OATA POINT, = NO DATA POINT.



BNWL-1736

202

TASBLE o=} (CUNTo)e TATJLATIOZ. UF CaPERINLNTAL UATAS

CRANNEL Ay CE4TEA . ALL GAP TRAVENSL, /¢ [VCH waP SPACING,

AUN  AET.LOLCS z v M Y EYYIC SN D I AR 11 114 4 curvg FIT
NunBeR 4. T4e FT/sEC I AsD FIHI} o
[TVE INE R «l12 o0 Mlen o706  15.%  LJ92 149 056 «8% 3.00 - -

101344, olo: 03U 12,8 edl 1740 i73  Le2T  LUuY «84 3e00
101394, 156 +290 132 «33 1748 oI35 1edw  oC4M «78 3400
IR LTS «132 «J0 13.% a3’ 182 LU49 30 J090 «73  3e00
131C4%%. 10% PRI P vie 1847 LIy «¥0 4040 «73  3.00
‘101044, 2078 «13J 12,9 «3) 175 +J&0 1435  oTH43 «75 3.00
101394, eJ51 «00 12,2 27 6.5 L07%  1e22 049 «31 3«00
101044, Q24 ¢ 239 1.1 “72 1Sl $94 tesl oD60 91 3«00
101014, 2% o030 1led +73 1543 «Jdd 1628  LC43 ¢99 .60
13iJv4. oC2% ¢ 100 1142 »73 153 )9} le4d LC587 e87 .00

CHARNEL A4 waLL CHANNEL MAP, /% 1HCH GAP SPACING,

AUN  RETYNOLDS 1 v v Gou GsU® u¥G UJUt VYU VYURCUTGFF CURVE FIT
NUMGER 1N, INe FT/SEC KNI A/D  FiH2) ]

A=7G5 29729, «cuD 745 13,7 98 18,5 L106 1+94 4066 1422 3¢00 - - -
A~704 92729, 2107 2743 1545 1402 215 4072 150 o043 «93 3.00 - - -
A=707 99729, 175 «745 1743 1.09 22.9 L350 1«14 .03 «77 .00 - - -
A=708 99729 0242 745 1744 1e12 23.5 LG3) «78  L,027 «6% 3400 - - -
A=709 29729, ¢339 «745 1741 110 23.) <047 1e12 L0331 «76 3400 - - -
A=710 99729, 376 745 1647 1+07 2245 L0556 130 o037 83 3.00 = - -
A=711 99729, eu43 WTHS  lbe)  1e)4 2148 U6 1s44 L0%1 90 3400 = - -
A=712 §9729, 510 745 1G.6 1490 21.0 ,068 1.93 ,042 88 3.00 = - -
A=713 99729, 577 o745 14,3 96 2040 L273 1.%5 4045 90 3.00 = - -
A=718 99729 e5 44 <745 12,9 90 18.8 L(0CT 130 L0353 «99 3.00 - - -
A=715 99729, «711 «745 13,3 280 17.7 4277 138 L0359 1.05 .00 - - -
A=718 99729 779 JTHS 13,2 e85 1748 ,580 1e43 <063 109 3.00 = - -
_A=717 9972%. o84 o745 13,8 e89 1846 L0867 1e2% .052 e96 300 - - -
A-718 29729, 846 «685 1éo1 1433 2147 L364 1439 L0306 «79 3.00 - - -
A=719 99729, 779 685 15.6 1401 2141 L0660 1e26 .037 77 3.00 = - -
A=720 99729, °711 685 15,5 1403 20.9 ,L0S% 1e12 4033 «70 3+00 = - -
A=721 99729 sb44 «685 15,7 101 21,2 L052 1+11 03I *$% D0 - - -
A=722 99729, 577 685 1640 1403 21e6 L0500 139 L032 «68 300 = - -
A=723 99729 443 685 16,3 1403 2247 LG4T  1e31 LT3 270 3.00 - - -
A=724 99729, 309 685 17,5 1.13 23.7 L0337 39 .027 65 3.00 = - -
A=725" 99729, 242 585 1743 113 23.7 .336 85 02§ o466 300 = - -
A=724 99729 .175 2685 1649 1.859 22.8 ,051 1e16 4033 76 300 - - -
A=727 99729, «107 685 1546 190 2140 077 16l oG47 98 3.00 = - -
A=728 99729 340 685 13,2 485 17.8  L1GY 1e9% J06% 1623 3e00 = - -
A=729 99729, 107 625 15,7 1401 2Zled 4370 1046 o045 «94 3.00 - d -
A=730 99729, 175 2625 1449 1409 2248 .95! 1e16 .033 «76 3.00 - - -
A=731 99729 0242 «625 1745 113 23¢6 L0386 «85 o027 «65 3.00 - - -
A=732 99729, 309 0625 17,5 1s13 23.7 337 88  JO26 «62 3e00 = - -
A=733 99729, 376 ¢625 31742 1ell 23.2 046 1207 .030 69 3e00 = - -
A=7348 99729, «510 625 1645 1e06 2242 L3253 1618 403 «70 3.00 = - -
A=735 9972¢%. 0494 «525 1641 1634 2147 LT43 «72 027 ¢59 3.00 - - -
A=734 99729, 711 «625 18,7 133 21.6 L0239 e84 J027 58 3.00 = - -
A=737 99729 779 0625 1642 1494 2149 ,046 1401 5029 e83 3.00 = - -
A=738 99729, 779 565 15,2 «98  23.5 L0685 1433 .03 74 3.00 - - -
A=739 99729, 711 +565 15.9 96 2042 4262 1422 L0346 e72 3400 = - -
A=74%0 99729, bRy «565 15,1 e97 20.4% L0682 127 4036 «73 3.00 - - -
A=741 99729, 510 565 1547 163} 2542 087 4 4036 77 3e00 = - -
An792 99729, 376 0565 1647 1.07 2245 356 126 L0234 «76 3e00 = - -
A=743 99729, 3G9 €565 17.1 1e19 2341 L3047 1409 L0310 «70 300 = - -
A=744 99729, 242 565 1743 1e11l  23.3  ,D41 «96 o030 270 3eGD = - -
A=745 99729, 175 e565 1647 108 2246 L2501 lelb L03% «77 3000 - & -
A=T48 99729, 0107 e565 15,5 1+pD 20,9 L07) 1.53 .046 «97 3.00 = - -
A=747 99729, w107 509 15,4 99 2048 4073 1+45 4245 «93  3.00 - - -
A=748 99729, 1?5 309 16,6 1407 22¢3 L0351 leld 034 77 3e00 - - -
A=749 99729, 242 509 16,9 1.407 22.8 L0486 1409 L032 «73 3e00 - - -
A~750 99729 °339 539 1645 1.C7 2243 L05% 1.31 035 «79  3e00 - - -
A=751 9972%. 376 ¢509 1543 1432 213 LC73 1«50 404D 8% 3.00 = - -
A=752 99729, 510 «509 14,3 «92 1942 ,083 .59 o048 «B6 300 = - -
A=753 99729. YT S2% 1241 78 1644 ,T83 1.40 L0449 80 3¢00 - - -
A=75% 99729 «$77 0509 13,4 e88 1Bel LDY0 ledld L0449 «8% 3.00 - - -
A=755 99729 e711 «539 10,7 ehY 14,4 L0758 1e12 o047 e68 3000 - - -
A=756 99729 «779 «53% 1L.s «68 143 ,083 1.26 LCé0 ed36 3.00 - - -
HYORAULIC CJAMETE4s C » .811 IKCHESe AVERAGE VELOCITTs U * 15,5 FI/SECs U*e .74) FT/SECe

% QUESYIOWABLE OATA POINT. * NO DATA POINT.



TASLE 8el (CONT.). TASULATION OF EXPERINENTAL OATAs

ChAANEL Ay CORMER GAP TRAVERSE,

RUN  REYNOLDS

WUNMSER

A=757 10134%.
A=75%8 1010494
A=759 101349,
A=740 131044
A=761 101044,
A=742 121044
A=763 101599,
A=764 101044
=765 101044
A=766 101044,
A=767 101044
A=768 101044,
A=T69 101044
A=772 101044,
A=771 101049,
A=772 131044,
A=773 101044
A=774 131044,
A=775 101044
A=T76 101044,
A=777 101044,
YA=T78 101044,
T A=T79 101044,
A=780 101044,
Ae781 101044
A=782 101054,
A=782 131044«
A=784 101044,
A=78S5 101044,
A=78¢ 101094

CHANNEL A, CENTER

RUN REYNOLDS
NUHBER
A=787 101044
A=788 101044,
A=789 101044,
A=7%90 101044,
A=79% 1G1044,
A=792 101044,
A=793 101644,
A=794 101049
A=795 101049,
A=798 f01044.
A=BY4S 101044,
A-Bts 101044,
A-847 101C4%Y.
A~848 101044,
A=849 101044,
A=850 131044,
A=851 1J134%%.
A=852 101044
A=853°  ICID%%.
A=854 101044,
A=B55 101G%4.
A=854e 101044

4
IN,
¢ J04
033
#0585
e85
111
o138
*165
«192
w219
286
«246
o219
172
0165
130
o111
«083
«058
2031
°COY
«031
«GS58
«085
o1l
o138
o145
°192
w219
0246
272

A4

INe
1.25C
14250
14252
1.25C
1,250
14250
1.250
1.250
1.250
14250
1,250
14259
14250
1.250
14250
1.250
1,253
1.250
1.250
1.250
1,250
1.250
1.250
1,252
1425C
14250
1.250
1.250
1.250
14250

'
FI/sEC
12.1
1341
1d.e
144
14.8
14.8
19.6
14.0
13.2
12,2
11.9
13.6
13.¢9
14946
143
14,2
19.5
13,V
13.0
12,1
13,0
14.0
149.5
14,9
19,9
1446
14,1
13.2
12.1
11.0

JALL GAP TRAVERSE,

4

INe
+3J0%
032
0059
«D86
o113
o140
elb6
°l?d
0220
*247
Clé
«C4)
«076
2097
«122
150
150
150
o177
023%
«231
+258

RYDRAULIC DJAMETER, D =
® QUESTJONABLE DATA POLNT.

Y
INe
+000
+020
+ 030
«000
000
030
+000
<000
e dND
000
«000
+«000
2 00T
«000
°0JCY
«J30
«000
«02D
«003
«U00
«000
2000
«011

"]

FT/SEC
10.6
1147
12,7
134
13,6
1346
13.2
1245
tlo4
13.3
10,5
11.8
12.9
13.6
13,2
13.8
13.6
13.6
13,0
12,2
11,0

Feb

INCRESe

dsu

073
o34
«39
o3
.95
.95
(Al
°9d
e85
«78
77
34
«90
°94
Vb
«93
93
.90
o84
«78
o84
90
[RA
96
96
94
«91
85
o793
o71

Grur

164
177
13.7
19.5
20.0
20.0
19.7
19.0
17.8
16.5
16e1
17.6
18.8
1947
2040
20,0
196
18.8
17.6
1643
1746
18,9
19.46
2041
20.1
19.0
19.0
17.8
164
14,9

L/7% INTH GAP SPACINGe

174 INCH GA? SPACING,

osu

*68
75
032
313
a8
.68
8%
o580
0?3
o bb
*63
o 76
8}
=87
09
» 33
e88
Xk
84
79
o71
62

Usu

14,3
158
17.2
1841
18.4
18.4
17.9
1ée9
154
13.9
14,2
16.9
175
18.3
1844
1104
1864
1a.4
17.6
18,5
149
12,9
AVERAGE

= ND DATA POIAT.

BNWL-1736

uyd  usur  wYD viurcuTorr CuRve FIV

KWz MDD FIHZ) @

1% 1487 073 1420 300 - - -
«J81 1e4) L050 «39 300 - - -
L067 124 o042 79 3e00 = - -
IS0 1400 o035 49 3eD0 = - -
W043 31 <030  e6} 3e00 = - -
W41 082 4030  es1 .00 = - -
048  «9% 033 6% 3ep0 = - -
2763 1419 L0397 7% 3.00 - -
.088 1456 4051 91 3.00 - -
117 1493 4,069 1e1% 2300 - - -
V106 170 o062  +99 3e00 = - -
«382 1ea% L0048 «3% 3.00 - - -
v065 1623 4040  +75 3400 = - -
V349 96 o032 69 3e00 = - -
0337  o79 L0299 58 .00 = - -
340 481 4029 59 3e00 = - -
089 096 4033 4% 3eQ0 = - -
W068 127 4039 7% .00 o - -
WG90 1e58 051 «90 3400 - -
el11 1482 +068 1ell 3.00 = - -
- - - - - - - -

- - - - - - - -

- - - - - - - -

- - - - - - - -

- - - - - - - -

- - - - - - - -

- - - - -’ - - -

- - - -. - - - -
w/u U VY0 vZutcuTorr CuRvE FIT

KHI A/D F(MI) o

o117 1467 +07% 1405 3ep0 - - -
092 1¢45 o055 +87 3e00 = -
«ST72 1023 4045 78 3e00 = - -
+CS8 1.0% L0448 «74% 3eCO - - -
2351 194 o040  «75 deg0 = - -
2051  o9% L0800 73 3e00 = - -
2C62 1010 082 75 300 = - -
W0B0 135 oG48 ¢80 3e00 = - -
104 1¢60 o4C5% 90 300 = - -
e121 1468 <077 1406 2300 - - -
108 1.53 - - 3e00 ,22 8, 036
o031 1629 - = 3e00 L2 0, <026
«Ge5 1613 - - 3:00 26 0, «02%
086 1003 - =  3.00 = - -
054 1e01 - = 3eD0 = - -
,088 1407 - - 3000 = - -
W061  1a13 - = 10s00 = - -
L0586 1e04 - e  §e00 - -
20823 120 - - 3.00 - - -
L3B2  1e34 - -  3.00 o - -
o094 1ed9 - - 3.00 - - -
125 1062 - =  3.00 = - -
YELOCITY, U o §5,5 FT/SECe U*w ,740 FT/SECe

203



"ChaANNEL
RUN'

A=357
ko053
A=959
A=800
A~Eb)
A-de2
A-363
A-B64
A=84S
A=86s
A-887
A-663
A=6o9
A=870
A=871
A872
A-873
A=674
A-875
A=876
A~877
A=878
A-879
A-0880
A~881
A-832
A=8€3
A-884
A=88E
A=B06
A=887
A-888
A=889
A=890

CHANNEL
RUN

A=891
A=B%2
A-893
A=894
A=-89S
A=B8%s
A=897
A=8%8
A=5%e
A=%00
A=%01
A=%02
A=%03
A=904
A=?0S
A=%06
A=%07
A-%08
A=9CY
A=910
A=911
A=912
A=913
A=919
A=918
A=216
A=917
A=?18
A=?19

Tanit o=l {CCN

Ap IMIERIUN wa? ThAavenSES

RET.CLES
HISE YN |
Jutndve
12174,
§3134%.
101Un~.
12104,
13104
1J1044.
131244,
101044,
101044,
1010494
131044,
10144,
131044,
10104~
101u4s,
101044,
101045,
101044,
101045,
101044,
101044
101044,
101C44.
131044,
101G44.
101349,
101044,
101344,
101044,
101244,
161044,
101044,
101044,

Ay SlOE

REYNOLDS
NUNBER
101044,
101CH4.
101044,
101C44.
101044,
101044
1010449,
101044,
101344,
101044,
101044,
101044,
101044,
101044,
131044,
101044,
101044,
101044,
101044,
101044,
131044,
131044,
131044
101044,
101C44.
101044,
101n%4.
101044,
191044,

2
INe
735
«73C
«730
«730
« 73
0732
«730
«733
«732
«73C
730
«730
«730
«739
«730
«730
730
°730
«730
1.963
1.983
14983
1983
1.983
1.983
14983
1.983
1e98)
14983
1.983
1933
1.9283
1e983
1.983

SALL GAP

k4

IN,
*750
*¢750
*750
«750
«750
0753
¢750
750
+750
«750
«750
«750
«750
«750
+750
2303
203323
2.003
2+503
24033
24033
2.003
24033
2.00)
2.00)
2.003
24003
2.003
24003

MYDRAULIC DIAMETEK. D w
® QUESTIUNATLE DATA PDINT.

Telo tasuLatleoN OF
179 INCh
A\ u Uz uweut
Ine  FT/5€C
517 43 34 1143
«312  10ev « 73 1447
«B25  1d,3 edl 1oy
«535 13,4 e86 13,1
«315 14,3 293 19,0
eH65 13,0 w7 21,3
4555 15.6 130 21.1
«625 |3.9 103 21.5
«625 1641 jed%  21.8
«225 16,1 1e34 2148
525 1641 }ed4 21.9
0645 1642 1e04 21.°%
663 18,0 103 2147
ebd> 3.3 1e32 21.3
«765 15,3 «98  2G.6
725 14,6 «94 19,7
735 14,0 90 19.0
o740 13,7 +3B (8.5
«745 13,4 e84 18,1
755 11,0 271 14.¥
«735  12.4 ¢80 1447
e725 13.5 «37 13.2
765 14,7 «?5 19.8
635 15.6 1«00 214}
e665 1642 1604 2149
o845 16,6 1eD7 22,5
625 16,6 1403 2247
0605 1648 1428 2247
585 1646 1407 2244
¢565 1662 leD4 21,9
«545 13.5 120 2147
523 1444 +93 19.5
¢515 13,4 «83 1844
o512 13,2 35 17.9
TRAVERSES, 1/4 INCH GAp
Y v Dsu Tsue
e FT/SEC
1,998 10,5 68 18.2
le928 1143 *73 1543
1.973 11.9 «77 bl
1,958 12,9 83 17.4
1738 13.5 «87 18.)
1,918 14,2 «90 18.9
1.878 14,1 «921 1%.1
1,878 14,1 91 19,1
1.853 13.3 «39 18.7
1.333 13,4 *86 18,1
1.910 12,7 «82 17.2
1.796 11.6 «75 1547
1,735 10,8 «70  1%.4
1.778 9.7 *463 13.1
1.768 Be4 e84 11.4
1,993 11,1 «71 14,9
1.988 12,3 «79  1&.8
1,979 13,0 o84 17.5
1.953 4.1 «91 1941
1.939 4.8 «95 2040
1.910 15.3 «93 2047
1,895 15.5 1«30 2.0
16378 15,5 100 21.0
1,858 15.4 299 20.%
1,833 14,9 «96 2001
1,a1¢ 14,2 92 19.2
14793 13,2 e85 17.9
1,783 12.8 «81 17.0
1778 10,8 «70 14.8
«B811 INCHESS AVERAGE

« HD DATA PDINT.

GAP SFACINGe

Vi o
130 1e54
JTHI 123
LTS 1e29
2375 1eds
eVl YedN
W63 1027
W53 1elS
«d52 1e11
046 1e00
L343 1435
RTY) 97
JO4S .99
o051 1439
+053 113
oCal 1427
2063 123
Co6  1e25
J073  1e3%
675 1e36
+090 1434
«G82 136
«077 1.40
078  1.5%
«06% 1445
«084% 1e40
«058 130
oC53  1e21
054 1423
0059 1432

o061 l1el%

«068  le4)
o072 1e41l
«J76 140
«079 132
SPACING.

U whu
«087 .95
«080 [12)
«061 98
«055 .95
J34T 88
PO Y *78
039 7%
030 75
.087  +88
2055 99
$085 1012
o073 14184
«077 1612
.078 1403
.089 1.02
o072 108
4066 1410
.CeT 1617
.083  1.20
.C53  j.07
047 97
043 «%0
047 98
2052 107
W061 1622
070 1035
o085 152
«087  1e47
e121 177
VELOCITT,

CIPERLIMENTAL DATRe

« W3 VW CuToFF
KNI A/D0 FURD)

* v)T  viu*tcutoFf

U ® 15,5 FT/SE

3+00
3.00

300"

3«00
3.00
3eQ0
3.00
deCO
3e00
0400
1.00
3.00
3.00
3.00
3.00
3e00
3e00
300
3.00

-3+00

3+00
300
3.00
3.00
300
3e00
300
300
300
3e00
3+00
350
300
3.00

KHZ
3+00
.00
300
.00
3e00
3:00
Je00
300
3.00
3s00
300
.50
3+00
3.00
3.00
3.00
3e00
3.00
300
3.00
3.00
3.00
3.350
Jenl
3«00
3.00
3400
3.00
3.00

Ce Yte o750 FY/SEC

A

LI I D D DL IO D IO DO R B N B B DN DK DN DY INR BN N NI DN B B B

BNWL-1736

CuRYg FIT

19 LN B A | l-l 00 0 0 3 L sttt

CURVE P IV
F(HZ) @

204



CHanNL Ay

RIN

A=V20
A=521
a-922
A=$2)
Ae924
A=v25
A=726
A=927
A-928
A=929
A=930
A=931
A=%32
A=53)
A=%34
A=%35
A=934
A=937
A=938
Ae939
A=%40
A=9q]
A-942
‘A=§43
Aeouy

A=945

A=946
A=947
A=948
A=949
A=950
A=951
A=952
A=953
A=954
A=955
A-956
T A=957
A=958
A=959
A=960
A=941
A=962
A=963
A=P64
A=94S
A=966
A-987
A=948
A=969
A=970
=971
A=?72
A=%713
A=979
A=97S
A=97%
A=977
A=978
A=979

TAILL He=l

LA SN e ]
RAE TS
131cu.
Tult ¥4

A2124v.

1510 e
131Cv.
131044,
101244
LulCuse
3310 ¥he
1510495,
1213v4.
ALY
1010449,
101044,
101544,
101044,
101344,
101044,
101649
101044,
101044
131C44.
101044,
101044,
101044,
1010440
101C44.
101044
101044
1C154%.
101044,
101044,
101044
101044,
1olud4.
101C44e
101044,
131344
101044
101044
101044,
101G44.
101044,
101544,
101244,
lUlO4Y.
L01C4%4.
101G44,
10104,
11344
131044,
131044,
101544,
101044,
101044
101044
1010484
101044,
131C44.
131044,

L4
1He
o750
« 730
REN
«752
o752
L1
e7a0
«752
¢ 7501
0750
e75C
0758
oBJ4
e84

‘0804

+304
e 804
¢804
«804
+E04
eB1Y
« 204
0804
¢804
«671
«B71
«871
«871
*671
«871
871
«871
871
871
871
*871
0603
0633
2603
«603
*603
«603
«603
0603
2603
*603
«633
*603
«670
*670
472
«6706
«&70
*670
«870
0670
«670
*670
eb670
«670

HYCRAULIC CLAMETERy D =
® QUESTIONABLE DATA POINT,

{CONT )W

INTERIDU waP REGION

\]
1Ne
o745
72>
«725
YT
X))
ab4d
o625
«595
+505
oGNS
0525
«515
o745
«725

#7705

¢635
e 845
645
0625
«595
»565
«545
525
«515
o« 745
725
«705
o635
«665
» 645
°525
«595
2565
o545
525
515
o745
o723
«705
«683
0665
o645
«625
«595
*565
«545
«525
«515
XAL]
«725
735
o475
o845
«61S
»535
«565
» 545
«525
«515
«510
«811

APy 17% INCH wAP SPACINGe

v
FY/5SC
13.4
t9.8
15,3
1548
to,l
16,2
16,2
15,8
14,9
13.9
12,3
1G6.3
13,5
14,6
15,5
16,0
16.3
16,5
l6.4
15.9
15.1
14,1
12,5
10.6
14.2
15,2
16,0
16,5
16,8
17.0
16,9
1646
15.3
15,0
13,6
12,5
15.1
15,8
16.0
16.2
16,4
1643
16,2
15,8
1541
19,4
13,6
13.0
14,1
14,9
15,6
1601
16,2
16.0
15.4
1469
4,1
12.6
11.7
1103
INCHES .

Sru

1Y)
.94
Al
tet2
Lens
1+03
134
101
Rl
93
7%
ebb
37
LA
1430
1+43
1G5
1e00
1.06
193
.97
21
+80
oh8
91
=98
1.03
1e36
108
109
1.09
1407
1e02
97
«dd
o8l
27
100
103
1e05
1.35
1eCS
1eQ4
1e02
X
«93
.87
[3-L]
°91
o9é
1428
104
le04
123
99
X3
*91
e6l
«76
«73

Grut

18.1

19.7
23.7
214
21.¢
21.9
21.58
214
0.1
15,8
los6
13,9
18,3
19.8
20,9
2146
22.0
2243
22.2
21.5
2064
19.1
16,9
14.4
19.2
2046
2146
2243
22.7
23,0
22,9
2204
214
2043
184
169
20.4
21.38
2148
2240
2241
22.]1
21.9
2103
20.4
19.9
18.3
17.6
19.0
20.1
21,1
2147
21.9
216
20,9
2062
19.1

17.0
15.8
15.3

AVERAGE

= NO DATA POlINTe

TALLLATION CF LXPEFI~ENTAL DATA

BNWL-1736

e vt vru o viutcutofF Curvg FIT
KnI A0 FIHI) o
«v8d  le4S - - J.00 - - -
JUs8  ledd - =  3eg0 - -
JUSY  1e22 - e  3.00 = - -
.28y 108 - - 3.00 - - -
L47  1e02 - e 3e00 - -
043 .95 - - 300 - - -
%o 1e01 - e  3e00 - - -
05 119 - - 300 = - -
2064 1429 - - 3.00 - - -
267 1031 - e Je00 = - -
370 127 - e et - - -
283 116 - - 300 - - -
oC75 1e36 - - 300 = - -
«S70 139 - - 3.00 - - -
0062 1429 - = 300 = - -
$0S7  le24 - = Jep0 = - -
RIYENTIL! - =  3e00 - - -
4?9 109 - - 3.00 - - -
#0350 1e12 - - 3.00 - - -
<059 1427 - - J.00 - - -
071 1.99 - e 300 - - -
«C75 1oy - - 3.00 - - -
076 1027 - - 300 = - -
<087 1625 - - 3.00 - L4 -
076 1.99 - -  3e00 - - -
2075 1e54 - = 300 = - -
0067 1.45 - e 300 = - -
1G63  1.40 - - 3.00 - - -
«C58 1432 - « 3e00 =~ - -
<054 1423 - e 3.00 = - -
£085 1425 - =  3e00 & - -
2060 1435 - e Je00 - - -
2069  1e47 - - 300 = - -
073 1459 - - 300 - - -
$081 1449 - e 300 = - -
086 1e4s - « 3e00 =~ - -
<065 32 - - 3.00 - - -
oU56 123 -, = 300 - - -
+C52 1412 - - 3.00 - - -
«G47 1403 - , = 30 -~ - -
<045 1400 - e 300 - - -
045 1408 - -  3e00 = - -
2052 1st4 - e 300 = - -
2061 a3l - -  Je00 = - -
oCY1  le4d - e 3.00 = - -
o078 152 - e Je00 - - -
o083 1e52 - e 3e00 = - -
089 1457 - -  3.00 = - -
070 1433 - - 3e00 = - -
0067 1435 - e 3.00 = - -
f053 1412 - e 3.0 = - -
044 96 - - 3+00 - - -
043 099 - e 3:00 o - -
+CS0 1+08 - - 300 - - -
o059  Je2% - - .00 - - -
070 le4) - - 3.0 = - i
071 1435 - -  3.00 = - -
2082 1.3% - - 3.00 - - -
084 1033 - -  3¢00 = - -
0687 1433 - - 3.00 - - -
VELGCITYs v # 15,5 FT/SECe U%e (740 FT/SECe

205



BNWL-1736

206

Tanle Bol (CONT )y VABULATION UF EXPERINENTAL DATA.

CHARNEL Ay ~ALL AN 1N TERIPR CEMTERLIWE TRAVENSES) 178 INCH GAP SPACING.

KUN  REY®OLES N 4 L Y/ Ut OYU VUt WYU VIUTCuTofF curve F1IT
SRR th. INe FT/SEC Krd  A/0  FIND) o
Aloce 6247« «Co? .025 Yon «¥O 1786 ,LB7 1eR) - - 200 .51 18, ¢02&
Aloch 5%i47. 013y 0825  J0.7 1902 20.0 ueb 13?7 - - 2.00 L51% 4, e0l4
AlCe2 53,47 201 «625 1l.n  fell 21,3 ,353 .15 - - 2,00 LS50 32, <025
Al0c) 56047, Y] e825 12,0 |13 2.5 L045 1.0 - - 2400 45 35, 0S4
AL1304 85555, *33% o825 12,7 1622 23.7 050 1e29 - - 2400 .55 39, 05
Atucs 55505, 802 0625 12,5 1e1% 2343 ,Ce7 1458 - « 2400 4% %0, <023
AlQue 55505« 1469 0025 I1e4%® jel% 2242 ,uU65 1468 - - 200 J3F 47, D20
At007 85535, *537 0625 11,3 1e0B  21.0 095 2G0 - - 2.00 .27 a7, 008
AlGee 55535, 60% 625 1046 1e3) 19.7 101 1e99 - - 2.00 ,2% 50, 030
A100% 85535, 871 2825 1040  +95 1845 100 188 - - 2:00 .22 47, .062
Alv10 85505, 0735 625 9.5  o%1 1747 L0901 1eb2 - - 2400 431 a5, 327
Alull 555035, e lis 628 9.3 89 17.49 ,Cé0 1439 - - 2.00 459 13, <023
A1012 55505 872 025 9.3 <87 17.% 081 je40 - - 2.00 L51 &, 017
A3013 85505, 937 625 9.7 92 15,0 L0%0 1472 - - 2400 L27 48, .032
Alo14 55505+ 14006 0625 1042  +98 19,0 LI00 190 - - 2.00 .23 4%, 020
A1015 §5505. 14073 0625 1140 1405 23.4 L0869 .81 - - 2.00 L,28 &7, .017
Al016 §5505¢ 14340 4425 .1,5 1elG 21,5 ,087 .07 - - 2.00 .30 48, 020
A1017 55505, 14207 2625 1242 lele 2247 L3779 1e79 - - 24€0 37 46, <035
A1018 55505« 14274 0825 1247 1422 23.7 L0677 1460 - - 2400 %8 42, .048
A1019 55505, 1.34! 0625 13,2 1e26 2446 L357 139 - - 2.00 58 3%, 038
A1020 55505« 14406 0825 13,5 1.28 25,0 049 1.22 - =  2¢00 .46 0, <044
A1021 55505+ 14476 0625 13,5 1428 25,0 L3S0 124 - - 2400 445 D, +033
al022 55506« 14543 625 13,2 1e26 24,6 ,L056 1437 - - 2000 68 22, <047
A1023 65505, 1481C 625 12,9 1423 .23.9 L0597 1.42 - - 2600 o686 32, o067
AlD2% 5$5505s 14677 L8625 12,4 117 231 L0547 1455 - e 2¢C0 +5% 37, 0SS
A1025 85505, 1474% 0625 12,0 1e15 2244 L0269 1455 - - 2400 .47 39, o062
Alo2s 55505+ 1.811 0625 1146 1410 21.5 LG7% 159 - - 2400, .49 38, 050
Al027 55505+ 14878 0625 11,0 1.05 22,4 ,382 le68 - e 200 L4& 33, .053
Al028 65505« 14545  ,625 10,5 1400 19,6 ,083 1681 - ~ 200 o490 3é. oD%
A1029 55505+ 24012 625 1042  +97 19,0 L080 1.51 - - 2400 57 29, D66
AlD30 , 55505+ 24079 625 10,1 96 1847 L0849 1.20 - - 2000 57 19, o018
Al031 54827« 24113 L6253 1L} 96 18,7 ,058 1.09 - - 2400 = - -
T Al1032 54827+ 24113 635 10,0 95 1345 L0563 117 - - 200 - - -
A1033 54827« 24113 L4645 9.9 94 1844 L0862 1413 - e 2000 = - -
A1034 54827« 24113 L4655 .6 92 17.% 072 1e29 - e 2400 ,5¢ D, 015
Al1035 - 54827. 2.113 0565 9.4 90 17.4 L0867 117 - - 2.00 = - -
A1036 54827+ 2.113 475 8.9 85 lbe4 269 1ei0 - e 200 .38 0s eDI8
A1037 54827, 2113 L8615 9.9  +95 18,4 ,065 1620 - - 200 L5 9, 010
Alo3e $4327. 2.113 L6405 9.7 92 18,9 LCe5 1417 - - 2000 = - -
A1039 54827« 24113 .595 9.3  «B? 1743 L0697 1420 - e 2400 ,58
A1040 549827« 24113 .585 8.9 *85 16e6 ,070 1415 - e 200 =
A1042 54827« 24113 L5830 8.5 8l 15,7 ,081 127 - - 200 L7
Al082e 54827, .e38 +589 5.1 48 9.4 292 2475 - - 200 =
A104) 54827, .838 +535 7.6 73 14.2 ,285 1.+20 - - 2.00 L49
A104Y 54427, «838  ,595 3.4 80 15.6 ,082 1.28 - - 2.00 = - -
A1045 54827, 838  L,8n5 8,9 085 16e6 L0786 1426 - = 2400 .55 0, «D2%
AlD%S S4627. <838 L4615 9.2 088 1741 L0080 1.37 - - 2¢00 = - -
A1047 54827, o838 625 P4 89 17.4 L07% 1.37 - - 2.00 ,L55 0, 033
AlDYS 54827, «838 635 9.3 89 1743 ,078 136 - - 2400 = - -
Aloae 54827, 838 L8445 9.1 87 14,9 079 1.33 - - 200 57 O, 032
Al0SO 549827, °838 L5655 6e7 *83 1641 ,082 1432 - - 2400 = - -
A1051 s4827, 838 L6865 8,0 .77 4.9 ,084 126 - = 200 L% 15, <0M
A1082 54827, .838 570 7.2 067 13.% L1566 2.09 - - 2000 = - -

CHANNEL Ay CORNER AND 0ALL CENTERLINE TRAVERSES, 3/16 INCH GAP SPaACINGe

RUN  REYNOLDS z Y v /U U/u* U0 uyut VU vyutcuTofr Curvg FIT
NUMBER 1IN, INe FT/SEC - KHI A/D  FUNI) o

A10S) 54€27. 067 1,906 10,2 097 18,9 ,G4B 1428 - = 200 37 0, <03}
A1059 54827, 134 1,926 11,3 1408 2le1 L0583 1lell - = .2000 .38 26, 0S8
A1055 546827, €201 1,936 11.3 1e13 2143 357 le22 - - 230 L42 S, 06
A1056 54827, €268 1.9C6 1le% 1eD3  21.1  ,057 je20 - - 2.00 ,51 0. 03¢
A1057 54327, €335 1,906 1le% 1e03 21l LU56 1e19 - = 200 .41 O, <03
AlOSS 54427, 412 1,906 1le% 1409 2142 ,055 1e1é - - 2.00 440 0, .080
A1GS? 54327, 470 1,906 11,5 109 2143 ,048 1431 - - 2.00 3% 22, 0%
A1060 54827, e537 1,906 1le+ 1008 21,1 048 98 - - 2:00 %% 38, o085
AlDs] 54827, e604 1,926 1141 136 20.7 ,045 o974 - - 2000 49 3. 020
Alos2 54327, e871 1,906 1140 1405 20.5 L0839 «80 - - 2.00 435 Sle 119
A136)3 54627, 0738 ].706 10,8 1e0% 2002 L0398 .77 - = 2400 .26 83, 151
AJD6A 54627, «B05 1,996 10,8 1.03 20.0 L0037 .74 - - 2.00 ,21+ 76, o108
AluéS 54827, 872 1,996 10,8 1.03 20,0 L0233 76 - e 2.00 L,20 &5, elié
AlDGS §4827, #939 1,906 10,9 1.3% 22,3 ,041 084 - = 2400 433 45, 108
Al067 54227+ 14006 1,908 11.1 1e26 20.7 042 .87 - - 2.00 L4944 38, 123
AlD6S S4B27¢ 10073 1.%ub 114 |08 21el L0486 »98 - = 2¢00 495 43, 00D
1069 54227, 16140 14736 11,6 1+10 2145 ,L,051 1e0°% - - 2.00 M 3%, 080
A1G70 54827¢ 10207 1.938 117 1412 21.7 G355 fe1¥ - - 2.00 L9¢ a2, 067
Alu71 SYE2Te 1e27% 1,726 11,7 1442 2147 49258 1.27 - - 2000 448 35, 089
A1072 54827¢  1e341 1,926 1146 fell 21e6 L3863 435 . - 2:00 .52 33, <062
Al073 5%427e  JeMUT 1,776 11,5 1e10 21s4 L0865 1e3R - - 2000 L5585 3%, 044
41074 94827 1e476 1,776 11,5 1elD 21e4 L08% 1.3 - = 2,00 52 0¢ #0309
HYDRAULIC GIAPETERS [ » o377 [I1CHESS AVERASE YELICITYs U ® 10,8 FI/SECY Uta 538 FT/SECe

® QULITIUNASLE DATA PCUINT, = N0 JATA POINT.



CHINNEL Ao

RUN

Al07S
AlQ7es
Alor?
Al078
Al07¢
AtG80
AlO3)
AlO82
AlD3)
AlQMS
Al085
AlD84
Al08?
Aluse
AlDay
Al090¢
Al09]
Al092
Al093
AlD94
AlD¥%S
AJO94
AJOY97
Al098
AlOYY
Allo00
Allol
All02
AllO3
Allos
All0S
Al104
Allo?
Allos

CHANNEL A, CORNER

RUN

Allo%
Alllo
Allll
Alll2
Al113
Allla
All115
Allls
Alll?
Allle
AlllY
All2o
All21
Al122
A1123
All2s
All2s
All26
Al127
All28
All29
Allldo
Alldl
All132
Al13)
Allda
All13s
Allds
All3?
Allds
Alld9
All4o
Ally]
All42
AL1Y3
Al14Y
AL14S
All4s
Al14?
Allss

TAULE Bel (CONT,)e TARULATION JF EXPERINENTAL DATAS

REYSOLDS

TUAT TR
593227,
549227,
54627,
54627,
549327«
549627
S5%327.
54327,
54827,
54327.
S4327.
54827,
54827,
54827,
54827,
54827,
54827,
54827,
549627,
54827
54827,
56349
566469
56569
548469
56869,
58869
563469
56849
560849,
5684%e
56849
56849
§6846%

REYANOLDS
NUMBER
103525
103525
103525,
103525.
103525,
103525,
103525.
103525,
133525,
103525
103525+
103525,
103525,
103525,
133525,
103525,
103528,
133525,
133525
133525,
103525
133925
103525,
1033523,
103925
133925,
133525,
103525,
103525,
133525,
103525
103525,
1235235,
173525,
13352¢.
123525,
133325
123525
133525
103325,

1

In,
1543
leélC
1e077
IERAL]
181
1375
1e945
24012
24079
24113
24113
24113
2411
24113
2112
2.11)
20112
24113
24113
2.113
24113
¢638
+€38
0838
«838
e830
«233
*838
«838
0838
«838
¢838
«838
*8l8

Y

e
14926
14978
1,908
1.906
1726
1.93¢
1e¥06
1.796
1,906
1.906
1.521
1,936
1951
1,764
1,981
1,996
1,89
1,876
1.861
1.68%46
1.831
1706
1,891
1,876
l.861
1.646
1.831
1,816
1,721
1,936
1.951
1.4
1,981
1,998

]
FT/5¢€C
1.5
i1ed
11,0
11,5
11,2
1644
12,5
10,3
10,2
10.2

10,6
10.4
1041
9.7
Tl
842

dsv

111
el
1e42
110
1.07
1e0%
1.00
.99
37
97
.97
.95
.92
w838
80
«40
96
94
o?1
e84
77
101
1402
.97
94
.89
83
072
101
1«00
%6
.9
87
.76

CORMEN AND aalL CENTERC)IGE TRAVERSES,

st

216
2146
2148
2le9
2).8
22.2
19.4
19.2
18.9
1940
13.8
1845
17.8
17.1
156

7.8
18,8
1843
1747
1607
13,9
19.7
195
19.0
18.4
174
1643
1441
19.7
1945
18,8
1841
17.0
15¢2

3718 INCH GAP SPACINGe

AND WALL CHANNEL MAP, 3/16 INCH GaP

z

IN,
«067
o134
+20])
2268
335
«402
* 149
+534
«603
eb70
«737
«804
v87]
2938
1008
10372
10139
1208
1273
1el43
1437
1474
leS4}
1e602
leb675
le242
1.810
1877
le944
2+011
2+CT7H
2e111
2.11)
2111
20111
2.111
24111
2011}
20111
2e11)

HYURAULIC DIACTERy ( »
® QUESTIJ.08ILE UATA PGINT,

Y

THe
1.904
1.906
1.926
1.936
1.706
1,906
1,906
1.996
1.936
1,996
1.906
1,906
1,906
1,906
1,906
1,906
1,938
1.906
1,908
1,936
1.906
1,906
1,936
1,996
1.936
1,906
1.906
1.926
1.906
1.926
14909
1.906
1.921
1,936
1,951
1e%86
1,761
1,491
1.376
1.3%1
«339

U
FT/SEC
16,6
18,9
19,2
17.0
19.1
19,2
19,2
19.0
18,7
16,4
18,1
18,0
18,1
18.3
18,7
19.1
19.4
19.7
19,7
19.6
19.4
19,4
19.5
19.7
19,6
194
18,9
18,3
17,2
17.4
17.2
17.2
17.0
1646
15,9
1448
13.1
17,2
1647
16,4
THCHES

Gsu

96
1.09
1ot
1429
1010
111
1011
1.09
1008
104
104
104
1.09
le0Db
1.08
110
1212
1e13
1014
1013
1e12
1012
113
113
1013
1012
1.29
106
1+03
170

99

99

.93

95

.91

80

75

99

97

.95

Grur

19.9
22,7
2343
22,8
22.%
23.1
23.0
22.8
22,4
22.0
21.7
2146
21.7
22,0
2244
22.9
23.3
23,4
234
23.5%
23,3
23.3
23.4
23.4
23,5
23.2
22,7
22.0
2143
20.9
2046
20.6
20.4
19.9
19.0
17.8
15.3
2046
20.)
127
AVERAGT

- NO DAYA PQOINT.

BNWL-1736

sl uA® vY0 viutcuTofF CuRve FIT
KMl A/0 FiHl) ¢
W83 1438 - - 2.00 ,58 0, 081
059 1.28 - -  2.80 .57 0 0%
.058 1425 - = 2.00 .59 28, 054
L0553 1e1d - e 2¢00 63 2%, .050
WUS2 1409 - = 200 L6% 26, oD%
G533 lell - - 2000 L58 29, 051
oC52 140} - - 200 ,57 29, 08§
044 o35 - « 2400 L51 0. +034
.039 73 - = 2.00 39 0, 027
« G40 .75 - - 2+00 L9 0., 02}
TS Y - = 200 = - -
J46 e85 - - 2000 = - -
353 94 - - 2400 = - -
« 087 .97 - - 2+90 - - -
059 92 - e 2,00 = - -
0345 2448 - e« 2400 = - -
043 80 - - 2.00 = - -
049 90 - « 2000 - -
052 92 T e 2000 T &’ -
057  «96 - 200 = - -
073 1.09 - « 2:00 = - -
036 71 - - 200 - - -
041 +80 - e 200 = - -
047 o8¢ - - 2400 - -
o053 98 - - 2400 - -
o056 .97 - - 2400 - - -
0640 98 - - 200 =~ - -
«075 105 - - 2000 - - -
036 W71 - - 2¢00 = - -
081 <80 - - 2400 = - -
«O48 *87 - - 2+00 - - -
o052 9§ - e  2:00 = - -
0057 .98 - - 200 - - -
«061 .94 - e 2400 = - -
SPACING,
u¥d  urur VYD vYu*rCuTofF CuRvg FIT
© KNI A/0 F(HZ) o
070 1e4) - - 400 L34 0. 020
0468 108 - «  4.00 ,L41 0e o021
052 1e20 - = 8,00 ,L51 0, 031
.057 1030 - = 4,00 L83 0. 039
2052 120 - - %00 ,50 0. 034
047 1.08 - ~  %.00 L48 0. +028
042 97 - e 4,00 ,L51 0. <038
040 e92 - - %00 ,S5% 0, +0%0
039 .88 - -  8.00 ,S56 0. 051
L037 <81 - -  8.00 ,54 0, +0S0
<035 74 - e  %.00 ,47 0. 038
U348 73 - =  8.00 %4 0, 03§
035 76 - =  4.00 ,%) 0. <036
(037 .82 - -  8%¢00 LS54 0, <038
<039 .87 - e 800 59 0. 037
082 094 - - %.00 ,S58 0. +035
«O9%  1e02 - - 4.00 .55 18, <037
oCH7  1e12 - ~  %.00 ,L,54 31, 0%
253 126 - - 4.00 L41 0. «0%
o054 1+32 - - 4.00 bs 11, *039
2062 1443 - -  4.00 L43 0, o029
«C60 14l - - 4.00 .5¢ O, +02%
359 1e38 - -  %.00 ,L,57 0o 029
.CS58 1437 - -  8.00 62 0, +0%3
«G54 1e28 - = %00 L6133, e0%4
+049  leld - - 8.00 L41 45, +041
«0%% 1.12 - - 4,00 L6862 48, 051
2050 1010 - -  %.00 L1 4, 048
JO46 98 - e 4.00 L56 S1, o040
043  o90 - e  4.00 ,58 20, <034
U38 .7¢ - - 4.00 ,L47 0, <001
033 78 - - %400 8¢ 0. 023
«CH3 88 - - 4.c0 - - -
G895 - = 4,00 = -
<051 97 - e  %.00 = - -
063 1406 - e 4400 = - -
062 98 - - 4,00 - - -
RIEY .80 - - 8.00 - - -
TR «RB - - 4.00 - - -
«J43 95 - - 4400 - - -
VELUCITY, U o 17,4 FT/SECs y*= 834 FT/SECe

207



CHANNEL s CINNER AND FaLL CraNEL WAP, 3716 [v0h GAP SPACING.

TANLE )

AJN REYNILOS
HUSI R
[SRRL) 13335236
Allso 103325,
AllSLe 23
al1152
Al)S)
A)1S5Y 103325
A115% 163525
AllSs 133525,
AL1S? 103325,
AllSS 133525
Al15% 103525,
AllsD 133525,
Allsl 133525
All62 103525
Alled 1035235
Allés 103525
Allé5 103525
Allée 103525,
ALLé7 103525,
Allel 103525
AfLeY 133525,
All70 103525
Al171 133525
All72 133525,
Al173 103525,
[IRRA] 133523,
Al17S 103525
Al174 103525,
Al1177 103525
All78 103525,
IREAS 103525
All80 103525,
Al181 103528,
Al182 103525,
ALl8S 103525,
AlL10S 103525
Al18S 103525,
ALLIGé 103525,
A1187 103525,
Allise 103525
AJISY 103525
All%0 103526,
ALl 103525
A122 }D3528.
A9 103525
[ERR L] 103525,
ALlYS 103525
All%S 103525,
Alle? 103525,
Allve 103525
AllYY 103525,
Al200 133525,
Al201 103526,
Al1202 103525,
Al20) 103825,
Al2GH% 133525,
Al20S 103525,
Al204 103525,
Al207 103525
Al2ce 1335254
AL 20¢ 103525,
Al210 L3625
Al211 103525
At212 103525,
Al21d 103525,
Al214 103525,
Al21% 103525
Al216 103525,
Al217 103525
Al218 103525,
Al210 103525
Al220 103525
AL221 123525
AJ222 U325
Al223 103325,
Al224 123325
A2 10352%.
Al226 303523
A 227 123525,
Al228 143323,
MYDRAULIC

VIMMETER,

I3
Ta,
2011}
2e111)
20311
*347
134
0231
“280
©335
%22
“qby
2534
0633
6?5
*737
X h1]

w871

«?38
1+C05
1+072
12139
1+206
10273
16340
1e%07
Te474
1e474
1+407
1e340
16273
1206
10139
1072
1+005

°938

304

e

A 4
Ite
1edné
190
1.91¢
1,741
1.741
1,741
IR AN
Ly v
ta?91
14941
o741
1.9v}
1a?41
14941
1.7%)
1a941
1.94g
la¥41
l1e741
1,941
1.94¢
1,%9]
1,%a]
1,941
1,94
14776
1.97=
1.97¢
14974
14970
1.974
1,976
1.974
1.974
1,976
1.97¢
1.97¢
1.97¢
1,978
52970
1.97¢
1.976
1.976
1,974
1,974
1,976
1,974
1,906
1e946
1,948
1,946
1.9%%
1,746
1,946
1,946
1.94%¢
1e94s
1,946
14996
1,744
1y%40
1,944
P TTY
1,94¢
1,740
1,946
1,94
1.94%6
IR AT
1,94
1e78¢
1,914
1,756
1,946
1.966
1.99¢
1,954
1,90¢
1,798
1,.74¢
539

* qUESTJUNAGLE DATA PGINT,

U

Fr/5¢6L

15,8
14,3
13.¢
174
18,8
18,4
18,2
1.4
tdq b
18,4
19,4
18,3
18,0
17,9
17,9
17,7
17.8
18,1
18,5
18,7
18,9
18.8
18,4
18,4
18,4
1645
16046
16,8
16,9
17.0
16,9
1646
16,3
léo1
16,0
16,0
1640
1601
163
Ibeb
1647
16.7
16.6
16,5
14,4
16,7
16.1
17,4
18,2
17,9
17.8
18,0
18,1
18,1
16,0
17.8
17.5
174
17,3
17.3
17.5
17.7
18,1
i8.3
18,5
1843
18,2
18,0
16,0
15,2
15.3
154
15,5
15,4
155
15,2
9.9
1449
14,4
14,7
1Cns5e

v

9l
83
.73
13
1227
1008
1005
10>
1e3?
127
130
1626
1eg4
1203
1033
1:02
{ed3
100"
1eGé
1408
1e07
1e0?
1.07
l1eQ0
1e06
.95
95
97
.93
«98
.97
(3 1]
o9
.93
92
92
.92
X2}
94
.95
«%e
.96
.94
.95
23
96
.93
1602
1e0S
1«03
102
1«03
1e04
1e0%
1e0%
le02
fenl
1402
1+0J
1e¢02
1+01
102
10"
[ XY+
104
1eD%
Le0S
1404
1404
37
«8d
a0
30
22
.39
84
e
LE]
89
85

Ut

18,0
17,7
163
23,0
22,3
22,1
21,0
22,3
2243
22,3
22.1
21,9
2144
21,4
21.5
21.2
2143
21,7
2241
2244
22,7
2246
2243
2241
22,1
19.8
19,8
2941
20,3
2043
20,2
19,0
170
19,3
19,1
1.1
19,2,
19,3
19.5
19,8
2040
20,0
19,¢
19,7
19,9
20,90
19.3
20,0
21,8
21.5
2143
21,5
21,7
21,7
21,4
21,3
21.0
20,8
20.7
2042
1.0
21,3
2147
21,0
22,2
22,9
21,8
2146
21.6
182
1843
18,%
1346
18,7
18,5
18,2
17,9
17,7
17.5
17,6
AvVinAGE

= Ny LATA PpliT,

V)

2054
o272
0359
WJbl
W 054
T3
w061
358
«058
W54
03351
i)
a7
L1
o082
047
«C53
« 055
«05e
2957
+00d
b
o049
072
«067
+083
+087
. 079
077
077
072
«049
065
«062
+042
#0461
«063
«0b4
I
2370
«Do?
077
0746
<077
«C79
067
«060
0248
+060
o068
«070
265
JUb2
061
+040
« 055
+C5%
.053
+0580
+05812
052
N1Y)
350
062
«043
071
«076
«074
073
L]
087
383
N76
074
«J48

74

22
06
<063
62

VELICLITY,y y =

(CUNTL),y TASULATIO Y IF CIPERINENTAL OATAS

vVt

1.02
123

97
1027
102%
tedd
103y
1028
1225
1.21
lajh
leud
103

LX)

o9
100
1e13
1019
1e2%
128
1e36
145
154
1488
1eu47
1059
1072
159
187
187
1044
1434
1¢28
1419
1418
1e16
1420
1e24%
133
1439
139

. 1e54

18]
Je5)
loeas
1e3%
1433
1e27
130
le0é
l1e48
1039
135
1433
129
teld
leln
110
1¢0%
108
1410
1021
125
1037
led?
156
1065
1060
1e58
1e b0
Je5Y
le48
len]
1e3e
1026
leld#
1025
1el}
1410
109

BNWL-1736

~
c

] Yyutlurofr CuRve f37
KHZ A/D FIHI) o
5000 - -
4,00
4000
4400
4000
4200
§eg0
4000
%00
4.00
4o00
4.00
4400
4000
4.00
4.00
4+00
4.00
4+00
4.00
4.00
400
4.00
4.00
4.00
4.00
400
4000
4400
4+00
4+00
400
4+00
4000
4.00
4+00
400
4+00
400
l,oﬂ
4¢00
400
4400
4400
4000
400
4400
4.00
4.00
400
4+00
%000
4,00
400
4000
4.00
4400
4400
4.¢0
4.00
4400
4.00
4.00
400
400
4000
' 4400
4400
4000
4.00
4400
4000
4400
4.c0
4000
400
4.00
4000
8000
- - 400
17,8 FT/SECy ute (834 FT/SEC

208



CrANNEL
RUN

Al229

- A1230
Al2))
Al232
Al23)
Al234
Al12)35
Al236

. Al237
A1238
A2)9
At2%0
Al2%)
Al2N2
Al2%)
Al2%4
Al1245
Al2%6
AL2N7
Al248
Al249
Al1250
Al25]
g

CHANNEL
RUN

'A1252

AL1253

A1254

A1255

AL 256

A1287

Al1258

A1259

- Al260
Al261

A1262

Al263

Al26%

A1265

Al266

- Al1267
Al2é68

Al1269

Al270

Al271

Al272

A1273

AL27%

A1275

Al27¢

Al277

Al278

Al279

Al280

Al281

Al282

Al128)3

A1284

- Al285
A128¢

Al2w?

Al2sg

Al28§

Al2%0

M A1291

HYDRAULIC UJARETER,

TABLE A=) {CONV,), TARULATION OF EXPERINMENTVAL DATAS

Ay CORHMER AnLD ZALL CRARNEL HAP,

RETNOLIS
sUH2ER
133325
123525
133525
335254
102325
133525
153525
103525
103525
103525
103525
133525
103525
103525
103525,
103525,
103525+
103525,
133525.
103525
133525,
103525
103525+

As WALL

REYNOLOS
NUMBER
103525,
103525
133525,
103525,
133525,
103525
103525,
103525
103525,
103525,
103525,
103525.
103525,
103525,
103525,
133525,
103525,
103525,
103525,
1035254
153525.
153525,
103525,
103525
103525,
103525,
103525
153525
103525
103525
103525,
103525,
163525,
103525
163525,
103325,
103525,
103525,
123525
133525,

4

1IN,
732
e030
«&23
«336
o489
402
335
0265
2201
o134

oC&7 -

0838
0838
«838
*838
«838
«838
«838
«838
«838
«838
©833
838

1

Ine
1.%93e
1e9B8
1.986
1,988
PR AT
1,986
1le%80
1,986
1,990
1,986
1,980
1,921
1.93e
1,951
1.986
1.981
1.9%96
1.891
14876
1,961
1,846
14831
1.821

1} Jrv
FT/SEC
14.7 .85
14,9 egb
15,1 87
15,3 +88
1564 «B9
15,4 89
15,2 «a3
15,1 87
15,2 a7
t5.2 3?7
14,6 o84
13,1 104
17.8 1.03
17.4 1400
1646 .95
1545 89
13,7 .79
18.0 .04
176 1402
17.1 .93
1641 93
15.1 *B7
13,5 .78

AND INTERLIQR CHANNEL nAo,

14

INe
034
*131
168
023%
*3D2
0369
436
«503
570
0637
«704
0771
+833
«905
«972
1e03%
1106
14173
14240
14307
16374
1.441
1506
1575
leb42
1s70%
1776
1643
1910
14972
24044
24078
2.078
2.078
2.078
2+G75
2.578
24078
2.078
2.078

T =

4

18
0625
0625
625
625
«b25
04625
o625
«625
625
025
«625
e625
825
625
525
625
«825
625
2625
«625
«625
£ 625
0525
e625
o625
0625
«625
«625
0625
625
+525
. 525
615
w605
.595
545
«6235
o645
«855
« 665
«539

® GUESTIOUNKABLE DATA POINT,

I G
FT/SEC
15,0 «50
18,6 .07
2342 1e16
2141 162}
21,3 je23
21.0 .21
232 1elé
19.2 110
18,0 1.0%
17.0 «98
16.0 92
15.5 «89
15,4 N
15,8 51
16,5 35
174 00
18,4 1490
19.5 1412
20.% 1017
21,1 fe2%
21eb 224
21.8 125
21.5 te24
20,9 .20
2042 leld
195 1612
18,8 1e08
18,0 134
17,2 «99
1646 096
1643 XLl
16,3 X1
16,1 93
15,7 +90
1542 87
1943 a2
16,3 .94
1043 9%
16,0 «?2
15,4 09

[HCRESS

usut

176
1748
l16s8
1843
18.5
1845
133
1842
1d.2
18,2
17.5
2147
2144
2048
19,8
135
1644
216
2le1
22,9
1964
131
1642

178 INCH GAP

st

18,7
22,3
24,2
25.3
25.6
25.1
2442
23.0
218
20.4
19.1
18,6
13,5
18,7
19,8
20.9
22.1
233
29,4
2503
25.9
2641
25.7
2541
2442
23,4
2245
21.4
2046
19.9
19,5
19.5
19.3
18,6
18,2
1741
19.6
1945
19.)
1848
AVERAGE

= hC DATA POINT,

uyu

3716 INCH GAP SPACING.

BNWL-1736

uyur  vYu  VIUYCuUTGFF CuRvg FIT

} KNI A/D FinZ) o

2066 1e18 - 400 = - -
WhE  1e22 - 400 = - -
S8 1e2) - - 4.00 - - -
068 1425 - - 400 = - -
G711 1432 - - 4,00 - -
076 1041 - - .00 - - -
oC77  1e4l - e  %.00 = - -
ST 1edd - e 400 = - -
#583  leS) - e 4,00 - - -
W073 1434 - e 4,00 = - -
069 1420 - - 4,00 = - -
o040 o380 - e« 4,00 - - -
<085 097 - - 4,00 - - -
«050 1403 - - 4¢00 - - -
oG40 1419 - - 4.00 - - -
0065 121 - - 4.00 - - -
2067 1410 - - 4,00 = - -
$041 .89 - - 4.00 - - -
046 o598 - e 400 = - -
081 103 - e« 400 = - -
2058 1e13 - e 4,00 = - -
#061 1410 - - 4,00 = - -
#0773 1e10 - - 4,00 o - -

Y
SPACING.

Uyl usu* VYU VIUYCUTOFF CURVE FIT
KHZ A/0 F(HZ) a

101 1489 - -  4.00 ,S52 12, 029
o071 158 - = 4,00 .58 22, 023
2056 1636 - e 4,00 L51 54, 027
o048 1e})6 - - 400 55 37, <020
350 1429 - - 4,00 Lé9 0, <024
089 1.7% - e  4.00 ,55 61, 030
.086 2408 - - 4.00 L41 69, 015
103 2436 - e 4.00 L,32 74, 032
o108 2629 - - 400 L25 76, 010
W07 2419 - - %00 L.30 Tle o094
094 1480 - e 400 L300 72, 019
«08s 1460 - - 400 453 41, 022
+081 1450 - - 4.00 L70 0, «0%0
<084 1459 - e  4.00 L% 88, 022
<093 1485 - - %00 427 7S, 016
J093  1.9% - e %00 L,25 77, 031
092 2403 - e %00 L29 75, 031
2CE1l 1089 - - 4,00 ,38 73, 040
2073 1477 - e 800 %5 71, 043
D86 feb6 - e  %.00 ‘.59 5S4, 038
2055 1483 - - %00 62 0. 025
T049 127 - -  4e00 L60 0. <03
L065 1042 - -  4ep0 L 63 0, <028
064 161 - - %.00 L60 38, 4030
L0068 1465 - - %.00 ,50 45, e04?
W072 148 - e .00 ,51 61, o036
.078 1475 - e  4.00 L4563, 035
+C79 1.70 - e  R.00 L%l 43, 030
082 1469 - -  %.00 45 SS9, D23
077 1453 - ~  4e00 L%49 54, .02}
06% 1e2M - - 4.00 obY Oe «014
LYY 1429 - - 400 o580 0. D24
oG68 1431 - -  4.00 - - -
oC7i 1434 - e 84,00 = - -
072 1431 - e &.c0 =~ - -
078 1e34 - e %00 = o -
o4 1e26 - - %00 = - -
066 1028 - -, %4.00 = - -
CC66 1026 - - 4.00 = - -
Pery:} 1425 - - fe00 - - -
YELOCITYy U @ 17,4 FI/SECe (*w 034 FT/SECe

209



CHANNEL 4

RUN *

Alze2
Aldel
Al29e
41295
AL2%
A3297
A1298
Al1299
Al3co
Aldo)
Al302
A130)
ALdCH
41305
Aldoe
Al3o07
aldoe
Al309
Ald10
Alld11
Al312
Al1313
Aldl4
Al1d15
Aldle
Al317
Aldle
Ald19
Al1320
Al32)
Ald22
Al1323
Ald248
Al1325¢
Al3260
A1327e
Al328e
Ald2%
Al1330
Al33)
A1332
A1333
Al33s
A1335e
Al33s
Al337
Al1338
A1d39
Aldao
Ald41
A1342
Al343
Allay
A1345
Ald46
Ald4y
Aldne
Ald49
Al1350
Al13S)
A1352
A135)3
A1354
A1235S
Al13Ss
Al13S87
Allc58
Al1359
Al360
Alde)
A1d62e
A1363
Alds4
Al345
Ald6e
A1367
LYRIY ]
Alds9
Ald70
Al137)

Taglg del
“ALL AND
KREYADLDS 4
NUSBER L
133525 80N
123225, L] )
1033485 2804
13325, « P04
103625, DCOL
103525, «334
103525, Y- BL
133525, «634
1U35:5. o POY
133325. PEL]
133525 «1J1
133525 elba
103525 + 235
103525, 0352
103525, 069
103525, 2436
103525, «503
133525, «570
103525, 0437
103525, «704
103525 771
103525, «838
103525, «905
103525, 972
1C3525. 1.039
133525« 1106
103525¢ 14173
103525+ 1e240
103525« 14307
103525¢ 1374
163525+  1e44)
103525. 1.508
103525, 1538
103525 le44]
103525, 1¢374
103525¢ 14307
103525+ le240
103525, 1173
103525« 1.106
103325, 1+039
103525, «972
103525 «905
103525, «838
103525, «771
103525, «70%
103525 °637
103525, «570
103525 503
123525, o434
103525, *369
103525, #3032
103525, 0235
103525, o168
103525, o101
10352S. 0034
103525, 0034
133525, +101
1N3525. elb6B
103525, «235
133525, «302
103525, 0309
103525, el3b
103525 ¢503
103525, «S70
153525, «b637
103525, «704
103825 o771
103525, +B838
103525, «905
103523 *972
103525 12239
103525, 1e10s
103525, 1173
103525 1e242
103525, 1327
15352%. 1374
133525 le44}
103525« 14508
173525, 1eS04
1113525, led4})

HYURAULEIC Z1AHETER, b
® QUESTIOWABRLE DATA POINT,

(CUAT. ),

Y

15
«615
035
595
0935
«635
co45
4655
Y3
0625
«3CC
0602
600
e03)
503
«600
600
« 600
+800
«602
«600
«400
«600
0600
«800
«600
2600
«833
+800
«630
«600
+400
«830
575
575
575
«575
575
575
575
575
575
575
«575
575
375
575
«57S
575
575
575
575
575
«575
575
575
4650
«650
+ 850
650
«650
+850
650
+ 650
450
«6350
552
+ 650
«850
4650
«450
0650
0650
0859
«A50
6590
«850
650
«550
o673
v675
0589

v
Flssc
15.n
18.9
14,1
12,8
15.%
14,8
14.2
12,5
15,6
15,7
18,7
2043
2142
2143
210
20.2
19,1
17.8
16,5
15,8
14.7
14,7
15,3
16.4
17.5
18,6
195
2044
21,2
21.8
21.9
2146
20.8
2043
28,5
1943
19,8
19.1
18,1
17.0
15,2
13.2
10,9

9.9
1208
14.9
17.0
18.6
19,9
20.8
21.3
21,1
20.2
18,7
15.7
16,0
18,9
2044
21.3
2145
21,1
20.3
19.2
17,9
1646
1545
14.9
14.9
15.5
16,5
17.7
18,7
19.7
20.6
21 .4
21.9
22,41
21.8
21.7
22,2
InCHE5.

INTERICR CHANNEL Map,

v

«89
Iy
il
24
.8d
85
«31
72
.99
«90
le0®
117
1e22
123
1021
136
1410
1.03
*95
.89
«85
«85
«88
94
1.01
107
1413
1018
122
125
1e2>
1e24
10290
117
1018
1e11
1014
1+10
1.0%
98
.87
76
83
57
«74
* 84
*98
107
1.15
120
122
je22
116
1.08
«90
92
109
1e18
123
1e24
122
117
111
1.0
.96
92
*HS
wbé
.89
.95
1.02
133
$et3
1el?
1923
1e2%
1e27
1e2h
P25
127

YRHULATYION OF EXPERIMLMTAL DATAS

179 14CH QAP SPaCinGe

urut

1645
1249
1609
1503
1844
17,8
l6.8
15,0
18,7
13.8
22.4
2443
2544
25446
25,2
24,2
22,9
214
19.8
1845
17.7
177
184
19,6
21.0
22.3
23.4
2445
25.4
2641
2643
25.9
24.9
294
24,5
23.2
23.7
22,9
2147
2043
18,2
1S.8
13.3
11.8
1543
17.9
20.4
2243
23.9
2540
25.5
25.3
24,2
224
18.8
19.2
2247
24,5
25.6
25,9
25.3
24,3
23.0
21.5
19.9
18.6
17.9
17.8
1846
19.7
21.2
22.4
23.4
2447
2546
263
26,5
26,1
2640
2644
AVERASE

= NO DAYA PQJNT.

wrU e
79 Leuéd
eubd 132
oUB5 len)d
« 03} 1025
sUla leu0
B2  Jevé
0d77 1429
W78 leld
0277 Jeu3
WL?7  1ed2
«J7C  leb2?
«257 138
«O46 1417
o438 1e22
«C63  1es0
«C8O 194
0095 2417
«096 2410
107 2412
«098 1482
<0856 152
<089 leu?
«092 1.72
097 1.90
«095 1499
«G89 1499
o083  1e9%
«377. 1487
o064 14562
<055 1432
e062 1083
0056 146
0065 1ol
«088 2415
oC76 le8b
«124  2.87
«075 179
«090 2.06
«093 2405
o101 2405
«104 139
«0G98 1455
«094 123
esll 1431
0099  1leS1
«107 192
o1Go 2417
«089 199
«079 le88
eD63  1eS7
«051 l1e29
«04% 1412
055 1e34%
o069  jeS5
o103 1.+93
«093 1.79
«087 1e52
+056 1433
o046 1417
«047 121
«067 1649
83 2.1%
¢392 2.1}
o101 2018
«105 2410
«099 le3%
«084 1650
«085  1e52
087 1.62
<093 1.93
+03> 1e81
«087 1e99
W82 fe9n
«072 1.28
eLd2 139
2053 1.39
+050 1432
«052 1.37
e"52 1435
N/ 1e24
VELDCITY,

Ve 17,4 FT/SE

VU iUt CUTOFF

Knl
400
4+00
400
9.00
4.00
%.00
%.00
4.00
9.00
%.00
4.00
4.00
%.00
.00
4.00
4.00
400
.00
4,00
4.00
400
.00
4.00
4.00
%.00
4.00
%00
%.00
4,00
4.00
%400
400
4400
4000
%00
%00
%00
%400
%400
4.00
4400
400
%00
%.00
%400
%00
400
%400
%.00
%400
%000
%400
2,00
%00
4+00
%.00
4+00
4.00
%.00
%.00
%.00
%+00
9.00
%.00
4,00
400
%.00
4,00
.00
4.00
9.00
9.00

%.00

4,00
4400
.00
%00
4.00
%400
%4a00
Co

Aso

lllllIlllllll.lllll_'lllllllllllll!ll!l.l'llllll.ll.!,'l..lllllltillllllllwlllll.l

yte

LR

BNWL-1736

CURVE FITY
FINL) ©

-

-

0. <037

0 00 0 8 00 00 88 WP oS e

IR N N N N R R N N N N N N NN R,
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BNWL-1736

211

TABLE Bl (CONTo)o TABULATION OF EXPERIHENTAL DATAs

CHANNEL Ay WALL AND JHTERJOR CHANMEL NAP, 1/8 IuCH GaP SPACING.

RU  HEYNOLDS T Y v UV Dsur uvd Ut v VUt Qutofr CURVE FIT
HUMBER 1IN, IHo FT/SEC Knl A/D FiHZ) o
Ald72 103525+ 14374 o875 2149 1026 2642 L0501 134 - - 4.00 - - -
AL3722 103525 1.307 o875 21,4 Je23 2%.6 ,C59 152 - - 4sD0 - - -
AID74  103525. 14290  L675 2046 1e)? 24,7 L,C49 170 - - %00 e - -
A1375 103525+ 117} o675 19,7 113 23,6 LUBD |e89 - e 400 o - -
Al1376 103525+ 1.106 675 18,5 1407 23,2 L0E2 182 - - 4,00 - -
AL377 183525+ J.C39 «875 17,2 e9% 20,6 087 (e82 - - 400 - - -
A1378  103525. 972 0675 15,4 089 18.5 L34 }e8} - e %00 = - -
A1379 103525, 905 2675 13,4 o77 1641 L2392 147 - -  %4.00 = - -
A1380 103525 0838 L8675 10,9  +6) 13,03 LG99 1430 - - 400 - - -
Allay 103525 271 2675 8,2 W47 9,8 L117 1.15 - - %00 - - -
A1382 103525, o708 675 11,9 e63 142 L1001 Je4d - - 4,00 - -
A1383  103525. +8637 0675  1Y4.%  «B3 17,3 L1C3 §e79 - e  4e00 - -
A138% 103525 870 L4675 1646 +96 19.9 ,102 2002 - - %00 = - -
A1385 103525, 0503 L8675 18,3 .08 22.0 L0 Le97 - e %00 - - -
A1386 103525, *836 875 19,7 1.0 23,6 ,L08s 2.03 - - %00 - -
AI387  10352Se 0369 675 2048 1420 25.0 L067 1e6b - e 400 = - -
Al3as 1035250 €302 o675 21e% 1423 25,7 043 [e22 - -  4e00 - - -
A1389 103525, 0235 o875 2144 1423 256 LC43 1e10 - e 4,00 = - -
Al3%0 103525, o160 o875 2047 1417, 2448 L,047 1022 - - 4.00 - - -
Ald9} 103525, «10t e875 1%7.3 11l 23,2 L073 1e68 - - 400 - - -
A1392  103525¢ <034 875 16,9 o977 2042 ,094 1690 - e 400 e - -
CHANNEL As WALL AND INTERIOR CENTERLINE TRAVERSESs 1/8 INCH GAP SPACING.
RUN  RETNOLDS . 2 v g /v Osur uYU o ubur vYU viutCuToFF CURVE FIT
NUMBER 1N, INe  FT/SEC KHI A/D  F(HI) [

A1393 212132 069 0622 18¢2 §405 2345 L101 2637
AL394 215039 0136 o622 2049 §420 27.1 083 1e71
A1395 215039, .202 o622 2241 1028 2847 L0497 1e42
A1396  212132. 0269 e622 2204 1430 2942 L0501 1e48
A1397  212132. 336 o625 22,3 128 28,8 ,L07Z 2.08
Al398 212132, ¢ 8402 0625 2143 1023 27.5 L1083 296
A139% 212132, e46% 4625 19.% 115 25.7 133 3.34
Al400 2121320 536 e625 18,3 .36 23,7 L1557 3477
Al401 212132, 0632  L625 16,9 97 21.8 ,152 3.3
A1402 212132 669 0625 1546 90 2042 L1501 3.06
A1403 212132, 0735  ,625 1449 086 1942 129 2049
AlLNCY 212132 0802 o625 14,5 e84 13,7 ,108 2.02
A140S  Z12132. «B6F - ,625 14,5 o83 18,7 104 1.%%
Al406 212132 2935 L4625 14,8 85 19,2 ,L106 2+0%
Al4GY 212332+ 14002 0625 15,5 «8%  20.1 L4121 243
ALH408  212132¢ 14069  ,625 [beb o966 21,5 L1155 2446
Al1409 212132« 14135 «525 17,7 1402 2248 L1116 2464
Aldlo 2125132« 1e202 2625 18,7 108 29,2 L100 243
Al411 2121320 10268 ,625 19,7 1013 25,% ,092 2433
AlM12 212132+ 1335 0625 20,6 1519 26.6 ,083 2.1
Al%13 212132+ 14432 625 21,2 1022 27.% ,071 1.95
A1414 212132 1468 e625 2143 123 27,6 L0865 1478
A1%15 212132 14535 0625 2140 1021 2742 L0467 1487
AL916  212132¢ 144602 4625 2063 1e17 26.2 ,08) 2419
A1917 2121320 10668 0623 1945 1e12 2542 L0901 230
Al418 212132¢ 14735 625 13,7 1408 2 .2 L094 2427
Al419 212132+ 1.801 «625 17,8 1403 2340 L10Z 2.34
Al420  212132¢ 14868 e62% 1649 °97 2148 L104 2626
Al&21 212132. 14935 <625 16,1 «93 20.8 ,103 2.1%
A1922 212132+ 2403} 0625 15,5 89 2040 ,C9Z 1.8%
A1%23 212132+ 24068 2625 1542 87 19,6 ,092 180

4¢00 ,56 Sle 016
4000 61 4%, 020
4.00 o463 0, 025
4000 L% 0., 027
4¢00 J7% 3le <03
4.00 ,54 40, Q38
4000 L41 65, 020
4000 L32 68, 4019
4.00 ,22 71, «01S
4.00 ,23 70, 012
4.0D0 L34 62, 027
4,00 ,59 16, o024
4000 b1 0s 037
4¢00 ,%2 §7, 01}
4.00 .26 7i. +01$
4.00 ,27 71. o022
4¢00 29 71, +033
4400 .35 _ 73, 048
4200 L%3 70, <040
4.00 49 67, 0S50
9¢0% .52 36, «031
400 L49 0. 03§
4e00 LSS 35, «0%0
4:00 L5080 6%, 048
4000 ,L47 66e +04%%
400 L44 65, +0%%
4000 L39 65, 0%
.00 ,37 63, 032
4,00 L40 60, +023
4e00 L50 47¢ 012
4.00 ,52 C. 022

A1824 212132. 24068 615 14,7 «85 19,0 096 1483 4.00 = - -
AL%25  212132e 2.0C48 405 14,2 082 18,3 L1023 184 400 - -
Al426  212132s 2.C48 595 1303 7Y 1742 L3046 1682 400 = - -
AL%27 212132+ 24GS8 587 1242 470 1547 G111 1e75 .00 = - -
A1428 212132+ 24006 2635 15.4 89 19.9 ,083 1e65 4.00 - - -
ALY929 212132+ 24068 - L8545 1543 288 19,8 LCER leb? 400 = - -
Al430 212132¢ 24068 +855 15,1 W87 19,6 ,C82 181 %.00 - - -
ISLET! 212132+ 2.068 «b63 14,8 «84% 18,8 ,095 [e80 .00 - - -
Al432  212132. «835 635 13,9 280 18.C  ,103 1e8? 4.00 - - -
A1933 2121320 «835 »645 1340 ¢75 16e% ,113 1.90 4000 - - -
AL43% 212132 «835 655 1145 b6 1447 L1097 1eb2 4.c0 - - -
Al%35 212132, «835 o663 8.6 e5  1le2 1Y% lebl “eQ0 ¢ - -
Al9ds 212132 *835 o515 14,1 81 1842 L1111 2.02 400 - - -
AL437  212132¢ 4835 L4605 13,5 T8 1745 111 1evs 4.00 o - -
A1938 212132, 2835 ,595 12,5 o7l 1662 113 1.77 400 = - -
Al439  212132. «835 587 10,8 062 1442 L131 1.04 400 - - -

F .

HTDORAULIC OL1AMETER: D @ o589 INCHESe AVERAGE VELOCITYy U ® 17,4 FT/SECy u'e ,773 FT/SEC

® QUESTIONABLE OATA POINT, - NO DATA POINT,



BNWL-1736

212

TABLE 8=1 (CONT,), TABULATION OF EXPERIMENTAL DATAs

CHANKEL Aj» CONNER AND WALL CENTEMULINE THAYERSLES, 3716 INCH GAP SPACINGe

RUN  REYNOLDS b Y v sV Usu* UY0 ubur YU vrurCuTofF CurRvt F17
NUNBER IN, s FT75€C Kul A/D0 FiMI) ¢
Al%80  212132. 833 1,936 18,3 1.08 24,3 ,C58 1.%0 - e %00 e - -
Aleag 212132, €833 1,921 18,2 1+35 23.6 L06% 162 - -  4e00 = - -
A1A%Z 212132, #8333 1,938 17,4 1.33 22.5 L,31Y 1.738 - - 9,00 - - -
FYLLE] 212132, 0833 1,951 18,3 99 21,3 L0955 2.01 - = %.00 = - -
FSELL! 212132, 0833 1,965 14,7 e85 19,1 L1088 2.08 - - %+00 - - -
Arnes 212132, €33) 1,931 12,2 70 15.8 G121 1«92 - ~ %00 = - -
Al9%6 212132, 833 1,871 19,1 1410 24.7 L0582 1.28 - e  %.00 = - -
Al4a7 212132, ©833 1,876 19,2 .1l 24,8 ,0%8 }.38 - - 4.00 - - -
Alaas 212132, ©833 1,851 19.0 199 24.5 L0488 1417 - e 9.00 = - -
Al4%e 212132, e833 1,846 1843 1495 23,7 ,052 .24 - - %00 - - -
AL %50 252132, 0833 1,331 17.1 99 22.1 .058 1.20 - - 400 - - -
a145} 212132 2.085 1,921 17,3 1,90 22.% ,067 .51 - -  %.00 - - -
AL452 2121320 24065 1,936 16,7 W98 21.5 L0755 1.62 - - %200 - - -
A1453 212132¢ 24065 1,951 15,6 90 23,2 LU?L  Jed4 - - 4.00 - - -
A145% 212132, 2.065 1.%80 14,) 81 18.3 L1100 1083 - - %00 . = - -
A1455 212132, 20365 1,981 1.4 +67 15,0 L1097 1.43 - e %.00 - - -
A1456 212132+ 24085 1,871 16ed 104 23,3 L0535 1.29 - = 400 = - -
AL4S57 212132+ 24065 1,876 18,0 1eD4 23,2 ,L050 lelé - - %0 - - -
[3%11] 2121320 20065 1,881 17,6 1431 22.7 L0536 1e27 - - 4.00 - - -
A1459 2121320 24065 i,846 16,2 097 2147 G059 1e29 - - 4,00 - -
Al4s0 212132. 2+065 1,831 15.2 53 19,7 L0462 le22 - . 4.0 - -
Al4e61 212132¢ 24065 1,906 17.8 103 23.1 L0862 1438 - - 400 ,L97 4%, 0%
AL462 212132+ 10979 1,906 13,0 104 23¢3 ,063 158 - - 400 ,53 52, 056
AL463  212132¢ 10932 1,796 18,5 1.06 23,9 ,072 3§73 - e 4400 .53 57, +05Y
AL%6% 212132 14865 1,906 19,1 1eI0 23,7 074 183 - e  4.00 455 56, 050
AL465 212132 1799 1,905 19.8 1el% 25,7 ,065 1.68 - -  %.00 ,L,55 58, 051
Al466 212132, 1732 1,906 20,5 118 26,5 L,070 1.89 - =  4.00 ,56 5%, 059
Al4e7 212132+ 16865 1,%06 2141 1022 27.3 L06% 1.7% - ~  4.00 .59 55, +0%)
Al46e 212132 10599 1,906 21,5 124 27,8 U3 174 - - 400 .61 5% +0S0
AL469 2121320 16532 1,926 2147 125 28,0 060 1e69 - -~  4.00 L54 53, 0%
ALY70 212132+ 1e466 1,908 21¢6 125 23,0 .D82 e73 - - %.00 51 55, +0%2
Al471 2121326 14399 1,906 21eb 1e2% 27,9 L0863 1e76 - -  4.00 ,5% a9, .03¢
AL472 2121320 16332 1,906 2146 1e2% 27,9 L0862 1.7% - - %00 L49 61, «0%0
A1473 212132, 16266 1,906 2146 1e24% 27.9 ,055 155 - =  4e[0 L4 48, o098
Al4TY 212132« 16199 1,906 21.3 1022 27.5 ,L058 1459 - - 4¢00 ,L57 48, 0%
A147S 212132s 16333 1,906 2047 1el? 26.8 L0662 1.67 - e 4+00 .58 $3, 05%
Al476 212132+ 1066 1,906 20,1 1eld 26,0 L5965 1+70 - - 4.00 L6} Sl. +0%7
ALY27 212132, e 999 1,926 19,5 1.12 25,2 L0867 1.70 - - .60 ,57 St, 051
Al1478 212132, ¢§33  1.936 19,1 1elU 2447 L0683 1455 - - 4:00 L40 30, <030
AL479 212132, 866 1,706 18,8 1,09 24.4 L0600 147 - - 400 .58 D, +03%
A1460 212132 0299 14906 18,7 1s08 24,2 o061 1.47 - - 4000 5% 0, 03¢
Ale8] 212132, 733 1,906 18,9 1409 2444 ,C62 ie51 - e 4¢00 ,52 0. <038
A1482 212132, 2666 1,906 19.4 11l 25,0 L0680 151 - e  4.00 ,L58 0. +03?
A1483 212132, 400 1,906 20,0 1.15 25.9 L0681 158 - - %00 ,63 0., +05)3
Al40Y 212132, +533 1,906 20.% 1020 26.9 ,060 1eé2 - - 400 o72 0. +0%8
A1435 212132, 466 1,906 21.b  1e2% 27.9 L052 1e44 - ~  4e00 64 0., +0S53
Al466 212132, e400 1,986 2241 127 28.5 L050 1.43 - - 4.00 ,L57 0, +0S5¢
A3qe7 212132, 0333 1,926 224 1+27 29,0 LCS51  1e47 - -  4.00 L51 0, +03%
A1488 212132, e266 1,906 22.5 132 29,1 L052 151 - -  4.00 L4¢ 0, +0%1
Al4sY 212132, #2000 1,908 22,5 130 29,1 L054 157 - - 4.00 ,L55 0, +051
AlS9Q 2121320 *133 1,906 22,2 1.28 28,8 ,055 1.5Y - =  4.00 L47 0. .031

Ale9] 212132, ¢067 1,908 2043 117 26,3 ,L076 2.00

4200 438 0, +038

CHANNEL As INTERIOR CHANNEL TRAYERSEs :/B 1HCH GAP SPACING

RUN  REYNOLOS 2 Y 1] Gsu Dour wyd wyuw  wy0 vYURCUTOFF cymvg FIT
NUMBER IN, the FT/SEC KHZ A/D FINZ) g
AL492  103525¢ o054 825 1644 94 19.6 L0977 1e90 400 465 ?, 4020

4¢00 .81 35, 018
4.00 .03 57. 007
4200 <54 5%, 007
4e00  L87 s0, 022
40D  LHb 43, 026
4e00 %8 40, o024
400 .55 $3, D14
400 .75 1. <009

Al497 103525, »3%0 0625 2.7 1432 2T.%  L0%0 leli
Al4vs 103525, *457 0629  22,% 129 2648 ,053 1le%l
Al4oe 103525 «523 $825 2145 1e2% 25.8 L0703 180
A1500 103525, *571 s825 20.7 1e17 2446  ,T72 178
Al1501 103525 +658 025 17,7 1e13 23,6 D77 1eB2
Al1502 10352>. eT24 | L8525 1642 10k 22,5 LU77 174
AlSQ3 133525 789 0625 1841 1+3% 2147 L0700 1e52
Al150% 103525 «85Y 2425 17.6 1402 2141 eLal 128

A149) 103525, 122 «625 19,0 1+i0 22.8 ,072 1.68 - = 400 .82 0, 020
Al4ve 103525 188 ¢625 2049 1921 25.1 ,056 1+41 - - 4.00 .87 0, 022
A1495 103525 «255 2825 2202 1028 2646 D44 1e}b - -  4.00 ,82 0, +02%
Al4%6 103525, 322 2825 R2.% 132 27,% L0835 .95 - -  %.00 o8& 0., +030

A150% 103525 .925 625 17,7 1607 2143 W05 He2d - - 4430  J69 20, +021

A1506 103525 0992 0625 18,2 1605 2145 4067 1eds - - 4000 81 58, 011

Al1507 103525 10060 «925 1%, 1eDY  I249  LC71 1es2 - - 4eCO 44 b4e o004
Al1508 103525 10126 oh25  1%¢7 1els 2348 LU71 lee® - - 4eTO  L4S eb, o006
ALSGY 103525 10193 625 2048 1520 24,% ,Co6  les? - - HeQU L4 46, <015
AlS10 103525« 14259 e625 21a3 1024 15,8  L,06) lead - - 4eT0 L5 sl, o012,
AlS11 103525s 12327 2625 2243 1e23 267 G037 1eSd - - NeOU W81 5%, 029
AlD12 1035250 1e3Y% o825 I3.0 1033 27,6 LUNT 1931 - - 4.0 L70 a4, .D32
AlS1) 103525+ 1evb2 W623  23ev 1eds Qe 43 1617 - - %eL W69 Co o026
AlSle 103525 16527 625 3% 1ed>  2rs) ,TH2 3ed? - - 4eC8 W74 C.. «03%
HYDRAYLIC VIANETLY) O » o5F9 lilnlise AVERAGE YELUCIYYy U » 17,% FT/SECe U*® B34 FT/SECe

o QUESTIUNAILE DATA POINT, = w0 DATA PalNT,



TABLE

8=1 ICONTe}o

CHANNEL Ay INTERIOX CHANNEL TRAVERSE, 1/3 INCH GAP SPACING.

RUN

A}S51%
Al516
Al1517
Al518
A3S519
A1520
A1521
A)S22
A152)3
Al524
A1525
A1524
A1527
Al528
ALS529
Al1530
A1531)
A15832
Al1533
A153%
Al1535
A1536
A1S37
Al1538
A1539
AlS54p

CHANNEL
RUN

Al5%)
Al1542
A154)
AlS4e
A1545
AlSH4s
A1547
AlSue
A1549
Al1550
A1551
Al1552
A155)
A1554
Al1555
A1556
A1557

CHANNEL

RUN
Al558
A155%
Al15460
A1561)
A1562
Al563
AlSey
Al1565
A1586
Al5e?
A1568
Al56e9
Al1S70
A1571)
AlS72
A157)
Al1S7%

REYNOLOS
NUMBER
103525,
103525,
103525,
103525,
103525,
103525,
103525,
103525,
103525,
163525,
103525
10352%.
163525
103525,
103525,
163525,
103523,
103525,
103525,
103525,
103525,
103525,
103525,
103525,
103525
103525

A» RALL

REYNOLDS
NUMBER
220871,
220871,
220871,
220871
220871,
220871«
220871
220871,
220871,
220871,
220871,
220871,
229871,
220871
220671,
2208671,
220871,

1

IN,
1595
tebb2
1e729
1e7%8
14863
1e931
14977
24064
24133
2,200
24119
1984
o848
1e714
1+583
1e448
1ed)4
le180
1eG48
«?15
«777
646
«508
«373
«24]
107

CHANNEL

1
INe
«065
o198
«334
443
«597
«730¢
870
1004,
1137
10269
14398
1534
lebbdl
1.801
1932
2+087
24200

v

I
625
5625
oh25
425
.b25
ob25
425
o425
8625
625
1.906
1,906
1,906
1.906
1.906
1.700
1,906
1.9Cé
1.%06
14908
1.%06
1.906
14906
1.906
1.906
1.%06

o G
F1/SEC
23,1 133
22,5 1,30
2168 o206
21,0 3.2
20,1 jelb
192 111
16,) [+05
17,7 102
17,3 1400
17,4 1002
173 1e0d
18.0 1.0
1Y.3 1610
19,9 1e14
25,3 1.15
19,9 1e1%
19,2 1415
192 1.10
17.9 103
17.1 99
17,4 1e00
18,5 .07
19,9 1.12
19,7 1.14
19,9 1415
17,% 1.00

TRAVERSE: 3716 INCH QAP

Y

INe
1.906
1.906
1.706
1.906
1.906
1.708
1,906
1.906
1,706
1.904
1.906
1.%906
1.%06
1,906
1.906
1.906
1.906

v Gsv
FT/SeC
1641 93
19.4 1612
19,3 1.11
193 1.11
1845 1437
175 1.0l
16,8  +97
1743 1e90
18,5 1407
19,4 1e12
197 113
17,8 je14
197 1a14
19,2 el
18.2 1405
17.3 100
1742 +99

Ay INTERIOR CHANNEL TRAVERSE, 1/8

REYNOLOS
NUMBER
220871
220871,
220871,
220871
220871,
220871
220871,
220871,
220871,
220871,
220871,
220871,
220371,
220671
220671,
220871,
220871,

z
IN,
20192
2058
1928
1799
10645
1530
1+405
19264
1e129
997
0868
«732
«599
» 459
+330
2202
Qo9

MYDRAULIC OLAMETER, 0 »
¢ QUESTIONABLE OATA POINT,

Y

INe
0625
425
o625
¢625
«625
«62S
°b25
o425
«8625
«825
«b25
625
0625
o625
o625
«525
923
«58¢9

I Gsu
FT/SEC
1604 31
16,3 94
18,4 142>
2002 1047
21,8 128
22,7 1431
22,4 1.29
21.0 1.21
19,2 g1t
16,7 98
14,8 .85
18.2 Al
19,3 1.1l
21,6  1e29
22,5 13
21,3 1423
17.3 132

INCHES.

G/U* UYG JYut wyT vyutCuTOfF CURvVE FIT
kwl A/D FIHI) g
27,7 L0849 §.35 - - 430 L7 0, 026
27,0 ,L55 Jewb - e 4eSU L6946, 4040
2641 oJL61  Le59 - « 40 ,64 55, 027
25,2 L0868 1471 - - 4¢C0  ,57 58, <025
24,1 L7273 177 - = 4.0 ,54 58, 012
23,0 <079 1e82 - - 4¢G0 W48 Sé, +QGCS
21,9 .C82 1.80 - = 4,00 .50 53, 009
2162 D73 154 - - 9.C0 L6 46, +0GS
20,8 L,061 127 - - 4,00 L80 28, 0I5
20,8 L,061 1426 - -  %.00 ,80 0, 031
20,8  L035 73 - e  4eCO L60 0, <020
21,5 JC47 102 - e 4400 L7} 41, «03%
22,9 L050 115 - - 400 .74 42, 032
23,8 ,CSO 1419 - =  4.00 L70 35, 032
24,0 LC54  1e31 - - 400 ,74 0, 018
23,9 ,C57 1437 - = Nep0 L7 O D21
23,8 LU54 1.28 - - 4.0 L7 1. 023
23,0 L04% 1613 - = 4e00 7% 33, 033
21,5 L,046 98 - - 4400 L62 48, 027
20,5 L,033 .67 - - 4400 0, <022
20,9 L0337 77 - -  4.00 30, 038
22,2 L042 31 s - Se00 42, <035
23,3 L0841 .98 - e 4.00 b9 0, 033
23,7 ,046 1.0°9 - e 4400 77 0, 025
23,9 ,042 1401 - =  4.00 L60 0y 033
20,9 L0555 1e15 - e MeGO 496 0, 020
SPACINGe
Usut U70 uYu* vIU iUt CuToFF CuRve Fit
KWL  A/D  FIHD) o
21,0 ,087 .82 - = 400 3% 0. +020
25,3 L0486 le17 - e MeCO b4 0. 027
25,1 ,049 1.2) - -  4e20 ,67 0, 036
.25¢0 L042 104 - - 4400  L67° O, 03}
24,1 ,L,043 1e0%4 - - Gec0 L,7% 37, +033
22,7 ,C43 <96 - -  4.00 L47 40, 032
21,8 ,035 76 - = 400 5% 0, 028
22,5 0% 1403 - - 400 L66 42, 032
24,0 L0501 1423 - - 400 76 35, 028
25.2 ,052 1430 - e  4e00 L7 0. 030
25,6 ,055 1] - - 4e00 L72 0, 026
25,7 L0855 le4l - - 400 L72 0, 028
25,6 ,L,052 1.33 - - 400 L7} 0. 027
24.9 L,050 125 - = 4060 L84 3%, 035
23,6 ,051 1420 - - %¢G0  L7) U, 032
22,5 o041 .93 - = 400 77 19, 017
22,4 L0841 92 = = 4,00 ,48 0, +01%
INCH GAP SPACING
Uru* w0 uYu* w0 v vt cutorr CuRve FIT
KHZ A/D F(MZ) o
2143 o083 1434 - =  4ep0 71 0. - +010
21.2 .070 1e47 - = 4eG0 J6% &1, o016
23,8 L075 179 - = 400 L59 %8, 010
2603 L6730 1.8) - e  44GO0 - ¢63 5S4 028
23.3 055 155 - - 400 o466 86, 023
29,4 L3441 1.21 - -  4.00 ,68 0, +02%
29.C L0847 1437 - -  4.00 .72 27, 012
27,3 L0603 163 - =  4%.00 ,57 59, .022
24,9 4GTO 173 - =  4.00 52 59, o019
2147 .C73 1e58 - e  4e0C 4,52 52, 021
17,2 L0263 1.20 - - %e00 L 68 0., o011
2141 LG74 1455 - - %00 .49 %2, 019
25,0 ,L,C75 leds - e 430 L,59 S3, 020
28,0 ,Z55 1455 - - M.C0 L6253, 0N
29.2 L0353 1.03 - = MDD ,59 0, 028
27,7  ,C43  1e32 - -  4e30 .69 0s 023
22,5 ,091 2494 - e  4eg0  L60 0, 022
AYERAGE VELICITYs U = 17,% FI/SECs U's 4773 FT/SECe

= NQ CATA 2QlnT,

TASULATION Of EAPEAIHENTAL UDATAe

BNWL-1736

213



TABLE 3~1 (CONT.),

CHANNEL 89 INTERION CHANNEL TRAVERSE) 174

RUM REYIOLOS

NJFBER
103010
10C31C.
10301¢C.
103010
10004G.
100010,
100210
100014,
13CIC.
10 10931GC»
11 100010,
100013
13 166010,
19 103010,
15 1C0C1G.
1s 190315,
17 10001C.
18 100C10.
19 10301G.
20 100010.
21 10301GCe
22 100C10.
23 10901G.

CENE VAN

[ XX EEEREEEXFEFEXEE N RN )
~

4

INe
Y21
w43g
«b30
«430
«026
093
el1ép
0227
°29%
034}
o428
o495
«562
o430
97
o74y
«83]
*898
0945
1C32
1099
1147
10238

A4

INe
0825
o825
«825
o825
625
o825
0825
0825
0625
o825
o825
625
«625
625
'625
825
625
v825
0625
«525
0625
0625
0625

CHANNEL By CENTER GAP TRAVERSE,

RUN  REYNOLOS
NUMBER
2% 101329
25 10132%.
26 131329,
27 10132%.
28 131329,
29 101329,
3o 131329,
31 10132%.
32 131329,
33 101329,
34 101329,
3s 131329,
3 101229,
37 101329,
a8 101329,
10132%.
40 101329,
LT 101329,
92 1G1329%.
43 101329
4%% 100010
4Se 100010,
%  100010.
47 100010
48 100010.
49  10001G.
50 100010,
51 10001Ge
52 10001C.
53 100010,
5%  100U)D.
55 10C010.

LA X N NN KN RN NN LN N NXKENNNNNNRENXNJX.N N3N NJ
L
°

HYDRAULLIC DIAMETER,

4
IN,
ob4Q
*6%0
«b%0
X3 1]
+5%0
«b40
o640
ob4p
518
532
e545

. «558

585
612
0639
Y 1YY
693
o719
«733
«7%6
«740
+760
o786
«733
«720
«693
sbbs
08639
°612
585
»558
* 548

D=

A4

INe
+020
+000
«000
<000
+000
+000
000
000
+000
+000
000
«000
«000

" 000

«300
+000
+000
000
»000
<000
«000
+000
+000
+000
+000
»000
.000
+000
+000
000
«000
+000
«759

® QUESTIONABLE OATA POINT.

v Grv
Fr/78€C
22.9 1ed8
22,8 1e37
22,8 1437
22.3 1.+37
t4.2 B85
17.3 (.07
19.% Jels
2C.1 121
2047 1425
21,3 1.23
2148 131
22,2 o)
2246 1038
22.8 1437
22.6 1436
22,3 1434
2147 1.3}
2142 125
227 1425
20,2 a2}
17.6 1016
18,2 1.929
14,4 «88

TABULATION OF EXPERIMENTAL ODATAe

INCH GAP SPACINGe

Urur

29.5
298
27.%
29.4
18.)
22,9
24,9
25.9
2647
27.%
2841
26,7
29,1
29.%
29.2
28,7
2860
27.%
26e7
2600
2542
23,5
18,9

270

0334
03
33}
su2?
o117
o063
045
WOu4
+04)
2042
2339
»335
oGl
G629
«033
03?7
.C43
043
«CH6
«048
2046
«060
»125

174 INCH GAP_SPACINGs

U sy
FT/SEC
18,8 1413
18,8 1013
18,8 1.13
18,8 1.13
18,8 1.13
18,8 1.13
18,8 1.13
18,8 1613
1641 .97
16,5 1.00
17,2 103
17,6 1e58
18,3 .19
18,7 113
18,8 113
18,6 1e12
16,0 1.08
17.2 1e04
16,7 1.00
16,2 97
15.8 95
15,8 .95
16,2 97
16,6 190
17,1 1.03
18,0 1.0%
18,6 1412
16,8 1.13
18,8 1413
18,4 1.11
17,7 1.07
17,3 104
NCHES e

NO DATA P

wsvr

28,2
24,2
24.2
2442
24,2
24,2
24,2
24.2
2G.8
21,5
22,2
22,8
23,7
24,2
24,3
24,0
23,2
22,2
21,6
20.9
20.4
2049
20,8
2144
22,1
23,3
24,0
24,3
24,2
23,7
22,9
2243

wo

042
o041
038
<034
+082
+040
L6039
036
G768
068
WQel
+055
o L5
$037
+037
2GH1
ou52
o042
+073
.79
.089
108
2097
083
+072
+DS6
085
«041
S}
2048
+059
069

Ut

1e01

99

«?0

85
2+15
Loy
1e1d
let5
114
tel®
1028
101

«91

«86

.95
1.07
119
1629
1023
1425
letls
1e8)
2036

urut YU

1.01
.99
2]
.87

1.01
«98
95
88

1¢58

1047

135

1.25

107
-89
«90
.99

1021

1037

1458

1eb5S

1.81

2.20

2.02

le78

1456

1.29

1e08

1.00

1.04

1415

1435

154

v

V7 CuTofF

Kpl
16ep0
500
2.00
100
1.00
1.00
1+00
lecO
100
100
100
1.c0
teq0
100
1.00
100
1,00
1.00
1.00
100
100
1+00
100

-]

)
O B I B A B

.19
o ta
%0

38

VIV CuTofr

KHi
10+00
500
2400
1.00
7060
%2.00
3.00
1.00
100
100
1.00
1+00
100
100
1.00
1.00
1¢00
100
1.00
1.00
1.00
4000
6400
6400
6400
Xy 1]
6400
6.00
6¢00
4.00
600
6400

MVERAGE VELOCITY) U = 16,6 FT/SEC

OlaTe

Jlllllll..ls

-

.
-8
-

-
ot
V2
e}
-
°29
32
-
37
37
38

52

1

Culye
Fink)

P00 IO0IO0OINIOIOIOIONIO T 8 G
.

CURve
FiHZ)

[ - - A - - -
. ) . " .

BNWL-1736

fir
-]

«0Ls
«022
.09
«021
-0;1
.a21
«012
w028

-
-
-

«0lé

+019
“o31
«021
voz
‘013

«03?
-
«029
«022
«02%
«00¢
-

0238

U*= .77 FT/SECe

214



CHANNEL D

RUN

PP P EPT POV ODIIITDEIOICPRPVEITIERCOIIDDIB@BE DG
~
®

B1g1
8302
8103
8104
a10s
b106
Blo?
B1o8

CHANNEL
RUN

B109
‘8110
Blll
B112
D11l
B11%
8115
- 8116
8117
Bl118
8119
8120
e121

HYDRARJULIC DIAMETER,

TABLE 8«) (CONT.),

REYNOLDS
NUMBER
1000310,
100010
100010
100010
100010,
10002ue
100010
130010
100C10.
13GCi0.
100310.
10C310.
10Ga10.
100310
10091C.
100310
10031C.
133310
109310
10C030.
100010
100G1G.
102656,
102856,
102656
1026560
102656,
102656
102656,
102656,
102656+
102656
102656,
102656
102656
102656
1026560
102656, -
102856,
102656,
102656
102656,
102656,
102656,
102656,
102656,
102656
102656+
1652656,
102656
102656
102656,
102656,

By SI1DE

REYNOLOS
NUHSER
1326560
1026560
102456,
102656«
132656,
102656
102656,
1028560
102656
102656,
102650,
132654
102658

Z

IN,
2502
o889
026
093
»160
0227
294
0351
«428
2495
562

«562
2495
°4q28
2361
294
0227
o160
093
«026
0629
*5629
0562
°495
°%28
2361

0294
0227
e160
«093
w026
2026
«093
016G
«227
294
°3b})

*828
495
0562
0629
0629
0562
495
e428
*361

*294
.227
o140
0?3
2026

INTERIOR CHANNEL HaP,

T

INe
.007
+007
510
.510
.510
+510
+510
510
.510
.510
#5120
510
.565
.585
+565
.565
.565
.565
.565
+565
2565
+565
.565
.625
. 625
.625
.625
.625
.625
.625
.625
.625
o825
4 6B5
.685
.685
.685
»685
.685
.685
+685
.685
635
$740
. 740
«740
.740
.740
.740
+740
0740
+740
o780

6AP TRAVERSE,

T T
IN INe
506 1,330
519 1,330
+533 1,322
#5600 1.330
«587 1,330
«607 1,330
«627 1,330
654 1,330
683 1,330
«707 1,330
«721 1,33y
«73% 1,330
«748 14,330
D » o759

5 GUESTIONVABLE DATA POLANT.

TABULATION OF EXPERINENTAL 0ATAs

v usv
F¥/ss5eC
16,8 1001
1643 98
11e6 +70
13,4 o8l
15,6 94
1745 1e35
183,06 1613
19,8 1419
20.46 1029
21,53 .29
22,1 133
22.% 1635
22.7 1437
22.4% 1035
21.9 132
21.% 1.28
2067 123
20.2 1e2t
19.% 117
18,5 111
17.2 1.0%
1%.7 90
2204 1935
2244 1935
22.% 135
22.1 133
21,6 130
21.1 1.27
20.6 1.24
201 1.21
19,4 1617
18,3 1410
15.0 90
15,4 93
17,6 106
18,5 1.11
193 1016
20.1 1.21
207 )e25
21,3 .28
21,8 1.31
22.2 1e3%
22,3 124
21,9 .32
21,8 1431
2143 1428
20,6 Je24
19,9 1.20
19.0 1014
17,8 137
1643 .98
14,7 8B
13,3 .82

1/% INCH GAP

U sy
FT/ssEC
14,7 .83
15.2 91
15,9 98
17.9 1e03
17,8 - 1.57
18,1 1e3Y
18,4 110
16,2 1e.2¥
17.7 1s0?
14,9 1.02
16,3 ov3
15.6 A
15.3 093

1NCHES

179 INZA GAP SPACINGe

uset u7g uy
21,7 ,L76 1esn
21,0 ,C&o 1esB
15,0 ,i52 2e29
17.3  .G93 1.82
2002 LC86 1473
22,5 L081 1.82
24,3 ,C77 187
25,5 L073 1.88
2646 ,083 .69
27,7 .551 1ew2
2849  ,048 1637
28.9 L340 .16
29.3  ,035 1.03
28,9 L0397 1.2
23,3 ,097 133
27.5 .052 }e43
26¢7 L0587 1453
2640 ,058 151
25.0 ,0D62 1459
23.8  L08% 1453
2242 L072 1.6l
19¢2 110 2012
29.0  ,039 1.14
29.0 LC3? 1413
28.9 .039 1413
23.5 ,04% 1.26
2749 L0488 1635
27.3  ,050 1437
2647 4052 1439
25.9 L056 e85
2541 ,056 1le41
2346 366 jeSé
194 .128 2.57
19,9 106 2e11
22.7 L07% 1.8
23,9 ,072 1.72
25,0 o067 He69
26,0 063 1448
2808 L0861 1483
2746 4053 1.47
28,2 ,C49 1438
28,7 ,C41 1.18
2848 L0943 1,22
28.3  ,046 1.29
28,1 L0458 1435
27.5 ,057 1.58
26.7 ,067 1.78
25.7 ,076 1e96
2446 ,032 2400
23.1  ,G83 2404
21.1  .096 2423
19,0 L3105 200
17«1 L1168 2.02
SPACINGs

ru*r W0 ujur
18.9 ,108 205
1947 ,097 193
2006 .GB2Z  1.69
2240 ,D6? 1e51
23,0 L0553 1.27
3.4 L0434 Q1e12
23,7 ,345 1.06
2345 0% 1e12
22.9  LUaD 1437
21,9 ,073 1e60
21,0 L085 1.79
2002 ,T95 191
19.5 (112 2419

AVERAGE VvELOCITY,

= NQ DATA POLNHT.

v/u

v

v/ CUTOFF

LI I I R I B T I I T T N T SO T Y W S T O S S W T T O S S SN S O

VU CUTOFF

LT
6000
1
6000
600
600
6+00
6200
6000
6+00
400

Knl
6009
6¢00
400
6«00
600
6400
6e00
bec0
4420
6420
6eC0
6e00
6430

U = 16,6 FT/SEC

Azo

37

37
35

.78

AZD
-
29
«%0
-
«30
33
.38
29

BNWL-1736

Curve FIv
FiMI}) @
- -
0. o027
0, 024
Oy 03§
a, 022
47, 038
0, o018
0, .01}
Os 028
0, +02é
- -
0, eD2¢
- -
0, +01%
- -
0, o036
- -
0, <020
- -
30, 0%
- -
0, 022
- -
0, o024
0, 030
0, e02¢
- -
0, +02¢
7 T e
0, <013
- -
0, 020
0. o018
- -
O, +03%
- -
0, <030
Oe +020
0, 037
CuRve FIT
FiRZ) ¢
- -
Oe- <028
G, «020
De 029
Os <043
0, D24
- -
Do D29

u*s 773 FT/SEC
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TABLE b~-i

(CONT, ),

CHANNEL 8¢ SIOE CHANKEL HAP, 1/4 luCH GAP SPACING,

RUN

8122
312
5124
812§
Bl12s
8127
8128
8129
8130
8131
8132
813
8134
8135
8134
8137
8138
813¢
al%o
8141
8142
1Y)
1%
8148
Bl4s
8147
el4s
8149
B150
8151
B152
8153
Bl1S%
B15S
B156
8157
B158
BlSY
8160
B8lsl
8l62
8163
Blén
BleS
8166
8167
8168
8ley
8170
8171
8172

CHANNEL

RUN

(R alaXaRaXaRaRaNaNaNal
—~Oe@NCVIWwN—

n
-
~

<13

HYDRAULLIC OLAMETER, 0 =

REYNOLDS
NUKALR
10399C.
10399%.
103990
103990,
103973,
103790,
10399
103990
103990,
103990,
103990,
103990,
103993,
1039%0.
10399G.
103990
103990,
103990,
103993,
103590,
103590
103990,
103990,
103990,
103990
103990
1339%Q.
1039900
103990,
103990
102656
102656
102656
102456,
102656,
1n2656.
102656,
102656,
1026564
102656,
102656
1026560
102656.
1026360
1026560
102656
1026560
102656
1026560
102656,
102656,

Co CENTER

REYNOLDS
NUMBER
102357,
102357,
102357,
102357,
102357
102387
1023587,
102357,
102357,
162357,
102357,
102357,
102357,

14

1IN,
0627
+560
493
825
0358
291
°22%
157
«0%0
«023
023
«090
e157
0224
0291
358
+425
%93
«540
627
+627
«540
493
* %25
+358
«271
°22%
*157
*+090
*023
0627
5627
«560
*893
° %25
358
2]
224
157
«0%0
«02)
627

+560

'49)
* 425
358
0271
224
+157
«0%0
«02)

GAP TRAVERSE,

2

INe
2757
o744
+730
«717
«690
0b6)
*63¢

839 .

+582
556
*54%2
529
515

Y

IxNe
1755
1.755
Lo755
1.755
1,755
1.755
14755

1,755°

1,755
1,755
1,815
1.815
fanld
1,815
1,815
1.615
1,315
1,815
1.815
1,915
1.875
1,675
1,675
1,875
1.875
1,875
1,875
1.875
1,875
1,875
1,875
1,935
1.935
1.%35
1.935
1.935
1,935
1,935
1,735
1.935
1935
1.785
1,985
1.935
1,985
1,985
1,985
1,785
1.985
1.785
1,985

4
INe
000
«J02
«000
«000
« 020
+230
#0300
« 000
«030
»J00
330
«000
«u00
2056

® QUESTIONABLE DATA POINT,

o v
FT/%€C
19.6 3018
19.9 Je17
18,9 te1%
18,2 113
17.3 .04
16,0 294
14,5 037
13.1 79
11.7 .70
10.2 o6l
11,2 67
13,9 83
15,3 92
16,2 .98
171 123
17,9 1.07
18,4 1.11
18,7 1e12
18.8 i3
1963 1014
17,8 1437
17,7 1604
17.6 .06
17.6 106
17,3 104
16,8 121
16,3 93
155 LAl
13.7 »83
10.3 082
17.8 107
16,3 .98
16,2 .97
16,2 97
16,2 97
16,0 3L
15,5 X1}
15.C *90
1.6 .88
13,9 .33
11.7 71
14,2 .83
18.0 Bd
14,9 8"
14,0 .84
13.8 .83
13,3 ¢80
12.8 .77
12,5 «75
11.° 71
10.7 b4

v sy
FT/S€C
173 92
17.9 *93
18,4 *92
18,8 94
19,8 133
20,4 100
20e6 1007
20,4 100
20.0 1.02%
19.1 1035
18.6 .97
16,1 Al
17,5 .91
INCHES .

Dsue

25,4
25e1
24,5
23.6
22.3
2048
18,8
16,9
15,1
13,1
14,5
17.9
19.8
21.0
22,2
23.1
23.6
24,2
2444
24,6
2341
22,9
2240
22.8
22.%
21,8
21,1
2041
17.8
13,3
23.0
2141
20.9
21.0
2140
2047,
2041
19.4
18,9
17,9
1542
1843
13,1
13,1
18,1
178
17,1
1645
1641
154
13,8

usur

195
2042
20.8
2143
22.4
23.0
23,3
23.1
22.6
21,7
2101
20.5
19.8
AVERAGE

= MG GATA PoINT.

17% INCH GAP SPACING.

TARULATIO" JF EXPERIHENTAL DATAe

BNWL-1736

Y76 Jsur u¥G YYurCuUTeFF Cumvg FIY
KHl A/0 F(HL) o
«03n 97 - - 4e00 LI 0, o029
040 1.02 - - %40 - - -
+C45 §.10 - - 4.0 o)) 0, o013~
U5 1021 - - 400 - - -
Lol 1037 - -~  8.CO oY% 0. 022
«Céé 1038 - - 4000 - - -
2377 1enb - - %.c0 L4 0. 023
2081 137 - e  %e00 o - -
,083 1.22 - - %eCO S22 0, 03}
125 1edf% - - 4400 - - -
«12% 1e81 - - %.00 - - -
G786 14386 - e %00 = - -
«061 120 - - 4.00 .29 0, <016
.53 1023 - -  %.00 - - -
2352 116 - - 4.00 L33 0. <020
»G53 118 - - 4400 - - -
CHT  1eld - - .00 L3b 0, 017
2049 1419 - - 4.00 - - -
2054 1e32 - - 4.c0 LU Os 0%
351 125 - - %4.00 - - -
2062 1043 - - 4.00 L% 0, +038
064 ledb - -  %.00 = - -
063 1e43 - e  4.00 L83 0. o029
«D587 129 - - 400 = - -
+053 129 - - %00 L% 0, 0%}
2055 1421 - e  8.00 o - -
2053 1413 - L= %.00 o3¢ 0, 028
«053 1407 - - 4.00 - - -
036 1.52 - - %00 L32 0., D28
«137 183 - - %00 - - -
2368 1e%s - = %400 = - -
2078 1e6% - e %400 = - -
+080 147 - - 4200 L08 0., o012
078  1esd - -  %.00 e - -
«075 1e58 - - +58 O o018
«075 355 - - - - -
076 1453 - - 32 0o 037
+078 1.81 - - - - -
WG77  le4é - - 36 0, +028
«083 le%M - - - - -
2130 1097 - - - - -
+08% 1058 - - - - -
064 1652 - - - - -
«384%. 1e52 - - - - -
2082 1e%3 - - - - -
081 1083 - - - - -
0333 193 - - - - -
«07% 1431 - - - - -
L381 1430 - - - - -
381 1625 - - - - -
«102 140 - - - - -
WU usur wYU wiutcutofr curvg FIT
KHZ A/D  FLND) o
09?173 - = 400 = - -
2382 1466 - - %.00 = - -
«373 153 - - 4e00 L%} 0. o020
o047 lens - - 4400 - - -
051 113 - - 400 L% 0, 023
2041 95 - « 4e00 - - -
«036 85 - - 4.0 L% 0, 0%
.039 .29 - - .00 - - -
«0%6 1.0% - 4.00 L% Dy 02
s 1022 - - %e00 - - -
064 1.35 - - 800 4§ 0, +020
«071 1¢45 - - 4.00 - - -
LO19 1458 - - 4,00 L% 0, 020
VELOCITY» U ® 19,2 FI/SETs U*® 498) FT/SECe
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TABLE 8=3 1CONT,)s YABULATION OF EXPERIMENTAL UATAS

CHANNEL Co» SIDE GAP TRAVERSE,

RUN REYNOLODS 4
WUMBE R INe

18 1023587, 511
15 102357, *S525
16 102357, 0538
17 102357, 0552
18 162357, 578
1y 102357, «605
20 102357, 0632
21 132357, 0659
22 102357 26864
23 102357, o712
24 102357, *T28
25 112357, o740
266 102357, «753

OO NNANOAONONN

Y

THe
1.25v
1,250
1.250
1,250
1,250
1,250
l.250
1,250
1,250
1,250
1.250
1,250
1.250

179 InCH GA
v sy
L FV/SEC
17,2 v90
17,9 2]
ia.6 524
192 1.G0
20e1 1e05
20.7 oG8
20,9 .n?
2047 jeU8
20,1 1.05
192 1.00
13,7 7
18,1 1)
1746 92

CHANNEL Cs INTERIOR CHANNEL MAPe 1/% INCH

RUN REYHOLDS 2
HURAER ine
27 102357, 0636
28 102357, 570
29 102357 ¢503
30 102357, L4386
3 102357 vdb9
a2 102357, 0302
a3 102357, €235
as 102357, 0168
s 102357, e10}
36 102357, 0034
37 162357« e034
38 1G2357. «101
e 102357, 0168
40 102357, *235
+ 102357, ed02
42 102357, v369
43 102357, et3s
LL] 102357, »503
45 102357, #5770
44 102357, w638
47 102357,  je242
48 102357« 1el74
49 $02357. 1.107
50 102357 14040
51 102357, °973
52 102357, e 904
53 102357, 0839
54 102357, o772
55 102357 708
102357 0638
87 102357 «570
S8 102357 +503
59 102357, 43¢
&0 102357, 0369
61 122357 «302
62 102357, .235
63 102357, 0168
&4 102357, «101
65 102357, 034
66 102357, «03%
47 102357 «10}
&8 102357, o168
69 101337, 235
70 102357, +302
n 102357 0369
72 102357, %34
73 102357, +503
7% 102357 +570
75 102357, o838
74 132187, +638
77 102387, o570
78 102357, 503
79 102357, «436
80 102387 0369
81 102357 «302
82 192357 235
83 132157, d168
an 102357, +101
85 192357, RL
HYCRAULIC OIAMETERy D »
® QUESTIONABLE DATA POIN

L N N o N N R N N N R N N o N o N N N W R W N N N N N N N N N N N W N N N N N N N N N N N N N N Ko R a Ra Na X a Xa K Xa Ka Xl
w
o

Y

THe
«505
«50%
+535
505
«505
«505
+505
505
0508
508
+565
2565
«565
+565
565
+565
«565
565
«565
568
«625
525
. 625

© 625

625
0625
525
0625
e625
+4625
«625
0625
+625
»625
0625
o425
¢625
«625
625
+685
«605
+6A5
» 595
¢ 585
685
+6A5
635
+ 485
«6B5
o745
« 745
« 745
AL
o« 745
o745
,745
L7145
o745
o745
0656
Te

1] Usv
FI/Set
2%.9 1,30
2494 1427
237 1e2%
22,9 120
2241 1e15
21,0 1010
19,5 1.02
17,5 o?1
15.9 83
15,2 78
16,6 87
19,4 1491
20,9 1.p09
21,7 1.14
22,6 14)8
23,3 1.2}
23,7 1.25
24,5 128
25,2 1+30
25,3 132
17,6 92
20,7 108
22,8 115
22,7 1.})8
23,3 1.21
23,8 1.2%
29.% 127
25,0 1.30
25,4 132
2544 1433
2542 1632
24,8 1429
28,2 126
23,7 1423
23,2 123
22,4 1417
21,6 1e12
19,5 1e02
16,3 .83
1643 35
19,1 99
20,6 107
2145 1012
22.3 1.t
23.1 1023
23,3 124
24,5 128
25,1 131
25,4 132
5.0 1432

24,7 1.29
24,0 1e2%

23,0 123
22,2 1313
20,7 tend
1942 199
17,3 23
15,4 «80
14,1 73
INCHES

= NO DATa P

P SPACTHGS

Usu* U2 ubu
19.5 ,089 1.7
2043 678 1.58
210l JCbd 1443
2147 055 1.2
22,7 LUV 1e12
23.% ,042 .98
2346 L0317 .87
23,4 041 97
22,8 L,0%3 110
2147 066 1.3
2141 D71 1450
20.5 ,08) 1470
19,9 .399 1.87

GAP SPACING.

KKl
4200
%50
4.00
4,00
%.00
4,00
“e00
%00
%.00
%.00
%.c0
4,00
.00

ViU vt cuTorr

A/so
L]

-
A4
oty
-
51
-
b
-
36
-

vt wdT wpur vy T vpurcurorr

2842 ,CH4  1.23
27¢6 ,052 1.45
2648 058 1.57
26,0 ,065 1.8%
25.0 ,074 1.85
23.8 ,676 187
22,1 ,034% 1.86
19,8 0949 186
18,0 ,080 1.%4
17,0 115 1496
18,8 ,142 .2468
21e9 074 1443
23,7 ,C65 j.5%
24,7 ,063 1,56
25,6 .060 153
260% 4057 1eS1
27,1 .051 139
27,8 ,049 1.37
28,3  .C43 1e21
28,6 L0397 1s13
19,9 ,120 2.39
23.% ,062 1.4%
29,9 049 1423
25.7 ,0%0 129
2644 ,050 1e31
27.0 J04?  1.32
27.7  L044 1.22
23,3 ,040 1.19
23,7  ,035 101
22,8 ,035 31.00
2806 JC37 le0éb
28,0 ,042 1417
274 L0493 1419
2648 046 1423
2641 4,050 1430
25,4 ,048 1.21
24,4 ,051 1.29
22,1 L0746 189
$18.1 144 2460
18.4 117 2419
2146 L0686 1e42
2343 L0681 1442
24,3 ,C63 1.52
25.3 L0862 151
2601  J055  1e46
27.0 L2501 137
27.7  .045 1.24
28,4 L0043 1.3
28,7 L0139 X4
2943 ,037  1e0Y
27,9 ,043 1.28
27,1 053 135
26.1  L053 150
24.9 L0446 1445
23,5 .GT5 1e76
2148 L0079 1e73
19.6 ,032 1.8}
17.% L0723 1e22
15,9 L1c8  1e2F
AVERAGE vELOCITY,
DINT,

L0 S T T T TR TR TR TR T D T TN I TN A R I ]

RN I N N N N O N 2 IO RO DN NN O N O RN D D DN D R I D B RN DN B N N ]

U s 19,2 F

L R I T O O e O O I T DR N BN T N I B R I

KHZ
4000
%00
4+00
400
%eD0
400
4e00
4,00
.00
q.00Q
400
%+00
4400
%.00
400
4.00
%.c0
%.00
4.00
400
4,00
%00
9.00
%.00
%.C0
4000
400
4.00
400
%00
.00
900
%.00
400
%00
9.00
400
.00
4000
%00
900
4ep0
%400
q.00
4.00
q.00
9400
4.00
4ep00
4+00
4000
%00
%sC0
4.C0
%00
R0
%e;0
“.c0
900

T/5EC

A7D
38

.50
58
52
e L
24
.52
o9
57

59

ot
58
ot
52
-
060
517

o5

.
w
-

.
Fy]
w

98
- 71

57

8?
53

e

CuRvYg

FIHI)
0.
0.
Q.
O,
g.

0.

1010100
. ¢« e

C.

0,

BNWL-1736

217

Fie
(]
021
«00QY
+01%
«032
°022

«026

Fiy
[
«Q1l?
‘032
+020
vo;i
.o;b
c026
«01%
)
a2y

«02¢

-
032
won
00;'A
+027
“0sy
*02%
022
+02%

+05%

BEEEREEEK]

«0%6
«036

«028

+018

«028

022

U s ,883 FT/SECe



TABLE B=1 (CONT,}, TABULATICN OF EXPERIKRENTAL OATAS

"CHANNEL C» SICE CHANNEL HAP, |/% GAP SPACINGs

RuN

anNNANNAnAONANANA
o
~

clol
clo2
€ta3
clow
€105
Clos
cio7
[$8:1]
Cloe
chio
ci
€112
€113
Clls
€115
Clie
€117
c1is
cl1e
ci120
€121
€122
c123
cl1z%
€125
€128
“c127
Clzs
clz9
€130
(S5 3
c132
€133
Clin
€138

REYNOLOS
NUMIER
9718,
9178,
79738,
97716
%716,
9718, .
99718,
9718,
99718,
79718,
99718,
99718,
99718,
99718
99718,
99718,
99718,
99718,
99718,
99718,
99718,
99718,
19718,
997160
99718,
99718,
99718,
99710,
99718,
99716
99718,
99718
99716
99718,
99718,
99718,
9718,
9718,
99718,
99718,
99718
99718,
99718
99718,
99718,
97718
997106
99718,
99718,
99718

CHANNEL Cs CENTER

RUN

[$3 71
€l37e
Cliee
C139e
Clage
Clyge
Cl1%2
Cl4)
Cluy
Clas
Cl4s
Clwy
Clus
Cl4s9
ciso
Cis1
Ci1s2
€153
C 154
C 185
C 15
€ 157
C 1s8

REYNOLDS
NUMBER
101034,
101034,
101034,
131034
101034,
131034,
101034,
10103%.
10103%.
131034,
101034,
101034,
101034,
101234,
101014,
131034
131034,
101034,
131C3%.
101239,
131034
101034,
101034,

H
IN,
0435
[3-3 1]
(3T}
[RRL}
LYY
299
0232
e185
iz
031
«031)
o098
0165
0232
299
1YY
434
«501
+568
0433
°435
+568
+501
43y
0366
0299
0232
o165
0%8
031
2031
«CY78
.} 68
.232
0299
Y
434

¥
531

»563
0635
*635
*568
«531
e434
¢368
0299
€232
» 145
«0?8
*031

4

I,
Le758
ba755
14755
1.755
1,755
1,755
1.75%
1755
14755
14755
1,815
1,815
1.315
1.915
1,815
1.815
1.815
1.d15
1.815
1.815
1,875
1,875
1.875
1,875
1.875
1.875
1.875
1.9875
1.875
1.875
1,935
1,933
1,935
1,935
1,935
1.935
1,935
1,935
1,935
1.9235
1,985
1.985
1.985
1.%55
1,935
1.935
1.985
1,985
1.985
1.935

J Jrv
[aFA149
22.8 o1 ?
2248 sl
22,1 115
2145 3012
20.4 |37
1963 o0}
1746 92
15.7 «82
14,1 7]
12.4 A5
13,9 73
17.0 87
13,3 e95
19.% 16731
20.% 1436
21,2 110
21,6 1413
22,0 .14
2242 1e)b
22,2 et
21,0 1.190
21.0 1410
20,9 1.09
20.8 1.08
20.% 1406
19,9 1.0%
19.4 1.21
1647 98
17.0 87
12,9 67
13.5 o 71
160 37
17.4 91
17.6 92
18.1 .93
18.3 «93
191 1690
19.3  tenl
19.3 .0l
19.9 1.0l
14647 03?7
16,7 Xk
16,7 87
1645 96
16,2 034
15.6 «81
151 79
14,8 77
1%.4 75

12.86 sbo

ars*

25,7
2545
25.9
2443
23.2
21,8
19.8
17.7
15,9
14.0
1547
19,2
22.7
21.9
23.0
23.9
2944
2448
2542
25.1
23.3
2307
2346
23.5
23.9
22,5
21.9
21,1
19.2
1946
1503
18.8
19.6
19.9
23.5
212
2148
21.8
21.8
21.9
18.9
18.9
18.8
18,6
18.3
1746
17.0
16.7
1642
14.2

k]

2037
+039
083
« 083
058
«071
2080
.085
oCa4
o120
o121
070
2046
«359
«051
«047
o047
«098
+050
089
062
D62
«0b62
+059
+360
«040
+057
«05%
«032
o137
«123
.071
+072
+080
«079
076
029
«073
081
«07°9
«098
o T4
092
+098
093
0?3
+088
<095
«08?7
.100

vrur

1}

X1
108
fe20
1035
155
1a5?
te51)
1033
178
191
1+35
1:36
1.28
1014
1+
Telb
1e18
1425
1029
1o48
o8
fe96
1438
1038
1035
125
1e1%
1e5%
2.00
1+88
133
1e82
1460
1062
1e62
170
171
177
1023
131
1077
173
183
1.20
1064
1450
158
181

dend

vd

yyyrCytorr

£nl
4.00
%eQ0
400
4.00
%.00
%00
400
4,00
400
%00
400
400
Y.00
4.00
4000

%¢0Q0

4¢G0
%30
4.00
%00
%00
400
400
%00
%.00
%00
4e00
%000
400
400
%00
4.00
%.00
%00
%00
%00
%00
400
400
409
400
4¢00
400
%.00
4.00
400
4400
4400
400
Se00

A/D
oY

51
9
37

o27

37
2]
oty

60

GAP TRAVEASE, VARIASLE CUTOFF FREQUENCY, 1/4 INCH GAP SPACINGS

z

IN,
*495
* 495
*495
*495
*495
A RA]
*50%
«539
«509
*50¢9
*50¥%
«509
«536
+536
538
*51s
*53s
*536
e562
+562
oRb2
*582
562

HYDRAULIC OIAMETER, O e
® QUESTIONABLE DATA PCINT,

A

INe
+ 000
.000
+000
«COD
+000
+ 080
+Qgo
«030
+ 020
«000
«000
+3J00
«J30
«000
«02J
«3dJ0
+G00
«3C0
«33C
«JDD
o3
» 20
+00U
sd56

"] usy
FT1/SEC
15,2 «8)
15.8 .83
15.8 .8}
15,8 »83
15.8 33
15.8 83
1644 8k
161 36
1644 56
16,4 86
16a V36
1o+ 38
17,38 93
17.8 93
17,6 Rk
17.8 .9)
17,8 93
17.8 93
19.0 o5y
1.0 Al
19,9 o9
19,3 99
190 99

11:CnEg,

usv®

17.9
17.9
17.9
17,9
17.9
17.9
1845
1845
18.5
18,5
18,5
1345
2044
2041
2241
2241
28,1
23.1
2144
21e%
2}
21,4
2le®
AVERAGE

= MY CATA PQOINT,

vy uyu
o115 2.p7
o110 le97
»10% 1485
2093 1ebb
«082 147
072 1e29
+101 .87
+093 1081
oC93 173
.CBY  1e61
«L32 1.52
oC73 1438
2376  1.52
«075 150
sC73  Jeus
WCH3 137
«Coaw (o268
W59 1419
«060 1028
.058 1,29
W87 1421
«359 Ja}7
5351 le0¢
vELICITY,

.=
v/v

viu' cutorr

KHZ
1G+00
700
%.p0
2400
1+00
*50
10.00

700

4+00
2.00
1.00
50
10,00
7e00
%er0
2.00
1er0
S0
1000
TeGO
%70
2.p0
1.¢0

Aso

BNWL-1736

CuRveE FIT
FIHD) [
Oe 0S5}
0, 083
0, 029
0, o029
0. 038
- -
0, +01%
- -
0, e02)
O, 053
0, o050
0. 038
- -
g, +02¢9
0, ¢053
- -
O, 038
0, Q%0
- -
- -
0, 021
- -
0, . +030
0., +0%2
O, 03¢
&7 T a
- -
- -
- -
- -
CURVE FIY
FIHND)

LN B I B I R T D BT I I N RN I B TN I B R B B BN AN - )

U ® 19,2 FTI/5ECe  uam o385 FT/SECe

218



TABLE 8-1 (CONT,)s TARULATION OF EXPERINENTAL PATAS

BNWL-1736

CHANNEL Cy CENTER GAP TRAVERSE, VARJABLE CUTOFF FREJUENCY, 1/7% INCH GAP SPACING,

RUM

159
160
161
182
163
lon
165
166
167
162
189
170
171
172
173
174
17%
176
177
178
179
180
181
182
183
184
188
184
187
188
189
190
191
192
193
194
195
198
127
198
199
200
201e
202e
203
204
205
204
207
208
2cy
210
211
212
213

AN OANANOADNOONNNDOONANAAOONONODONNONOAOAANONONNNANOHNANDANNN

REYNOLODS
HUM3ER
101034
101034,
101034
101034
101034,
101034,
101039,
101034,
101034,
101D03%,
101234,
101034,
101034,
101034,
101034,
10103%,
101034,
10103%.
10103%.,
101034,
101034,
101034,
101034,
101034,
101034
101034
131034,
131034,
101034¢
101034,
101034
10103%,.
101034,
101034
101034,
101034
101034,
101034,
10133¢%.
101334,
101034,
101334,
10133%,
10123%.
10103%.
101034
101034,
101034,
101034
101034,
191334,
101034
101034,
101G34.
101034,

1
N,
0562
0589
*589
°589
°58¢9
*589
*587
oblé
616
o816
eblé
o614
sblb
«6%)
*6%3
0643
2 5%3
643
*643
«870
870
°s70
v670
«870C
v670
0697
697
6?7
*697
597
*5697
«723
0723
0723
«723
°72)
«723

750

750
«750
+750
750
o Tb4
o744
o764
o764
o764
o768
2764
sb16
o816
o618
2616
*614
816

Y
INe
«000
«000
«000
000
000
+ 090
»000
«JO0
«300
+000
+000
+000
#2300
«000
+000
+000
003
+000

_.e000
+000

«000
+000
«000
«000
200
+000
+000
+000
+000
« D00
«200
+300
+000
+200
+000
«330
«300
«003
+300
«000
«00D
+000
+0D0
+000
«000
«0020
«000C
«000
« 00
«800
+008
«200
«000
+238
2300

HYGRAULLC DLANETER: D = ,656
® QUESTIONABLE OATA POLINT.

v
FI/SEC
173
19.27
19.7
19.7
12.7
19.7°
19.7
20,2
2042
20,2
20.2
23,2
20.2
20.2
20.2
20.2
20.2
23.2
2042
19,9
19.9
19.9
19,9
1%.9
19.9
19.1
19.1
19.4
19.1
1%.1
19.1
18,2
13,2
18,2
18,2
18,2
18,2
16,8
16,8
16,38
16,8
16,8
18,8
16,1
1641
16,1
16,1
l1os!
18,1
23.2
2%.2
2.2
aC,2
23.2
23,2
INCHES .

v

99
1»03
103
1.03
193
1.03
1s03
1.0S
109
105
1+08
1.0%
109
1.05
1.05
105
1:05
1+05
1e03
te0%
104
1404
104
1e04
102%
100
100
1.00
1.00
100
199
95
95
.95
+95
.95
95
.89
88
«B88
38
X1}
88
o84
LX:A)
*84
« 34
034
+ 84
125
1.98
108
1405
1.05
1+05

drvt*

21.9
2243
22,3
22.3
22,3
22,3
2243
22,8
22.3
22,8
2.8
22,8
22,8
22,8
22,3
22,8
22,8
2248
22.8
2265
22.5
22.5
22,5
22.3
22,5
2.6
21,6
2148
21.6
21.4
2106
20.5
23.5
20,5
22.5
23.5
28,5
19,0
19,0
17,0
19,0
17,0
19,5
13,2
18.2
13,2
1e.2
15.2
13,2
22,9
22.58
22.3
22,8
22,
22,8
AVERAGE

~ A0 DATA PJlnt.

(2]
o046
353
20830
«J43
946
o044
L
«0%3
+043
040
037
0336
«032
0343
o041
«040
«238
+03%
«J31
o049
<048
Q47
'LL}
2342
<037
o062
+061
«U59
+056
+032
N11]
077
2073
o372
«370
385
WG
-1 4
393
089
,082
o077
oGa87
17
o115
el
102
JGae
382
+ 042
42
«C41
+033
338
0332

VELOCITY, U =

sy

1,02
tel®
l1ei2
t1.08
1003
v 98
87
97
94
o9l
85
31
*73
97
24}
91
.87
78
71
1410
1.08
1.0%
le00
94
oBY
135
132
1426
1¢21
1013
.04
1e87
l1e54%
ledd
1ed)
1033
1422
1e81
177
1.70
155
1e47
1027
2+12
2000
2.01
183
lesl
1ok
97
*94
*93
Y-
30
73

v/

VUt CUTOFF

.
19,2 FI/SECY

Kui

50
10+00
7.00
4000
2.00
1+00
*S0
1Ge00
7400
400
2.00
100
*S0

" 10.00

7.00
%000
2000
1.00
*50
10.00
7.00
4+00
2.00
1+00
*S0
10+00
7.00
%e00
200
l1eGO
50
1000
7060
4:00
2+00
1+00
*50
1000
Te00
4.00
2400
1400
50
10+00
TG0
4+«00
2.00
1«03
50
1900
7.00
%.00
209
102
s0

Cumye F1IT

A/p FINly o
- - ..
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- . -
- - T e
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -
- - -

3% G, 057

33 3, <056

32 O, <041

o34 0, 081

«38 0, «0%¢

o 0, .03
U's 6885 FT/SECe
.
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CHANNEL Dy GAP TRAVERSE,

o~1%
0-2
D=3
D9
0=5
0-6
D=7
0-3
0~
0-10
o-11
b-12e
D-13e
o-14
0-15
0-16
0-17
b-18
0-19
D-20
p-21
p-22
0-23¢
D-2%e
0-25
D-26
D-27
‘p-28
0-29
0=30
p=31
0-32
£=-33
0=3ae

TABLE B=1 (CONT.)s TABULATION OF EXPERIMENTAL DATAe

REYNOLDS

NUMBER
$2625.
52625,
52625,
52625,
52625,
52425,
52625,
52625,
52625
52625
52625,
52625
107953
157953,
107953,
107953,
107953
107953,
107953,
107953,
107953,
107953
107953,
221223«
221523
221023
221023,
221023,
221023,
221023
221923,
221023
221023,
221023,

1

1N,
«%76
+503
530
«557
«599
ebl]
e437
bbbl
b9y
o718
o795
o272
oR%6
+523
550
577
«b0%
0631
0657
obBY
o711}
o738
e785
*49]
*513
*545
«571
598
«625
*45]
«678
705
73
«758

1/7% INCH GAP SPACING.

T
INe
«00
+030
+000

£000

000
+000
+090
+000
«000
+000
+000
000
+000
+000
+000
«200
+000
+000
+000
+000
<000
+000
+000
«000
«906
«000
«000
«000
«000
+000
«000

© 4000

+000
+»000

HYDRAULIC CIAMETERs D » ,499
® QUESTIONABLE OATA POINT,

&
FT/5¢C
11.6
§2.2
13,0
13,9
14944
14,8
14,9
14,7
14,2
13,5
12,6
12,2
22,7
2447
26,6
28.0
28,9
29.2
28.8
28,1
26,6
24,6
22,5
21.9
24,1
26,2
27.6
20,4
28.7
28,5
27.4
26,1
24,4
22,5
INCHES .

Gsu

«92
97
103
1409
Lald
117

‘1e1?

1+16
1012
1.07
Je00
.75
90
.98
1+05
141
1e14
1415
1elh
1ell
1s0%
97
89
85
.95
1.93
1:09
1912
1e1%
113
1+08
103
96
89

Grus

1346
19.7
23.7
22,1
23.2
23.8
23.9
23,6
22,8
21.7
2043
19.3
29.2
21,9
23.6
24,9
25.6
25.8
25.5
24,9
23.5
21.8
19.9
2164
23,5
2344
25,9
27.8
23.1
27.9
2647
25.5
23.F
22.0
AVERAGE

= KO DATA POINT.

ure

usu*  vru
2113 2004 ,076
083 1068 044
o072 1e4é D37
2059 1030 C3)
042  +97 4025
»033 «79 o022
«032 «77 .0D22
2039 292 L,023
+051 117 ,027
,068 1¢47 ,033
<085 173 D42
105 2432 ,L071
072 ledé 041
070 1+5% L0286
2055 130 ,L023
.042 1,03 .019
.031 279 L017
027  «7D0 016
«032 <83 L018
<043 1.07 L0019
G55 129 ,022
«075 1e64 031
095 1089 ,045
«096 2005 +DY4B
o076 1478 o030
«039 149 4025
047 127 .021
4036 1e01 4020
2029 82 .019
033 .92 L0197
041 iel1l 021
«057 1+45 027
o671 1e69 +Cz9
037 1492 D42
VELOCITY, y = 25,3

vsutcuTore
KHZ

145 Je00
o356 fe00
e77 100
e68 1400
«5% 1.00
e52 1ep0
¢53 100
e85 1¢G0
¢62 100
«72 .00
«35 1400
136 100
*82 le00
e62 1400
X 100
e47 100
«44% 1.00
«43 1.00
o466 100
o48 100
«53 1.00
«67 100
«90 100
102 1¢00
«71 1.00
«43 1000
57 100
«55 1e00
«53 1.00
«5% 1.00

«56 1400.
«66 1400
«70 100
«92 1.00
FY1/SEC,

b3

CURvEe
F(RT)

0 1010101 100100104% ¢~

BNWL-1736

U*=1.023 FT/SECe
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BNWL-1736

221

TABLE B-1 (CONTo)e TABULATION OF EXPERIMENTAL DATAe

CHANNEL Ep GAP TRAVERSE, 1/% INCH GAP SpACINGe

~
<

RUN  REYNOLDS H v v G7v  Gsu* WU Uty VIV CUTOFF CURVE FIT
NUNBER 1N, INe  FT/SEC KuI A/D FiWIY g
E-l®  527%1s  +%63  ,000 9.5 236 17.7 L112 198 1ec0  L18 0. <060

E=20 52791, *%76 +»000 ?.8 #3383 13.3 ,093 1.7% - - 1.00 - -
E=3e 52791, 497 +D00 102 «91 13,9 L0867 1458 - - 1ecO  ,2¢ 0. o0%8
E=N 52791, 530 «00U 10.9 033 20,3 ,065 1.32 - - 1.00 - - -
[ £33 52791, o564 0000 11e6 1.0% 21,5 ,081 1610 - - 1.00 .90 0. 032
E-b 52791, 5?7 +000 12.0. 1s03 22.% ,L035 78 - - 1.00 - - -
£~7 52791 063} «000 12,2 109 22,7 ,031 70 - - 100 ,L%0 O, 03%
E=-8 52791, 066y +009 12,0 1.03 22,% ,038 84 - - 100 - - -
E~-? 52791, o676 ¢000 1145 1+03 2144 L0583 1413 - - 1.00 L% D¢ ¢03%.
E=10 52791, °731 «000 1047 e96 19,9 L072 1.4 - - 1400 - - -
E=11s 52791, 0765 +G0D 9.0 0«38 18.3 ,L090 1e6% - - 100 ,L2¢ Os 0%
E=12¢ 52791 o778 +000 7.5 «85 17,6 ,L,100 1.76 - - 100 - - -
E~13s 52791 765 +000 9.3 +8%  17.4 o113 1.97 - - 1.00 - - -
E=14» 5271%. 4?%% +000 2.9 «89 1845 o108 2600 +C79 136 1000 27 Os 0S5
E~1% 52719 523 +000 1046 e96 1948 L0073 155 4042 e85 100 - - -
E=16 52714, 557 +000 11.5 1e0% 21.5 ,060 1430 L03% ¢73 1+00 .41 0. 038
E=17 52719, «590 «003 12.1 1413 22,8 ,040 «90 L0246 «5% 100 - - -
£=-18 $2714. . 629 «000 32,4 1413 23,3 ,C32 «7% LC23 55 1+00 L3239 0, <050
E=19 52719, 456 «D00 12.3 1e¢11l 23,0 L0239 «91 L4025 58 1+00 - - -
€-20 52714, 8?1 «003 11,3 1.07 2241 L0S2 1.15 LC2? ©63 100 L%1. 0, 030
E=21 52719, «728 +000 10.? 099 2065 L0723 1483 ,L041 «84 1.00 = - -
£=220 $271%« ¢ o751 «000 10,1 «91 13,9 L0986 1480 .05? 1¢12 100 ,28 0, «0%)
€=23 105455 +506 +000 19.4 +87 19,7 .085 1:67 L350 *3%  1+00 - - -
E=24 105455, «533 +000 21,1 o924 21.4 L0867 1.43 033 e71 100 L%¢ 0., <025
E=25 105455, ¢560 +000 22.4 1400 22,8 ,051 117 L027 e62 1eD0 - .- -
E~24 105455 584 «000 23,5 135 23,8 ,038 +92 .02 ¢55 1400 ,L52 0, +02%
E=27 105455 0613 «000 23,9 107 24,3 ,032 «73 022 *53 .00 - - -
E=28 135455 eb40 «000 2%,0 1+37 24,3 032 e78 L0222 ¢32 1.00 LS50 0, o082
E=29 1054556 0867 2000 23,6 1.05 23,? L0238 «?1 J022 54 1¢00 o ° = -
E=30 105455. *6%4 «800 22,7 1.01 23,0 L04% 1.12 ,025 e57 130 5% 0, 027
E=31 105455, 721 «3D0 213 «95 21,7 L0463 1.37 031 o468 1400 - - -
E=32 105455 o747 «300 17%.8 «87 2342 L0300 1e61 L0486 ¢93 100 - - -
€=33s 2162600 «489 «000 18.% e82° 2045 L0094 1e9% L0498 *98 1¢00 - - ‘-
E=3% 2162600 515 «020 20.2 «91 22,6 L0487 1.52 6030 69 1+00 LS50 0, o018
E~3S 21626Ge 0542 +000 2146 «97 24,3 L0568 1437 L0246 6% 1400 - - -

E=3% 2162460, °569 «000 23,0 1403 25,7 ,L,042 1.08 L022 ¢55 1400 -
E=37 2162400 595 «000 23,6 1.3& 25,4 L0313 «37 G20 e54 1«00 59 0, e020
£=38 216260, 622 #0030 23,97 107 2643 ,02% +76 4019 50 1000 - -

E=39 2162600 eb49 e030 2348 1s07 25,6 03} ¢33 019 «50 100 - - -
Ev40 216260. 878 «000 23,2 1.0% 24,0 ,L,039 1.03 .C20 52 1ep0 o57 0, 027
E~¥}) 2162600 °702 «000 2243 100 24,9 ,L,050 1.24 o024 ¢59% 1.Q0 - - -
€=42 216260¢ 729 «000 21.1 e?4 23,5 ,06} 1+44 L0286 e61 1400 - - -
E=43s 216240 «756 «000 19,9 e87 21,7 L0776 166 ,L034 «75 100 - - -
E=%4> 21624C. w769 «020 18,9 «85 2142 ,L081 1+72 .D34 «93 1.00 - - -
HYORAULIC DIAMETERy D ® o565 INCHESe AVERAGE VELOCITY) U ™ 22,% FT/SECe ure 879 FT/SECe

8 GUESTIONABLE DATA PDINT, = NO DATA POINT.



BNWL-1736

222
TABLE B-2. Tabulation of Pressure Drop Data
Flow Temp. P3-P4 f Pa-Ps f -
Channel {gpm) j°F$¥ (a) 34 ?a) 45 Re f

A 167.3 10°¢, 1,60 ,0199 1.58 .0196 69180, L0197
257,3 99, .22 L0179 3,17 L,0176 102402, <0177
'I" Dia ROdS 3\5‘401 990 5057 00173 5.‘43 00169 1306870 00171
417.6 9g, 3.40 L0167 8,50 L0169 170848, «0168
556,8 99, 13.98 ,0157 13,77 .0154 229019, .0155
6834 9g, 20.40 L0152 19,95 .0148 261091, L,0150
258,0 83, 8,09 ,0199 7.79 ,0191 79501. L0195
A 303,0 84, 11.19 ,0191 106,69 L0182 96546, L0187
"N 403,0 82, 19,49 ,0184 18,44 «0174 126625, +0179
1 1/8" Dia Rods 503,0 82, 28.47 L0173 26,96 .0l64 158045, ,0168
6C9,0 83, 38.90 L0166 36,99 .0158 190802. L0162
B 45,5 4y, 1.08 ,0235 1.14 ,0248 22763, .0241
63,0 44, 1.85 ,(221 2.00 ,0227 31517, «0224
80,2 47, 2,97 .0208 3.05 .0213 42081. L0211
11,0 47, 4.47 L0197 4,60 ,0203 52995, ,0200
136,5 47, 7.65 ,(185 7.85 .0190 71622. .0187
172,0 u7, 11.60 L0176 11,80 ,0179 90249, L0178
203,5 45, 15.70 ,0171 16,00 ,0174 104277, L0172
234,0 45, 20.15 ,0166 20.68 L0170 119905, L,0168
58,5 4y, 3,60 L0209 3.75 .0218 35363, +0213
C 62,0 4y, 4.05 ,0209 4,10 ,0212 37178, «0211
81,4 46, 640 «0192 6,75 .0202 50802, .0197
87.0 47, 735 L0193 7.53 .0198 54727, 40195
121.3 46, 12,85 ,0175 15.67 .0184 75703. .0180
124,0 47, 13.87 ,0179 14,15 ,0183 78002, L0181
146,1 45, 18.50 ,0172 19.00 ,0177 89743, J0174
113,0 71, 1c,60 L0165 11,00 ,0171 101026, L0168
170,3 45, 2u.45 L0167 25.10 ,0172 104609, L0170
179.5 46, 23.65 ,0162 25,30 L0173 106409, L0167
213,5 46, 35,77 40160 36,75 ,0165 131373, .,0163
219,3 46, 37.30 L0154 40,10 0166 136865, «0160
: 14,8 78, 1.07 ,0267 1.01 ,0252 18281. ,0259
D 19,5 78. 1.74 ,0250 1.6 ,0230 24087. L0240
3J,2 78, 3.76 L0225 3.34 ,0200 37304, .0213
43,3 78. 6.12 L0206 5,43 L0183 49779, ,0194
49,6 78, 8,76 L0195 7.70 0171 61267, 0183
69,6 78, 16,11 ,0182 14,00 ,0158 85971. .0170
89,6 78, 25,49 L0173 21,99 ,0150 110676. .0162
15,2 70, .96 L0246 94 L0241 19613, 0241
E 33,3 70, 3.25 L0210 3,01 .0n194 39097, .0202
39,9 7C. 5.20 ,0194 4,78 .,0178 51484, 40186
49,4 70, 7.67 .0186 7.03 ,0171 63742, L0179
65,4 7¢C, 12.20 L0169 11,17 .9155 64388, L0162
77,2 70, 16,83 ,0167 15.39 ,0153 99613. L0160

{a) Inches of 2.95 specific gravity oil
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