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Abstract approved:_

The turbulent interchange of matter between parallel adjacent
subchannels in a simulated rod bundle for single phase flow was in-
vestigated to determine the effects of mass flow rate and rod spacing.

The simulated rod bundle was made by placing six l-inch diam-
eter rods in a square-square array. The overall test section was
42.5 inches in length with a 16-inch entrance section, a l6-inch mixing
section and a 10. 5-inch exit section. The test section was built so
that several rod spacings could be investigated.

Water was used as the fluid for the system and it flowed in the
axial direction of the rods. The turbulent mixing was the lateral
transport in the test section and was measured by using a dye tracer
technique. The technique involved initially tracing one side of the
test section and measuring the exit dye concentration for the initially

untraced system. This result plus the subchannel mass flow rate was



then used in an analytical model to calculate numerically the turbulent
mixing rate.

The experimental program considered five rod spacings 0.011,
0.028, 0.063, 0.127 and 0. 228 inches and a range of mass flow rates
that resulted in a Reynolds number range of 8 x 103 to 3 x 104.

The results of this study are as follows:

1. The turbulent mixing between adjacent subchannels can be

correlated with turbulent eddy diffusivities for duct flow.

2. The turbulent mixing is a function of the rod spacing and
subchannel Reynolds number and increases with increasing
rod spacing and Reynolds number.

3. Although the results may be correlated with the subchannel
Reynolds number, the flow conditions in the immediate
vicinity of the rod spacing are important especially for the
smallest rod spacing.

4. Small pressure gradients between adjacent subchannels have

a significant effect upon the mixing results.



Single Phase Turbulent Mixing Between
Adjacent Channels in Rod Bundles

by

Kirk Powell Galbraith

A THESIS
submitted to

Oregon State University

in partial fulfillment of
the requirements for the
degree of

Doctor of Philosophy

June 1971



APPROVED:

Redacted for Privacy
Pf}gsor of Chemical Engineering

in charge of major

Redacted for Privacy

Head of Department of Chemical Engineering

Redacted for Privacy

bean of Graduate School

Date thesis is presented i/j/‘;////f /,), f"-':j:‘"j

Typed by Clover Redfern for Kirk Powell Galbraith




ACKNOWLEDGMENTS

I wish to extend my grateful appreciation to:

Dr. James G. Knudsen for his guidance and professional
assistance throughout the duration of this investigation.

Department of Health, Education and Welfare for financial
assistance in the form of a three-year NDEA Fellowship.

Oregon State University Engineering Experimental Station for
financial assistance in the form of a one-year Research Assistantship.

Department of Chemical Engineering and Dr. C. E. Wicks,
Head, for the excellent instruction received during my graduate
studies and for the use of its facilities.

My parents for their support and encouragement during my
entire university career.

And to my wife, Pat, whose understanding and patience has

given this experience unmeasured meaning.



TABLE OF CONTENTS

INTRODUCTION

THEORETICAL ASPECTS AND LITERATURE SURVEY
Turbulent Mixing
Subchannel Mean Velocity
Theoretical Aspects
Derivation of the Subchannel Mixing Equations
Two-Channel Model
Eight-Channel Model

EXPERIMENTAL EQUIPMENT

Test Section
Inlet and Exit Headers
Simulated Rod Bundle

Dye Injection System

Gear Pump and Motor

Measurement Systems
Fluid Flow Measurement
Pressure Gradient Measurement
Temperature Measurement
Dye Concentration Measurement
Bias Pressure Measurement
Velocity Profile Measurement

EXPERIMENTAL PROGRAM
System Geometry
Water Mass Flow Rates
Channel Pressure Gradients
Rhodamine B Dye

EXPERIMENTAL PROCEDURE

CALCULATIONS

Calculations Using Observed Data and Calculated Data

ANALYSIS OF DATA
Friction Factor
Turbulent Mixing
Two-Channel Analysis
Eight- Channel Analysis

30
30
30
35
43
44
44
44
45
46
46
47
47

49
49
51
51
53

56

59
59

65
66
71
77
81



Effect of Pressure Bias on Turbulent Mixing
Correlations of the Mixing Results
Subchannel Velocity Profiles

ESTIMATION OF EXPERIMENTAL AND CALCULATION
ERRORS
Experimental Errors
System and Tracer Flow Rates
Concentration
Pressure Drop
Geometrical Lengths
Calculated Errors
Two-Channel Mixing Model
Eight- Channel Mixing Model
Friction Factor
Subchannel Reynolds Number

RESULTS AND CONCLUSIONS
RECOMMENDATIONS FOR FURTHER STUDY
BIBLIOGRAPHY

APPENDICES
Appendix A Nomenclature
Appendix B Calibration of the Rotameters
Appendix C Calibration of the Fluorometer
Appendix D Calibration of the Pace Pressure

Transducer

Appendix E Observed Data
Appendix F Calculated Results

103
103
103
103
104
104
104
104
107
108
108

109
114
116
121
121
125
130
137

141
151



LIST OF FIGURES

Figure
1. Rod bundle matrix.
2. Test section cross-section.
3. Cut-away of the test section.
4a. Two square-square geometry.
4b. Simulated rod bundle.
4c. Square-square simulated rod bundle.
4d. Square-triangle simulated rod bundle.
4e. Triangle-triangle simulated rod bundle.
5. Test section cross-section and subchannel designation.
6. Schematic of the experimental test loop.
7. Schematic of the experimental test section.
8. Inlet header.
9. Close-up of the inlet header.
10. Partial construction of the flow header.
11. Partial assembly of the test section.
12. Cross-section of the experimental test section.
13. Fanningfriction factor versus Reynolds number for the
test section.
14. Two-channel and eight-channel mixing results versus

subchannel 7 Reynolds number for the 0. 01l1l-inch rod -
spacing.

Page

17
17
18
18
18
25
31
32
34
34
36
37

38

67

72



Figure

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Two-channel and eight-channel mixing results versus
subchannel 7 Reynolds number for the 0. 028-inch rod
spacing.

Two-channel and eight-channel mixing results versus
subchannel 7 Reynolds number for the 0. 063-inch rod
spacing.

Two-channel and eight-channel mixing results versus
subchannel 7 Reynolds number for the 0. 127-inch rod
spacing.

Two-channel and eight-channel mixing results versus
subchannel 7 Reynolds number for the 0. 228-inch rod
spacing.

Mixing results for the two-channel model for each rod
spacing versus subchannel 7 Reynolds number.

Mixing results for the two-channel model for each rod
spacing versus channel I Reynolds number.

Comparison of experimental results with mixing results
of Hetsroni, Leon and Hakim.

Mixing results for the eight-channel model for each rod
spacing versus subchannel 7 Reynolds number.

Biased pressure mixing results for the 0.011 and 0. 127-
inch rod spacings.

Mixing results from Rowe and Angle and Walton versus
subchannel Reynolds number.

Predicted versus actual mixing for the two-channel model.

Predicted versus actual mixing for the eight-channel
model.

Velocity profiles for the 0.011 and 0. 028-inch rod
spacings for subchannel 7.

73

74

75

76

78

79

80

82

86

88

93

94

96



Figure

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

Velocity profiles for the 0.063 and 0. 127-inch rod
spacings for subchannel 7.

Rod bundle cross section.

Gap Reynolds number versus subchannel 7 Reynolds num-
ber for the 0.028, 0.063 and 0. 127-inch rod spacings.

Estimated laminar sublayer thickness divided by one-
half of the rod spacing versus subchannel 7 Reynolds
number.

Test section rotameter calibrations.

Tracer rotameter calibration.

Fluorometer calibration for 1x sensitivity.
Fluorometer calibration for 3x sensitivity.
Fluorometer calibration for 10x sensitivity.

Fluorometer calibration for 30x sensitivity.

Transducer calibration.

97

98

100

102

128

129

133

134

135

136

140



Table

1.

LIST OF TABLES

Turbulent subchannel mixing correlations.
Description of previous two-channel investigations.
Rod spacings for the mixing section.

Geometrical lengths for the experimental simulated rod
bundles.

Friction factor versus Reynolds number for the test
section.

Mass balance for the simulated rod bundle geometries.
Error estimate for the mixing models.
Empirical correlations for subchannel mixing;

t _ b
w78/|¢ = a Re7.

40

52

66

71

84

91



SINGLE PHASE TURBULENT MIXING BETWEEN
ADJACENT CHANNELS IN ROD BUNDLES

INTRODUCTION

An important factor in a nuclear fuel rod design is the ability
to predict subchannel flow conditions such as bulk velocity and bulk
temperature of the coolant fluid. It has been shown by Knudsen (26)
that mixing between various subchannels could be used to obtain a bet-
ter estimate of coolant enthalpies or temperature in the case of single
phase systems. In a fuel rod bundle matrix, such as that shown in
Figure 1, the coolant flow rates vary in the different types of sub-
channels because of the variation in the flow areas and equivalent
diameter. Thermal variations between subchannels also exist since
there are significant differences in the wetted and heated surface
areas between subchannels. The dashed lines on Figure 1 outline the
various subchannel geometries that can be obtained in most fuel rod
bundle designs. Because of the variations between subchannels men-
tioned, different subchannel thermal (temperature) conditions would
exist if subchannel mixing did not occur. It should be noted that the
ultimate fuel bundle condition would be a uniform temperature profile
for the coolant at any cross-section. This could be accomplished by
very high mixing rates between channels. Since this situation is not

likely nor feasible, it is important that the subchannel conditions can
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be predicted.

In the past a designer was dependent upon experimental results
for rod bundle mock-ups of the actual geometry of concern. These
results although helpful were generally limited to the geometry of the
particular study and as such offered very little generalization for
other designs.

This work considers what could be called a two-channel flow
system with water used as the coolant. Figure 2 shows the cross-
section for the flow system with pertinent geometrical data. The test
section was constructed of plexiglass (acrylic plastic). This was used
t;) study the effects of mass flow and rod separation on natural or tur-
bulent mixing between the two main subchannels. The test section de-
sign was such that rod spacings (separations of 0.011, 0.028, 0.063,

0.137, and 0.228 inches) could be obtained while the subchannel mass

6 lbm

fluxes ranged from 0.3 x 106 to 2 x 10 , This gave a Reynolds

£t%-hr
number range of 8 x 103 to 3.2 x 10% depending on the rod spacing.
Figure 3 shows a simple cut-away of the two-channel test sec-
tion and depicts the mixing that will be considered in this work. As
mentioned earlier, this study will consider only the turbulent mixing.
The turbulent or natural mixing was measured by using a dye
tracer technique employing rhodamine B. The dye analysis procedure

used offered some unique advantages over previous experimental

techniques reported in the literature.
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THEORETICAL ASPECTS AND LITERATURE SURVEY

Turbulent Mixing

Although the literature contains several references on turbulent
mixing between adjacent channels and in rod bundles, the results have
not lent themselves to a common correlation. It is important to note
that there is at present a consensus of opinion with respect to the
general nature of the mixing or transport process. Rogers and
Tarasuk (36) give a complete discussion of the various modes of mix-
ing. They have categorized the mixing process as natural or forced
and directional and nondirectional.

The forced mechanism is that mixing which is a direct result of
some mechanical device. Such devices are generally warts or spacers
that are attached to the surface of the otherwise smooth fuel rod.

This type of mixing may be directional or nondirectional depending on
the design of the device.

Natural mixing is that mechanism by which the coolant is trans-
ported between subchannels in the absence of any forced mixing de-
vices. The directional mixing or diversion cross-flow between sub-
channels is caused by pressures tending to equalize and results in a
flow redistribution between adjacent subchannels. The pressure

gradients might be a result of large temperature variations between



subchannels or cross-sectional area variations.

The nondirectional natural mixing mechanism is the process of
interest in this work. This mode of transport between adjacent sub-
channels has been called turbulent mixing, turbulent cross-flow or
lateral transport by many of the earlier investigators of coolant mix-
ing phenomena (23; 31; 32, p. 4; 36; 39; 53). This type of subchannel
transport causes no flow redistribution between subchannels when
averaged over short periods of time. The similarity between the tur-
bulent cross-flow mechanism and the eddy diffusivity transport pro-
cess for fluids in turbulent motion is the basis for the theoretical and
experimental development of this work.

For turbulent fluid motion in a duct, the eddy diffusivity (lateral
eddy diffusivity) has been shown to be a function of space and time
(3, p. 320; 27, p. 115; 42, p. 433). The lateral eddy diffusivity can
be written for the turbulent transfer process of interest such as EM
for momentum transport, Eh for thermal transport and Em for
mass transport. If the classical development of the turbulent eddy
diffusivities is considered, it is reasonable to assume that all modes
of turbulent transport can be described by a single eddy diffusivity, E.
This result is the exception rather than the rule, but it has been used
successfully by several investigators (2; 9; 36; 49). This fact sug-

gests that subchannel mixing experiments using mass transport as a

means of investigation will be applicable to the actual mechanism of



concern, thermal subchannel mixing.

Although most fluid mechanics texts consider turbulent flow and
turbulent eddy transport in some detail, it will be considered here
since it will play an important role in later arguments.

Osborne Reynolds {34) in 1883 investigated the flow of fluids in
ducts and demonstrated the qualitative differences between laminar
and turbulent flow. The conclusions that can be drawn from the
investigation are:

1. Above a certain mean velocity for a given system rather
large eddies form that flow cross-stream in some random
behavior.

2. The eddies are larger and more abundant at the duct center
than in the vicinity of the walls.

3. As the mean velocity is increased the eddy activity expands
to fill a larger portion of the duct cross-section.

All of this implies the transient nature of turbulent motion and sug-
gests why description of this motion has been largely empirical.

Closer investigation of the eddies indicate that they may be con-
sidered as macroscopic fluid lumps of varying sizes (43, p. 525).
These fluid lumps or eddies are continually growing and decaying as
dictated by their immediate flow conditions. When this eddy activity
is considered in light of the desired subchannel mixing there is a

clear similarity. The eddies developed in one subchannel pass to the
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adjacent subchannel and in doing so transport thermal energy (momen-
tum or mass). If the eddy is considered to have the average proper-
ties of the subchannel in which it was initially developed, the adjacent
subchannel transport between hot and cold subchannels would reduce
this non-uniform thermal state between the subchannels.

J. Boussinesq, who was one of the initial investigators of tur-
bulent motion, introduced a mixing coefficient, AT, for turbulent
momentum transfer. This turbulent mixing coefficient is analogous
to the coefficient of viscosity, |, for laminar flow.

If a momentum balance is considered for a section of a duct the

following relationship is obtained:

Di .
irection P+dpP
of flow "

dx-—-—-—l Duct diameter = D
4 (Ac) = T (Pw) (1)
dx
where
du
T = total wall shear stress = (p+A ) — | _
o T dy 'y=0
, 2

Ac is the cross-sectional area of the duct, 1r4 , and Pw is the
solid surface, mD. The shear stress, To, at the wall of the duct

dP .
represents the force of resistance to the flow and —<— 1is the pressure

dx



loss per unit length due to friction. The expression for the shear
stress shows that resistance to the flow is a function of the fluid prop-
erty, H, and flow regime or turbulent motion. The eddy diffusivity

of momentum, E is thus AT/p. The primary disadvantage

M’
with this relationship is the fact that AT is dependent upon the flow
conditions.

-Although there have been many hypotheses and theories pre-
sented to describe AT, Prandtl's (33) mixing length theory is still
the focal point for most developments. Prandtl's phenomenological
theory maintains that the eddy (fluid lump) retains its identity while
traversing a distance, £, the mixing length. When this idea is
applied with the transient nature of turbulent motion, the following
result may be obtained:

Ve a- (2)
where Ij_;l,l is the absolute value of the mean velocity gradient.
Note that the direction of vy is normal to the wall of the duct and as
such EM is considered a lateral eddy diffusivity. If Equation 2 is
used in Equation 1 for AT/p and if the resulting equation were used
as a means of developing the duct velocity profile, the result would be

a fair representation of the actual velocity profile (42, p. 566). Very

similar developments for Em and Eh may be found in other
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references (25, p. 155; 27, p. 415; 28; 45).

Before Equation 2 can be used, the mixing length, £, must be
evaluated and this ultimately relys upon experimental data. There
have been numerous attempts to develop mathematical models of
Equation 2 such that turbulent flow phenomena might be better repre-
sented with a minimum of complexity (9). Each mathematical repre-
sentation has its advantages and shortcomings. With this in mind
Deissler's (9) eddy diffusivity in the region close to the wall of a duct
will be used to lay the ground work for later considerations.

Deissler's equation, which is based largely on intuition, has
been successfully applied both for turbulent momentum and thermal
transport. It is shown below and is written in terms of a general eddy

diffusivity, E.

2
E =nuy (3)

where

)
]

empirical constant
u = point velocity

distance from the wall

<
It

If a Reynolds number is defined as

Re = - (4)

and applying the definition of Equation 4 to Equation 3 results in the
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following:

E = nZRe v (5)
y

Equation 5 is a space or position oriented result that is of limited use
in its present form since point velocities must be known. For flow in
a circular duct of diameter, D, and average velocity, U, Equa-

tion 5 might be written as follows:
E =n"(L£)Re_v (6)

Assuming u is proportional to U (this is true close to the wall),
the proportionality factor is included in n. The same definition of
the Reynolds number has been used with UD replacing uy in
Equation 4 and thus the need for point velocity data has been elimi-

nated. Equation 6 suggests that in the vicinity of the wall the dimen-

sionless parameters, y/D and Reynolds number, and the fluid
property kinematic viscosity, Vv, are sufficient to describe the eddy
diffusivity.

In checking the various reported experimental expressions for

the lateral eddy diffusivity in a duct, it is generally reported as
E = 0.04 Re NTV (7)

where f = Fanning friction factor (24, p. 341; 28). Equation 7
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offers some latitude since there are a number of expressions that can
be used for the friction factor. For many heat transfer processes

(27, p. 173) the following equation has been suggested:

-0.2
f=0.046 R 8
el (8)
while Blasius's equation for turbulent flow in ducts is also a widely

used expression, i.e.,

f=0.079 Re’0‘25 (9)

D

When either of Equations 8 or 9 is used in Equation 7 the result fits
the data within the experimental accuracy (14, 17, 44, 45).

KAlthough Equations 6 and 7 are very different in form, this is
not surprising as the region close to the wall comprises a very small
portion of the entire cross-sectional flow area. The importance of
the two equations is that they suggest possible limits on the lateral
eddy diffusivity for the experimental system.

’ Deissler (9) has defined the region close to the wall for his eddy
diffusivity model as that region for which y+ < 26. The region be-

+ +
yond y =26 1is the turbulent core. vy is a dimensionless length

defined as
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For this work y+ = 26 would correspond to about 0.020 inches from
the subchannel walls. It is important to recognize that both flow
regions will be important in the discussion of the results in this work.

Experimental measurements of eddy diffusivities for the turbu-
lent core in ducts generally employ some graphical techniques for the
determination of velocity, temperature or concentration gradients
from the measured profiles (17, 28,45). For open channel or wetted
wall studies vaporization rates have been used to calculate the turbu-
lent core eddy diffusivity (46). These methods of lateral diffusivity
measurement are not readily applicable to the fuel rod bundle geome-
tries.

A method similar in practice to the wetted wall eddy diffusivities
studies is used and is based on the following single phase mixing model
proposed by Rogers aiid Tarasuk (36). For the case ofthermaltransport
between adjacent subchannels, 1 and j, it is postulated that
lateral mixing is equal between the subchannels which is consistant
with the eddy transport phenomena. An energy balance between the

postulated lateral mixing and the eddy transport gives

t o= = dT
wiJ.Cp(Ti—TJ.) = prpE(dz)ij (10)

t
where E is the average lateral eddy diffusivity and W is the

subchannel natural mixing rate per unit length. If the average
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temperature gradient between subchannels is approximated by a

divided difference, the following is obtained:

O
dz'ij = =z,
1]

WF. - PBE (11)
1j zZ.,
1}

Equation 11 is thus the basic equation for turbulent subchannel mixing
where z. is some sort of mixing distance between subchannels. The
mixing distance was postulated by Rogers and Tarasuk to be a functionof
the rod spacing, b, and subchannel geometry with the functional rela-
tionship dependent upon experimental results. Note that Equation 11
could also be obtained for turbulent mass transport between subchan-
nels and as such is a general expression for turbulent mixing between
adjacent subchannels.

Using Equations 6 and 7 on the basic mixing equation, Equation

11 results in the following:

t .eb 2y
wij = Zij n (D)ReDv (12)

for the region in the vicinity of the wall and
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w' =2 (0.04 Re NT)v (13)
ij zij D

in the turbulent core. These results thus indicate the parameters that
should be considered when studying subchannel mixing. Specifically
the following parameters appear to be important:
1. b = rod spacing (note that it is conceivable that y in Equa-
tion 12 might be proportional to b and as such will not be
considered independently)

2. D = subchannel diameter or in general subchannel geometry

3. U = subchannel average velocity.

The above leads to the question of what geometry must be used
to adequately investigate subchannel mixing in rod bundles. Earlier
investigators have considered multi-channel or entire rod bundle sys-
tems and two-channel and two-channel rod bundle simulated systems.

Moyer (30) and Rogers and Tarasuk (36) have analyzed most of
the multi-channel experimental studies in an attempt to obtain a gen-
eral subchannel mixing model. Both references note that the multi-
channel experiments gave erratic results and were subject to sub-
channel transport from spacers, warts and lateral pressure imbalances
because of poor system design. Rogers and Tarsuk (35) have since
modified their original result by including results of some of the
published two-channel experimental results. The results of both of

these works may be found in Table 1.
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Table 1. Turbulent subchannel mixing correlations.

Geometrical
Investigator System Correlation*
Wt
(2 . .. .
Hetsroni (23) s1r.nu1ated. B -5 0061 ReO 98
(Figure 4b) p
Wt
Movyer (30) multi-channel ij NZ de
= — NTRe( )
e 0 d+b
. Wt
. Z _ e ) .
Petrunik (32) tW? channel 4 - 5041 ReO 783(1)
(Figure 4a) e de
Wt
Rogers and Tarasuk combined multi- ij _ 0 05(9)0;57Re0.68
(36) and two-channel p b
Wt
Rowe and Angle simulated rod bundle ij _ 0.0036 ReO.‘?O
(40, 41) (Figure 4c) ’
Wt
s1r.nu1ated rod bundle  _ij _ 0.0062Re0'90
(Figure 4d)
Walton (52) simulated rod bundle same as Petrunik
(Figure 4e)

*% Mixing correlations are not necessarily in the original form, but
are in terms consistent with this work.

The two-channel experiments are considered in two categories
because of the significant geometric differences in the two systems.
Figures 4a, 4b, 4c, 4d and 4e are the cross-sectional views of the

various two-channel flow systems. Since the system used in this
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study was a two-channel simulated geometry, particular attention will
be given to each two-channel experiment.

Singleton (47, p. 60) used a two-channel system to make his
exploratory investigation of the turbulent subchannel mixing process.
His results indicated that the mixing rate between subchannels was
approximately proportional to rod spacing. Petrunik (32, p. 48) also
studied mixing in a two-channel system and found that his results
could be correlated with St. Pierre's (49) equation, which recognizes
the effect of subchannel spacing.

Rowe and Angle (40, 41), Hetsroni, Leon and Hakim (23) and
Walton (52, p. 1) conducted various experimental studies on simulated
two-channel systems. Their results indicated the geometry, whether
it be square-square, square-triangle, or triangle-triangle, plays a
significant role in the turbulent subchannel inixing rate. The experi-
mental results of Rowe and Angle (40) suggest that rod spacing is not
an important factor affecting the mixing. This contradicts the work
of Walton, Singleton and Petrunik.

Both Walton and Petrunik found their work could be correlated
by St. Pierre's correlation. This correlation was based on values of
duct diffusivities and the general turbulent mixing expressed by Equa-
tion 11.

Table 2 lists the above mentioned experimental studies and the

pertinent details of each work so that the scope of each is properly



Table 2.

Description of previous two-channel investigations.

Investigator

Geometrical
System

Mass Flu}zc
Ib /hr-ft
m

Mixing Techniques

Hetsroni (23)

Petrunik (32)

Rowe and Angle
(40, 41)

Singleton (47)

Walton (52)

square-square

rectangular

fillers
square-triangle
square-square
square-fillers

semi-circle
fillers

triangle-triangle

Coolant
b/b Fluid
0. 25 water
0.320 water
0. 800 air
0.036
water
0.152
0. 453
0. 840 water
0. 207
0. 400
0.052 water
air

1.5-2.2 % 106

0.2-2.0 x 106
0.1-1.0 x 105

1-3 x 10

0.3-2x10

0.37-1.07 x 106
0.16-3.06 x 105

enthalpy balance

KNO3 tracer

CH4 tracer

enthalpy balance
and LiOH, DZO and
TZO tracers

dye injection

KNO3 tracer

CH4 tracer

0?
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compared.

Subchannel Mean Velocity

The subchannel mean velocities for the two-channel systems,
Figures 4a, 4c and 4e, are easily defined and as such are of limited
concern to the experimentalist. This is not the case for the other
systems, Figures 4b and 4d. The importance of knowing the subchan-
nel average velocity for the system shown in Figure 4b will become
apparent when the theoretical considerations for that system are pre-
sented later in this section. The ability of predicting and controlling
the subchannel velocities for the system shown in Figure 4d is neces-
sary if the experimental result is to have significance. If the veloci-
ties are not correct, diversion crossflow will result and the experi-
mental work will have measured turbulent mixing plus or minus the
diversion crossflow, depending on the experimental technique. Re-

calling Equation 1

-(-diD)Ac =17 Pw
dx o

If this equation is considered for any multi-channel geometry, the

following can be written for each subchannel within the system:

-(=—).Ac., =1 Pw, (14)
i o i
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where
i designates the particular subchannel
i=1,2,...,N subchannels
Aci = subchannel cross-sectional area for i
Pw. = subchannel solid surface in contact with the fluid for i.

The results of numerous studies on turbulent flow have shown that the
friction losses from fluid motion are proportional to the kinetic
energy of the fluid per unit volume. Shown mathematically it is

2
Friction loss = F « pU Ac

ch

This equation is the basis of the definition of the Fanning friction fac-

tor, £.

_ prZAc

F
ch

(15)

Noting that F/Ac 1is equal to the shear force at the wall, the follow-

ing useful expression results:

For non-circular flow areas it is useful to have a characteristic

dimension for the desired geometry such as the diameter for the



23
circular geometry. The hydraulic diameter has proven to be a most

adequate dimension. It can be defined as follows:

_ 4(flow area)
de = solid wetted surface (17)

Note that de = D in the case of a circular duct.

Applying Equations 16 and 17 to Equation 14 gives

2
dP 2fpU
o), = 5, (18)
%1 gcde i

- (

Assuming that the flow within each subchannel is fully developed (not

varying with axial position) the following expression holds:

P, _ 4P _ _ (4P
(Txh™ (G2 " T (&N
or
2 2 2
fpU” . _ fpU" _ fpU
(de )1 ( de )2 ( de )N (19)

The friction factor can be expressed as a function of the subchannel

Reynolds number of the following form:

c
f = 20
) aRed (20)

where a and c¢ are constants (51). Note for a constant tempera-

ture (isothermal) system the density, p, will be a constant and thus
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may be canceled from Equation 19. Now applying Equation 20 to
Equation 19, and considering a square-triangle two-channel geometry

the following result is obtained:

) ' (21)

The constant, ¢, may generally be assumed to be -0. 25 for the
range of conditions investigated in this and the other studies cited (51).
This procedure has been successfully used by several experimenters
(2,30,31, 40) and has been shown by Tarasuk and Kempe, as cited by
Rogers and Tarasuk (36) to be within 5 percent of the actual subchan-

nel mean velocity.

Theoretical Aspects

Derivation of the Subchannel Mixing Equations

Consider the turbulent flow of fluid in subchannels 1 through 8
of Figure 5. Subchannels 7 and 8 are connected through a rod spacing
or gap, b, for alength, L, through which the turbulent transfer
takes place. Although subchannels 7 and 8 are the subchannels of
prime interest, the peripheral subchannels 1 through 6 must be con-
sidered. Hetsroni, Leon énd Hakim (23) considered the geometry of

Figure 5 as a strict two-channel system and made a two-channel
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theoretical analysis rather than an eight-channel analysis that will

also be considered here.

|

Center line

Simulate fuel rod

Channel I is the
channel made of

subchannels 1, 2,
6 and 7

Channel II is the

channel made of

subchannels 3, 4,
5 and 8

Imaginary /

subchannel
boundary

Rod spacing =

Figure 5. Test section cross-section and subchannel
designation.

The experimental technique involves the addition of tracer to
one-half of the geometry while the other half is maintained free of
tracer initially. This sets the boundary conditions for the mathe-
matical model used to describe the turbulent mixing. The mathe-
matical model attempts to describe the dye (tracer) concentration
change as a function of the axial position. A mass balance for the dye
is written for each subchannel over a differential length of the axial
position, L. The following basic assumptions were used in the
analytical development:

1. There is no flow redistribution (diversion flow not considered).
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2. The injection of tracer does not effect subchannel fluid prop-
erties or flow rates.

3. The molecular diffusion of the dye is negligible.

4. The dye is instantaneously mixed upon entering a subchannel.

5. The subchannel velocity profiles are fully developed.

6. The fluid transported between subchannels has the average
dye concentration of the subchannel at the axial position
where the eddy was initiated.

7. The total mass flow rate is the same for each half of the sys-

tem.

Two-Channel Model

The two-channel analysis for subchannels 7 and 8 offers a sim-
ple and explicit result for the turbulent cross-flow mixing, Wog:
Recalling Figure 3 and making dye concentration mass balance over

a differential length of each subchannel gives

7 t _

-m, =T + W78(C8—C7) =0 (22)

and
dC

‘m, —3 4wl _(C.-C.) =0 (23)

Mg 4L 87778
where

m_ = m_, = mass flow rate in the subchannel.
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When the continuity equation over the same differential length, dL,

is considered in light of assumption 1

where

Co = initial dye concentration.

An analytical solution for Equations 22, 23, and 24 with boundary con-
ditions (initial conditions) of Equation 25 can be found by using
Laplace Transforms (5, p. 19) and the result may be written explicitly

t
for w78 as follows:

where Ci is the final dye concentrate for subchannel 7.

Eight-Channel Model

The dye concentration mass balance over a differential length
gives the following set of equations when subchannel 2 = subchannel 6

and subchannel 3 = subchannel 5:
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dc :

m; 57, + YW78(C7 C )=20 (27)
G

e I T °W78(C7'C2) =0 (28)
dc .

-m, —é—f + aw78(C8-C3) =0 (29)
d_cé + vt (C.,-C,) =0 (30)

“Mgar T VW78 ve 4! T
dc, : ¢

-, T + W (Cg-C ) + 2aw,o(C,-C.) + yw78(C1 C,)=0 (31)
dCq t

mg =7 + W g(Co-Cg) + 20.W78(C3-C8) + YW?S(C4 Cgl=0 (32)

where a and y are correction factors to account for rod spacing
and geometrical considerations that might effect the turbulent mixing
rate for these subchannels. The initial conditions for this system of

equations are

C.=C.=C,=0; L=0 (33)

c,=C,=C_,=C; L=0 (34)

It is impractical to present an analytical solution for the above
system of equations. In view of this, the Runge-Kutta-Merson (RKM)
numerical algorithm (15) was used and solutions were obtained on the

Oregon State University CDC 3300 computer. This algorithm was
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used because of its capability of making stepsize adjustments during

a calculation so as
was set at 0.00001
Si Wt
ince
78
tions, an iterative
technique used the

nel as the solution

to maintain a set solution accuracy. This accuracy
for all the calculations considered in this study.

is not an explicit variable in the system of equa-
scheme was necessary to obtain its value. This
exit dye mass balance of the initial untraced chan-

check point.



30

EXPERIMENTAL EQUIPMENT

The experimental system and associated equipment used for
this investigation were located in the basement of the Chemical
Engineering Building at Oregon State University. Figure 6 shows a
schematic of the experimental test loop. The major components of
the test loop included: the test section; dye injection system; gear
pump and motor; and various measuring devices. All the components
with the exception of the gear pump and motor were assembled or
designed specifically for this investigation.

Water from the city water main was used for all experimental
runs and was brought to the desired operational temperature through
the addition of live steam to a constant head tank. The test loop was
an open system and the used water passed to the drain or to the fluoro-

meter and then to the drain upon leaving the system.

Test Section

The test section can be subdivided into the two following regions:
(a) inlet} and exit headers and (b) simulated rod bundle section. Fig-

ure 7 is a line schematic of the entire test section.

Inlet and Exit Headers

For this system (test section) the inlet header had two primary
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functions: (1) to allow a smooth transition between the inlet plumbing
and the simulated rod bundle geometry and (2) to increase the system
entrance length. The exit header allowed a smooth transition between
simulated rod bundle geometry and the exit plumbing. Figure 8 shows
the exit face of the inlet header and Figure 9 shows a close-up of this
header. Note that both headers are geometrically similar and dimen-
sionally the same except for the separator tongue length.

Each header was constructed of eight 1-inch nominal outside
diameter brass rods 3.5 inches in length, two 3/4-inch male connector
Swagelok fittings, two pieces of 3/4-inch diameter refrigerator copper
tubing 18 inches in length, a 1/8 x 7 1/2 x 6 1/4-inch brass kick plate,
and a 316 stainless steel separating tongue. The separator was
1/32x17/16 x 19 1/2 inches for the inlet header and
1/32x17/16 x 14 inches for the exit header. The exit header had
two 3/4-inch gate valves for back pressure control as fittings on the
copper tubing lines.

The construction of each header was accomplished by silver
soldering the various materials into the desired unit. The initial step
was to silver solder four brass rods together such that the exit face of
the inlet header (inlet face of the exit header) had a rod spacing of
0.100 £ 0.010 inches and the inlet face had the four rods touching one
another. This design represented the average dimensions of the

geometries to be investigated. The two faces were then machined on



Figure 8.

Inlet header.

Figure 9.

Close-up of the inlet header.
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a milling machine such that the two faces were square and parallel to
one another. This four rod arrangement was further mac.hined to the
geometry shown in Figure 10. Two such pieces, with the addition of
the separator tongue, were then silver soldered together to make the
main body of the headers. Each tongue was honed to a knife edge at
the edge exposed to the flowing fluid.

The inlet of the inlet header (exit of the exit header) was then
reamed to 9/16 inches at each of the inlet ports. The Swagelok male
connectors, with the tubing legs already soldered in place, were then
soldered to the header geometry. The header design was completed
with soldering of the kick plate. The finished header allowed the
brass rods to fit flush to the simulated rod bundle section (see Figure
11).

The eight 5/16-inch holes through the face of each kick plate
were for the 5/16-inch cold rolled steel tension rods that were used to

tighten the headers to the rod bundle section (see Figures 8 and 9).

Simulated Rod Bundle

The simulated rod bundle section was constructed of plexiglass
(acrylic plastic). Figure 12 shows the cross-section of the system.
Note that sides A and C (see Figure 12) were used for all rod
spacings or gaps considered in this investigation while the particular

design dimensions for sides B and D were used to control the
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Figure 10. Partial construction of the flow header.
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Partial assembly of the test section.

37




PRESSURE
TAP

i

|

:

NN
il
L
~

N

N

» 05" je—

—— . ———— —

| — 1" DIAMETER RODS
t ROD SPACING, b=0.200 in.

VELOCITY D
PROBE

——
—
e

-l 05" le—————3"+ b

T =l I=II c 1l l:l:lﬂ_— \\ ___:
W AN
Sot 1/, /s
PULN 3.2" e 1
FULL SCALE
Figure 12. Cross-section of the experimental test section. &



39
various gap spacings.

Construction of sides A and C was obtained by welding
(gluing) three l-inch nominal outside diameter plexiglass rods to a 1-
inch thick piece of plexiglass flat stock. The side (three rods and
flat stock) was then machined to the desired width. Since the dimen-
sions of the flow channels were a major concern with this project,
much care was taken in the selection of materials and methods of con-
struction.

The rod separation for sides A and C was obtained by
placing two pieces of shim stock that measured 0.097 = 0. 003 inches
between the three rods for the entire length of the side. The shim
stock was placed at thg sides of the center rod and then the outside
rods were snugged up with C-clamps. The three rod, two shim stock
system was then held flush to the flat stock surface with heavy lead
bricks. One end of this system was then elevated and the three rods
were welded with methyl-ethyl-ketone solvent to the flat stock surface.
The machined width of the side was 3.200 = 0. 005 inches. This width
allowed sides ' B and D to fit flush to the surface of the outside
rods.

The rod spacing between sides A and C was another dimen-
sion of major concern. Since the initial rod spacing (gap) would set
the general integrity of all later gaps, the method used to set this

particular dimension will be considered.
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Even though a careful choice of materials was made, the toler-
ances of the flat stock and the gluing depth variation required that
some unusual technique be used for the initial design. The first step
was the measurement of the distance between the center rod and the
exterior face of sides A and C. The four sides of the simulated
rod bundle were then placed in the desired shape and held in place with
mechanical clamps. The rod gap was set by placing shim stock be-
tween the center rods of sides A and C. When the desired gap
tolerances were obtained (this required some pressure on sides A
and C) the holes for the 1/4-20 coarse thread 1 1/2-inch bolt holes )
were drilled and tapped. Note the system was dismantled only after
all the bolt holes had been drilled.

Table 3 shows the results of these efforts plus the results of

other designs.

Table 3. Rod spacings for the mixing section.

Mean Standard
Rod Spacing Error
0.011 0. 0005
0.028 0.0008
0.063 0. 0005
0.127 0.0005
0.228 0. 0006

The bolt holes were tapped only in sides A and C so that

sides B and D could be tightened to them. The bolts were placed
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three inches from each end and approximately every six inches there-
after. This design provided the necessary compression between the
sides to insure the sealing of the system. When the system was put
together, one inch diameter washers were used between the bolt heads
and the plexiglass walls.

The final steps in the system construction was the machining of
the header tongue slots in the center rods of sides A and C and
the machining of the test section to the desired length, 42. 5 x 0.010
inches.

The separator tongue slots were cut on a milling machine with a
1/32 x 3-inch diameter slitting saw blade to a depth of one inch. The
depth of the cut allowed for the full range of rod spacings without
further adjustments to the system.

The flow separators of the two headers marked the beginning
and end of various flow sections within the plexiglass test section.
The entrance region was 16.0 = 0.03 inches in length, which was a
sufficient length for the full development of the velocity (53) and con-
centration (7) profiles. The inlet header was an entrance length
safety factor. The separator provided a physical barrier to channel
contact and thus eliminated any mixing until the mixing section (see
Figure 11).

The end of the inlet separator tongue marked the beginning of

the channel mixing section. This section was 16.0 = 0. 03 inches in
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length and was where the turbulent mixing between channels took
place.

The beginning of the exit separator marked the beginning of the
exit section. This section terminated the turbulent mixing between
channels and provided sufficient length to minimize the effects of exit
flow disturbances on the mixing results. The exit section was
10.5 + 0. 03 inches in length and also split the channel flow so that
the exit concentrations from the channels could be measured.

As implied above, the initial rod spacing was the only design
for which the outlined construction steps were followed. All the other
designs required that sides B and D of the original design be
used as a pattern. The new rod spacings were obtained by using shim
stock of the desired thickness between the original and new side. The
procedure offered a very effective method of increasing or decreasing
the bolt hole separation and thus varying the rod spacing. Although
the method was very tedious and time consuming, the result was very
successful.

Several methods of sealing the test section were attempted but
none proved as effective as General Electric Silicone clear glue. A
thin bead of the glue was applied to all contact surfaces moments
before the test section was put together (tightening of all bolts and
tension rods). The glue was allowed to cure for 24 hours before the

system was used. The glue was easily removed after being used and
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as such all surfaces were clean before construction of each new test

section.

Dye Injection System

This system operated by gravity feed from a constant head tank
elevated approximately 40 feet above the injection point to the test
section. The dye flow rate was measured with a Fisher-Porter Tri-
Flat 1/16-20 rotameter with a tantalum float. This rotameter had a
flow range of 0-20 ml/min which was controlled with a Nupro-S
micro-metering valve.

As Figure 6 indicates the dye could be injected into either side
of the test section. This was controlled by two off-on 1/4-inch Whitey
brass ball valves.

The inline injection system (one for each inlet leg of the header)
was designed with a downstream inline mixing zone to insure complete
mixing of the dye. The inline mixer was a small mesh screen placed
normal to the flow. The dye was injected through a single 1/16-inch
diameter stainless steel tube located in the center of the flow area.

The flow lines from the constant head tank to the injection rota-
meter and from the switching valves to the injectors was 1/4-inch
outside diameter black polyethylene tubing. The black tubing was used
to assure that there would not be any photochemical effects on the dye.

With a constant head tank, an even (unpulsed) flow of dye could
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be injected into the system.

Gear Pump and Motor

The water for this study was taken from the city main and held
in a constant head tank (holding tank). The primary function of this
tank was to eliminate line pressure surges that often occur in the city
main and as a heating vessel to bring the water to the desired tem-
perature. The gear pump was driven by a General Electric AC induc-
tion motor that provided water at 31 gal/min at a maximum head of
50 psi. The inlet and outlet lines to the pump were 1 1/2-inch nominal
outside diameter copper piping. The total flow was split with a
1 1/2-inch copper tee before it entered the flow lines leading to the

test section rotameters.

The volume flow to the test section was controlled with a by-

pass leg to the system (see Figure 6).

Measurement Systems

Fluid Flow Measurement

Two Fisher-Porter 1 1/2-27 (tube number) rotameters were
used to measure the mass flow rates to the test section. Although the
by-pass leg offered the secondary flow control to the test section,

each rotameter had an upstream gate valve for primary control. Each
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rotameter was calibrated for a flow range of 17 lbm/min to
140 lbm/min (see Appendix B). The exit from each rotameter was
necked down from 1 1/2 to 3/4-inch such that the plumbing from rota-
meters to test section was 3/4-inch tubing.
The dye injection system rotameter was used to measure the
volume flow rate of the dye to the system and was calibrated for a

flow range of 1 ml/min to 20 ml/min (see Appendix B).

Pressure Gradient Measurement

Three manometers inclined at 15° from the horizontal were
used to measure various test section pressure gradients. Two of the
manometers measured static pressure gradients between the adjacent
channels and were used to pressure balance the flow rates within the
mixing section of the test section. The third manometer measured
the pressure drOp for the mixing section. This measured value was
used later to calculate the friction factor.

The inclined manometers were used because the pressure gradi-
ents measure were between zero and five inches of water head and a
high sensitivity was needed. As a means of further increasing the
sensitivity of the two fluid (water over manometer fluid) inclined
manometers, 2.96 specific gravity manometer fluid was used as the
measuring fluid.

The pressure lines were 1/4-inch outside diameter polyethylene
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tubing leading from the static pressure taps on the test section to
surge pots that were elevated above the pressure taps.

The pressure balance taps were 1/4 of an inch above and below
the inlet and exit channel separators for each channel in the mixing
section. The same static taps were used to measure the pressure
drop for one of the channels. Figure 12 shows the tap location on the

cross-section.

Temperature Measurement

The temperature measurement of the fluid was accomplished
with two mercury filled thermometers. The temperature measure-

ments were made both up and down stream of the test section.

Dye Concentration Measurement

The dye or tracer, rhodamine B, was detected with a
G. K. Turner model 111 fluorometer (see Appendix C). The split
flow leaving the test section passed through a holding tank before it
entered the fluorometer. The holding tank was built such that either
or both exit test section streams could be analyzed. The fluorometer
was operated continuously and the resulting tracer concentration
measurement was the exit mixing-cup concentration for the analyzed
flow.

The tracer used for this experimental study was DuPont
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Rhodamine TLX-670 solution that has the following composition as

reported by the E. I. DuPont Company:

DuPont Rhodamine B Base 20 £ 1%
Ethyl Alcohol SD-3A 28
Ethylene Glycol 20
Water 32

Because of the fluorescent property of rhodamine B, it can be
detected with quantitative accuracy in concentrations less than
1 part/billion (4, 16).

This particular system operates on a continuous basis and as
such the common sampling train was eliminated from the experimental

routine.

Bias Pressure Measurement

Since diversion cross-flow was an important consideration in
this investigation, some pressure biased experiments were considered.
To insure that all investigations were consistent, a Pace pressure
transducer (model KP15) and indicator (model CD25) were used. This

equipment was also used in some velocity profile work considered in

this study (see Appendix D).

Velocity Profile Measurement

A pitot tube was used to measure impact pressures at the
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midpoint of the mixing section which was sensed with a Pace pressure
transducer. The pitot tube was made of 0. 028-inch outside diameter
stainless steel tubing. A 0.010 £ 0.003~inch diameter hole was
drilled in the side of the tubing which was the pressure sensing point
of the pitot tube. The end exposed to the fluid was sebaled.

The pitot tubes position in the test section was adjusted with a
screw device that was mounted directly to the test section. The posi-
tion was measured with a micrometer which was mounted on the screw

device.
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EXPERIMENTAL PROGRAM

The objective of this investigation was to determine the effect
of rod spacing (subchannel gap spacing) and subchannel flow rates on
the turbulent cross-flow mixing. The literature survey and theoretical
section indicate that both of the afore mentioned parameters play an
important role in the cross-flow mixing. The importance of pressure
gradients between channels and subchannel geometry was also pointed
out. Although the above mentioned system variables are common
ones for most fluid dynamic studies, the use of the dye tracer system
increased the complexity of this system by the addition of some new
variables. Since the volume of water to be used in this work elimi-
nated the use of distilled or even de-ionized water because of the
associated cost, the general stability of the tracer in the water supply
had to be considered before the final choice of tracer material could

be made.

System Geometry

It is impractical to consider the rod spacing independent of the
overall channel cross-sectional flow area. The geometrical consid-
erations involve the accurate measurement of the channel and sub-
channel cross-sectional area and wetted surface. From these two

geometrical values a hydraulic diameter can be found and in turn
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through the use of Equation 19 the subchannel average velocity deter-
mined. The importance of the rod spacing is obvious when Equations
12 and 13 are considered.

Prior to the construction of the simulated rod bundle system, a
diameter measurement of each of the plexiglass rods was made at 20
locations along the rod length with a caliper type micrometer. The
rods had an average rod diameter of 1.001 £ 0.003 inches. It has al-
ready been noted that the separation between the rods glued to the flat
stock was 0. 097 + 0.003 inches. With these measurements plus the
rod gap spacing measurement, the subchannel cross-sectional areas
and wetted parameters could be calculated.

The rod gap spacing was measured in triplicate with a variable
anvil Starret micrometer (224A-R1) at nine positions along the mixing
section.

The distance between the center rod and the exterior face of
sides A and C of Figure 12 was measured at the centerline of the
rod. Note that the position of the measurement along the mixing sec-
tion was marked so that the same points could be used in all later
measurements. The next step was the assembly of the test section
and the measurement of the distance between the exterior test section
faces of sides A and C. The above measurement minus the sum
of the distance measurements of sides A and C gave the gap spac-

ing for each design and completed the geometrical description of the



51
test sections.
Before and after each set of measurements the micrometer was
compared against a standard length. Table 4 lists the various geo-

metrical lengths used in this work.

Water Mass Flow Rates

The mass flow rates entering each half of the test section were
measured with two calibrated rotameters. The mass flow rate range

considered gave a three fold range of Reynolds numbers.

Channel Pressure Gradients

The diversion cross-flow between channels can be obtained when
pressure gradients between the channels exist. The elimination of
this possible pressure imbalance is necessary if accurate turbulent
mixing measurements are to be obtained. The measurement of the
static pressure gradient between subchannels 7 and 8 at the inlet and
exit of the mixing section has been a means of determining if pres-
sure imbalances exist. The elimination of such imbalances have been
made through inlet and exist flow adjustments and thus the accuracy
of the experimental results depends to some extent upon the pressure
gradient measuring device. Because of the continuous tracer analysis
routine used in this investigation, an additional method of pressure

balancing the system was available which gave the experimental



Table 4. Geometrical lengths for the experimental simulated rod bundles.

Ac Ac Ac ‘Ac

i 2
RO((ig:g)acmg SquaIre Sqque Square Squ;re deI de7 deZ de1
Inches Inches Inches Inches Inches Inches Inches Inches Inches
0.011 0.748 0. 323 0.156 0.113 0.270 0.411 0.234 0.175
0.028 0.775 0. 342 0.156 0.122 0.280 0.435 0. 234 0.187
0.063 0. 831 0.380 0.156 0.139 0.299 0.484 0.234 0.211
0.127 0.934 0. 450 0.156 0.171 0.334 0.573 0.234 0. 253
0.228 1.095 0.561 0.156 0.222 0. 388 0.714 0. 234 0. 316

(4]
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results increased impetus.

Rhodamine B Dye

The primary requirement for the tracer system was that some
method of continuous analysis be applicable. This requirement elimi-
nated most of the experimental systems used by earlier investigators.
It did suggest the possible use of various spectrophotometer or colori-
meter analysis techniques. These methods were soon eliminated
from consideration because of their limited range of concentration
detection, turbidity or background effects and the potentially high cost
of the tracer needed for the investigation.

The use of fluorescent dyes as tracers has been in wide use by
various investigators of basic hydrological studies (time of travel,
turbulent dispersion and etc. of rivers, streams and etc. (19)) but has
had limited use by other fields of research. The fluorescent material
was sensed by a fluorometer which had a reported dye detection capa-
bility of 0.1 parts /billion (4). The versatility of the equipment was
such that it could be set up for batch or continuous operation. The
high detection capabilities plus the continuous analysis made the sys-
tem ideal for the present investigation and as such the tracer tech-
nique was reduced to finding a suitable fluorescent material for the

system.

Several fluorescent materials were examined but rhodamine B
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was chosen because it was readily available and exhibits a high degree
of stability. Fenerstein and Selleck (16) have made an extensive in-
vestigation of the effects of pH, temperature, storage time degrada-
tion and photochemical effects of fluorescence. The fluorescence of
rhodamine B in distilled water is as follows:

1. It is independent of pH in the range of 5 < pH < 10.

2. It is decreased by 1 percent/°F with increasing temperature.

The reverse holds for decreasing temperatures.

3. It is not affected by storage time unless exposed to sunlight.

4. It is degraded by 50 percent after direct exposure to sunlight

for 31 hours.

All of the above effects were accounted for in this work either
physically or by choice of materials. There still remained a question
as to the effect the chosen fluid (city water) system would have on the
tracer.

Possible pH effects could be eliminated simply by not operating
on those days when the limits of the pH stability range were exceeded.
However the pH never varied appreciably from 7. 0 during the entire
experimental program as determined by a Beckman pH meter.

Temperature was a controlled variable and remained constant
throughout a series of runs. The difference between the systems
fluid temperature and tracer temperature was never more than 3°F.

This was the maximum temperature difference in the ambient and
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system fluid conditions.

The dye constant head tank was shielded from all light sources,
natural and artificial, thus eliminating possible photochemical degra-
dation. The tracer solution for the constant head tank was also made
up with distilled water to eliminate possible chemical degradation.

The possible chemical degradation of the dye from impurities in
the city water system was studied through a batch analysis of several
tracer samples.

A sample of dye and city water were mixed and the fluorescence
was immediately measured with the fluorometer and the time and
temperature were noted. The fluorescence was measured at regular
time intervals and recorded. This procedure was followed for sev-
eral dye sample sizes (tracer concentrations) before and during the
experimental program. The tracer never showed a fluorescence de-
crease greater than 2 percent and this resulted after a time elapse of
30 to 40 minutes after the first fluorescence reading. Since the dye
residence time (the time between injection and analysis) would be of
the order of a minute, the water-tracer system was considered satis-

factory.
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EXPERIMENTAL PROCEDURE

The following preliminary procedures were performed before

each experimental run:

1. The fluorometer was turned on and allowed to warm up for
30 to 40 minutes.

2. The water holding tank was filled and the pump started with
the by-pass valve open and the valves to the system rota-
meters closed. The city water main feed line to the holding
tank was adjusted so that the water level remained constant
ip the holding tank.

3. The live steam was added to the water in the holding tank.
The stearmn flow rate was adjusted to give a water temperature
at the by-pass between 67 and 69°F.

4. The valves to the test section were fully opened.

5. The purge valves to all the manometers were opened and the
pressure lines were purged for 30 to 40 minutes.

6. The flow of water to and through the fluorometer was checked

and adjusted if necessary.

7. The tracer injection was momentarily operated to insure that
it was working correctly.
8. At the end of the warm-up period for the fluorometer, all the

manometer purge valves were closed and the fluorometer was
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balanced to read zero fluorescence.

The following procedure was used in recording the necessary

data for each gap spacing:

1.

3.

The rotameters were adjusted to the same scale readings and
the exit pressure gradient was zeroed. The rotameters were
checked again and the inlet pressure gradient checked and
rezeroed if necessary by adjusting the inlet and exit valves

to the test section.

The ambient temperature and the pH of the water were meas-
ured.

A series of tracer inlet concentration runs were made before
and after the actual mixing runs. These runs considered 6
to 10 inlet mass flow rates that would cover the mass flow
range to be investigated and a range of tracer flow rates.

The following variables were recorded at each mass flow
rate: (a) test section rotameter scale readings, (b) tracer
scale rotameter readings, (c) fluorometer sensitivity,

(d) fluorescence reading, (e) channel traced and (f) tempera-
ture of the water.

The turbulent mixing runs were not accepted until the exit
fluorescence from both channels were within 3 percent for
the same rotameter settings for the tracer injection into

either channel. Only one channel was traced at a time and
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the recorded fluorescence was for the initial untraced chan-
nel. The recorded variables included those of step 3 plus the
high and low leg readings from the mixing length pressure
gradient manometer.

The pressure biased runs were operated under the same
techniques used for the turbulent mixing runs (steps 1 through
3) but required that a constant pressure bias be maintained
for the mass flow rate ranges considered. The pressure
bias was maintained by adjusting the exit valves to the test
section.

The velocity measurements were made with a balanced sys-
tem. The general data recorded included: (a) system rota-
meter scale readings and (b) fluid temperature. The pitot
tube position and transducer reading for each measured posi-
tion was also recorded. As a general rule only the high and
low mass flow rates for a particular geometry were consid-

ered.
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CALCULATIONS

The observed data from this study are shown in Appendix E.
These were reduced with a digital computer to the results shown in
Appendix F. The tracer concentration from the constant head tank
although shown as observed data was actually a calculated result that

was made with a desk calculator.

Calculations Using Observed Data and Calculated Data

In order to calculate cross-sectional flow areas and correspond-
ing hydraulic diameters the rod spacing must be used (see Figures 5
and 12). The following equations were used to calculate the various

cross-sectional flow areas:

Acy = AC) g7 ACpTACs 4 5 g
T .2 2
= (2d+b)(1.5d+0.097) - 2.5(7d") - 0.5d (35)
Ac. = Ac. = (d+0.097)(d+b) - T 4° (36)
C,7 = C8 . - 4

_ _ d = .2
Acl = Ac4 = (d+b) > -3 d (37)

_ _ _ _ d = .2
Ac‘2 = Ac3 = Ac5 = Ac6 = (d+0.097) >3 d (38)

The following equations were used to calculate the wetted surface for

each subchannel:
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PwI = Pwl, 2.6.7 = PwII = Pw3, 4,5 8 = (2.57+3)d +2(0.097)+b
(39)
Pw7 = Pw8 =7d (40)
Pwl=Pw4=1.51rd+b (41)
Pw.2 = Pw3 = Pw5 = Pw6 =1.5nd + 0.097 (42)

Equation 17 was used to calculate the hydraulic diameter for each

subchannel, i.e.,

4Aci
de, = 43
1 Pw, (43)
1
The total mass flow rate, m, to the test sections was cal-

culated from the calibration curves for the test section rotameters
(see Appendix B). The average velocity for each half of the test sec-
tion was then calculated from the measured mass flow rate for that

half of the test section, i.e.,

m=m 56,71 ™3, 4,5, 8 (44)
and
m
, 2,6,
U. = —1—67 (45)

= U =
1" 712,67 pA

The average velocities for each subchannel was then calculated by
Equation 19. The simple subchannel average velocity relationship of

Equation 21 was not applicable for this system (see Analysis of Data)
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and the following equation was used:

gol-25
. 0.65 _1.44 "7 p,-0.31,-1.75
Us = [0.079 i 4 156 (p.) ] (46)

i
where

i=1,2 and 6 subchannels.

The same form of this equation was also applicable to subchannel 8
and its peripheral subchannels 3, 4 and 5. The continuity equation,
Equation 47, was then used to calculate each average subchannel
velocity with Equation 46 used to equate the various subchannel aver-

age velocities.

= p[Ac U

PAC) 2.6,7Y1,2.6,7 7°7

+Ac1U1+ZAcZUZ] (47)

The test section pressure drop was measured with a manometer
inclined at 15°. The manometer fluid used had a specific gravity of

2. 96, thus the following equation gives the pressure drop:

15.3-
AP = £ 1.96p 22:3:88) i (150 (48)
g 30.5
c
where
As = the manometer reading in centimeters

density of water at the ambient temperature.

©
1l

The friction factor for the test section was calculated from
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Equation 18 with g—g replaced by the finite difference of the pres-

. AP . . .
sure gradient, x therefore, the following equation gives the

friction factor for the test section:

g de
szC(AP) 1’2’6,7(3600)2

AxX
1,2,6,7

(49)
pU

where

Ax = distance between pressure taps = 1.23 ft.

All concentration calculations were made from the measured
fluorescence and the calibration curves (see Appendix C). The exit
fluorescence was for the initially untraced channel, subchannels 1, 2,
6 and 7 or subchannels 3, 4, 5 and 8, and was therefore the mean
mixing-cup concentration for the channel. The inlet tracer concen-
tration was calculated from an overall tracer mass balance for the

test section, i.e.,

(exit tracer concentration) m

COT = (50)
m
t
where
m, = tracer mass flow rate (see Appendix B)
COT = inlet dye concentration

and the initial tracer concentration to the test section was calculated

as follows:
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my
cC =coT ———— (51)

° M1,2,6,7
This was for subchannels 1, 2, 6 and 7 being initially traced. As was
indicated in the experimental program, the tracer concentration was
checked at regular intervals during a set of runs.

Calculation of the turbulent cross-flow was made after the above
calculations were made. The two-channel model allowed the turbulent
cross-flow to be calculated explicitly from Equation 26. This was not
the case for the system of equations used for the eight-channel model.

The set of linear ordinary differential equations developed for
the eight-channel model were numerically integrated with a Runge-
Kutta-Merson numerical algorithm. Since the cross-flow mixing was
implicit in the set of equations, an iterative scheme was necessary to
calculate the turbulent cross-flow for this model. The following se-
quence of events for the calculation of the cross-flow for the eight-
channel model was followed:

1. The two-channel model cross-flow was used as the initial

guess for the cross-flow.

2. The system of equations were numerically integrated.

3. The tracer mass balance was used as the check point for the

iterative scheme. The measured exit tracer mass was com-

pared against the calculated exit tracers mass and the
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difference between the two values was used for the acceptance
or rejection of the calculated results. The difference was

calculated as follows:

DIFF = ( ) (measured exit tracer concentration)

(52)

™1,2,6,7

The cross-flow used in the calculation was accepted if

) (measured exit tracer concentration)(0.05)

(53)

= %
DIFF (m1,2,6,7

4. If the calculation was rejected the value of the cross-flow
was linearly adjusted so as to given a DIFF value equal to
zero. This new value of the cross-flow was thus used for
the numerical integration of the system of equations.

5. Steps 2, 3 and 4 of this sequence were continued until Equa-
tion 53 was satisfied.

The point velocities were calculated from the measured impact

pressure. The pressure transducer calibration was used to adjust the
transducer output to the true impact pressure (see Appendix D). The

point velocities were then calculated as follows:

Py
u=60/288g — (54)
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ANALYSIS OF DATA

The subchannel mixing data were considered with two mixing
models, the two-channel model and the eight-channel model. Both
models represent an attempt at describing the mixing phenomena that
occurs between connected flow channels and differs only in the manner
in which each uses the measured exit dye concentration.

Previous investigators of simulated rod bundle systems have
used the two-channel analysis scheme because of the nature of the
simulated rod bundle design (32, p. 3; 40; 41; 52, p. 3). This type of
an approach has afforded the experimentalist a method of isolating
various rod bundle configurations. Rowe and Angle (41) and Walton
(52, p. 64) have noted that the system configuration (see Figures 4c,
4d and 4e) results in different mixing rates.

For the simulated rod bundle configuration used in this study
(see Figure 5) the transport between subchannels 7 and 8, a square-
square geometry, was of prime interest. Although the peripheral
subchannels 1 through 6 increase the complexity of the system, this
design was considered advantageous opposed to a simple two-channel
square-square system in more closely simulating rod bundle flow.
Hetsroni, Leon and Hakim (23) considered the same geometry as a
two-channel system and evaluated the mixing from the average condi-

tions for each half of the geometry, channel I and channel II (see
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Figure 5).

Independent of the particular model (two-channel or eight-
channel) chosen to describe a particular system, the mass flow rate
and inlet and exit concentration must be known. Equation 19 may be
used to calculate the average subchannel velocity and in turn the mass
flow rate while the total mass flow, the inlet and the exit concentra-

tions are measured quantities.

Friction Factor

Figure 13 is a plot of the overall or test section Fanning friction
factor as a function of the Reynolds number for channel I, Rel, 2.6.7
for three rod spacings. The remaining rod spacings fall within these
results as indicated by Table 5.

Table 5. Friction factor versus Reynolds number for the
test section.

Rod Spacing Fanning Friction Factor
(Inches) for Channel I
0.011 f=0.21 Re O 204
0.028 £=0.23 Re O *10
0.063 f=0.34 Re 0" %Y
0.127 £=0.15 Re™ 037
0.228 f£=0.22 Re 047

The von Karman-Nikuradse equation is also shown for
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comparison since it represents the best fit for turbulent flow in
smooth tubes. For the Reynolds number range considered in this
study, the Blasius equation is nearly identical to the von-Karman-

Nikuradse equation but is a much simpler expression, i.e.,

f=0.079 Re‘o'25 (55)

The experimental results for each gap fall below the Blasius
equation and each has a slope (see Figure 13) that is greater than
-0. 25 (the slope of the Blasius equation). The experimental work of
Eifler and Nijsing (13) and Walton (53) for the rod bundle geometries
indicate that results lower than the Blasius equation could be expected
but the slopes should be close to -0.25. Deissler's (11) analytical
investigation shows a general agreement with the above mentioned
experimental investigations.

It is important to note that each of these cited references con-
sider Reynolds numbers that were greater than 1.6 x 104 which is
above the upper limit for this study (see Figure 14). The experimen-
tal data of Eifler and Nijsing (13) showed an increase in slope for the
low range Reynolds number data and also indicated that for a b/d
ratio greater than 0. 05 the Blasius equation could be used.

The other two-channel and multi-channel investigations have
neglected to report or investigate pressure drop. They have used the

Blasius friction factor result or other correlations that give results
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to within +5 percent of the Blasius equation (2,6, 7,31, 35, 38).

Waggener (51) reports the friction factor results for several
rod bundle designs in current use and suggests that for smooth rod
bundles Equation 55 can be used for a Reynolds number range of
4 x lO3 to 1l.x 105.

When Equation 21 was used with the experimental friction factor
results, it was noted that the continuity equation for the complete
bundle was not satisfied. This suggested that these friction factor
relationships when used in Equation 21 did not describe the friction
loss in all, if any, of the subchannels. This implies that each sub-
channel in the simulated rod bundle may have its own unique friction
factor-Reynolds number relationship. Thus to calculate the average
velocity in each subchannel, this relationship must be known. This
could also explain the position of the experimental curves shown in
Figure 13, both with respect to the Blasius curve and the results of
other investigators.

For laminar flow in a duct the exponent on the Reynolds number
is equal to -1.0, while for fully developed turbulent flow the exponent
is -0. 25 (see Equation 55). The experimental exponents in Table 5
indicate that some transition flow regime, a combination of laminar
and turbulent flow, might be occurring in the test section. Eckert and
Irvine (12) noted that for triangular passages, laminar flow and turbu-

lent flow can exist side by side near the corners of these noncircular
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ducts.

Since the subchannels 1, 2, 3, 4, 5 and 6 of the whole bundle
have well defined corner areas in their cross-section, the combined
laminar-turbulent flow pattern is conceivable for these subchannels.
It was thus assumed that Equation 55 describes the friction factor
relationship for subchannels 7 and 8 and based on this assumption the
friction factor relationship for subchannels 1, 2, 3, 4, 5 and 6 could
be determined from the experimental data and Equation 19. This
assumption is consistent with the findings of Eifler and Nijsing (13)
except for the 0.01l-inch rod spacing.

On the basis of the above assumption, and using Equations 19
and 55, the experimental results indicated that the friction factor-
Reynolds number relationship for subchannels 1, 2, 3, 4, 5 and 6
could be expressed by the following single relationship for all rod

spacings including the 0.0ll-inch rod spacing, i.e.,

f=0.65 Re_0'56 (56)

Table 6 shows the results of the continuity equation check for each
geometry. The results are within the accuracy of the 2 percent error
estimate for the cross-sectional areas of each subchannel.

Equation 55 and 56 were used to describe the flow in the various
subchannels for both of the proposed mixing models. It is important to

recognize that Equation 21 no longer applies, but application of
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Equation 19 with the proper friction factor equation will give the sub-

channel velocities for each rod spacing.

Table 6. Mass balance for the simulated rod bundle geometries.

Rod Spacing Calculated mass flow-Measured mass flow
x 100
{Inches) Measured mass flow
0.011 0.0to 1.3%
0.028 -1.3to 0.0%
0.063 -2.3t01.5%
0.127 -1.3to 0.6%
0.228 -1.3to 1.5%

Turbulent Mixing

Figures 14 through 18 show the results of both the two-channel
and eight-channel turbulent mixing models. These figures also indi-
cate which channel was initially traced. Each pair of points for a
given Reynolds number were obtained for the same system conditions
except for the changing of the traced channel. This change was made
such that no other adjustments to the system were necessary.

The ordinate for these figures is the turbulent cross-flow,

t

78’ divided by the dynamic viscosity, @, which could also be

w
written as the effective or apparent eddy diffusivity, E, divided by

the kinematic viscosity, V. The abscissa is the Reynolds number

for subchannels 7 or 8.
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Figure 15. Two-channel and eight-channel mixing results versus
subchannel 7 Reynolds number for the 0. 028-inch rod
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Two-Channel Analysis

Figure 19 shows w;8/|¢ versus the Reynolds number for sub-
channel 7, while Figure 20 shows the w;8/|¢ versus the Reynolds
number for channel I, Rel’ 2.6.7 for each of the rod spacings
considered.

These figures indicate that for the two-channel model the rod
spacing has a definite effect upon the turbulent cross-flow. Figure
20 is presented to show the effect an error in the mass flow rate cal-
culation would have on the reported results and as such it shows that
the mass flow rate is important to this model only if a definitive re-
sult is sought. Even though both methods of analyzing the observed
data give the same general result, the analysis based upon the sub-
channel Reynolds number is of the greatest value since in considers
the hydrodynamic conditions that are effecting the turbulent inter-
change between adjacent subchannels.

Figure 21 shows the comparison of experimental results from
Hetsroni, Leon and Hakim (23) with this work for geometrically simi-
lar flow channels and the same turbulent mixing model. The differ-
ence in the two results is a result of the manner in which Hetsroni,
Leon and Hakim evaluated the viscosity of their fluid. Since they were
using a hot-cold channel (enthalpy balance) scheme, they chose to

report the results as for the hot channel. Their experimental program
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considered average channel temperature differences from 30 to 70°F
which would give a two fold difference in viscosities between the hot
and the cold channels. Even so, the two results exhibit similar
Reynolds number effects and a viscosity adjustment to the data of
Hetsroni, Leon and Hakim would close the relative difference in the

two results.

Eight-Channel Analysis

Figure 22 shows W;S /u  versus subchannel Reynolds number
for each rod spacing considered. This method of analyzing the ob-
served data is an attempt to account for all possible subchannel in-
teraction. It should therefore offer the most realistic approach of
describing the experimental system.

Figures 14 through 18 show that this model gives higher turbu-
lent cross-flow rates for the same Reynolds number and rod spacing
than the two-channel model with the exception of the 0. 288-inch rod
spacing. This was thought to be a result of the exit concentration
used by the two-channel model and the convergence criteria used for
the eight-channel model.

Since the measured exit concentration is the mean mixed-cup
concentration for the channel I or channel II cross-section, and the
actual exit concentration of subchannel 7 or 8 should be higher than

this result, the two-channel model would thus give a conservative
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estimate of the turbulent mixing.
This may be seen fromthe following analysis of the two-channel
model. If Z(Cf,//Co) from Equation 26 is very much smaller than 1

(Z(Cf//co) « 1) then Equation 26 may be written as follows:

f
S 57)

L Co
When the effect of rod spacing upon turbulent interchange is consid-
ered, it is apparent why the two models give very nearly the same
results for larger rod spacings.

The convergence criteria used for the eight-channel model
could cause the calculated turbulent mixing to be either high or low
depending upon the rod spacing. Equation 58 is the mathematical
representation of the criteria.

> 0. 05
1-Z m, (exit dye concentration)i - accept

— = (58)
measured mass mean mixing-cup
flow rate exit dye concentration < 0. 05 reject
channel I channel I
where

i=1, 2, 6 and 7 subchannels

and it has been assumed that channel II was initially traced. The rod

spacing effects the criteria by how well the mass balance of channel 1
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was satisfied.

If the sum of the subchannel mass flow rates for channel I is
less than the measured mass flow rate for channel I, the calculated
exit subchannel dye concentration will be higher than the true value.
This will result in a calculated turbulent cross-flow mixing rate that
will be higher than the true value. The opposite effect is also true for
the sum of the subchannel mass flow rates greater than the measured
mass flow rate for channel I.

Table 7 gives an estimate of the error of the two models from
the true results independent of the possible errors in measured con-
centrations, mass flow rates and geometrical lengths. These esti-

mates of the error are for the maximum possible error in both cases.

Table 7. Error estimate for the mixing models.

Rod Spacing Two-Channel Eight-Channel
(Inches) Model Model
0.011 -34% 5to 10% low
0.028 -31% 5 to 10% high
0.063 -20% + 10%
0.127 - 9% + 10%
0.228 0% + 10%

The error estimate for the two-channel model was made by
assuming none of the dye was transported to the peripheral subchan-

nels for the initially untraced channel. The resulting exit
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concentrations were then put on a relative scale that assumed the exit
mean mixing-cup concentration for the 0. 228-inch rod spacing was the
true value.

The error estimate for the eight-channel model was made by
considering the mass balance error (see Table 6) for each rod spacing

times the maximum error in the convergence criteria.

Effect of Pressure Bias on Turbulent Mixing

When the turbulent cross-flow mixing divided by the sum of the
mass flow rates for subchannels 7and 8 was plotted against subchannel
7 or 8 Reynolds number, the results showed that W,t78/m increased
with increésing Reynolds number. This result was unexpected in view
of the experimental studies of Rowe and Angle (40, 41) and Walton
(52, p. 82-83).

The initial operation of the test section had indicated that the
inlet and exit pressure gradient measurement was not sensitive enough
to insure the test section was pressure balanced, zero pressure gradi-
ents between subchannels 7 and 8. This result initiated the thought to
operate under a known pressure bias or gradient between the two sub-
channels. The mixing results for the 0.0l1l-inch rod spacing under
this condition gave higher mixing than for the pressure balanced case

and a decrease in mixing for an increase in Reynolds number. Figure

23 shows the difference in results for the balanced and unbalanced
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pressure conditions for this rod spacing.

The extreme sensitivity of the 0.0l1l-inch rod spacing geometry
to the imposed pressure bias made it difficult and impractical to
considerthe bias pressure effects beyond the range shown. This was
not the case for the 0. 127-inch rod spacing geometry.

Figure 23 shows the results for three bias pressure gradients
and the balanced pressure gradient at the exit for subchannels 7 and
8 for the 0. 127-inch rod spacing. The results exhibit the same trends
as the pressure biased 0.0ll-inch rod spacing results. In Figure 23
the bias mixing results have been extended such that they approach the
balanced mixing condition. The dashed lines are a qualitative estimate
of the effects of a pressure gradient upon the mixing as the Reynolds
number increases.

Figure 24 shows the experimental results of Rowe and Angle
(41) and Walton (52, p. 82-83). These results indicate that the experi-
mental systems of the cited references could be pressure biased or
that diversion cross-flow had not been eliminated. This might also
account for the fact that the Rowe and Angle results showed that rod

spacing had no effect upon the turbulent mixing.

Correlations of the Mixing Results

The 0. O0ll-inch rod spacing gave the same general results for

both the two-channel and eight-channel mixing models. This
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configuration supports the hypothesis that turbulent mixing between
adjacent subchannels is a function of rod spacing and indicates that
the mixing approaches zero for very small rod spacings.

The mixing results for rod spacings 0.028, 0.063, 0.127 and
0. 228 inches were used to develop a general mixing correlation..
The 0. 0ll-inch rod spacing was not considered since the results for
this system exhibited mixing characteristics very different to the
other geometries investigated which is consistent with variations in
turbulent flow near the wall and turbulent flow away from the wall.
Equation 11 which is theoretically derived relates the measured

turbulent mixing for the simulated rod bundle to the eddy diffusivity,

wt,:, = '& E
ij zij

For the turbulent mixing or cross-flow between subchannels 7 and 8
and assuming that E in Equation 11 may be replaced by the turbu-
lent core eddy diffusivity equation for flow in a duct, Equation 8, the
following equation is obtained:

wh = L2 (0,04 Re_NTV) (59)

78 Zog 7

If the Blasius equation for the friction factor, Equation 55, is applied
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to Equation 59 the following results:

wt =22 (50113 Re® 87y
78 z 7
78
or
Wt
0.875
—18 =2 (0.0113 Re, ) (60)
: 78
where
z_, = a mixing distance between subchannels 7 and 8.

78

The importance of using Equation 8 to describe the turbulent core eddy
diffusivity is that it represents the ultimate value for the turbulent
mixing, WE{'8° This concept is consistent with the works of
Schlichting (42, p. 468) and Szablewski (50) when the test section is

compared to either duct or channel flow which are the physical limits

of the system.

The mixing results for each rod spacing were correlated with
the subchannel 7 Reynolds number for both of the mixing models with
the results shown in Table 8. These results imply that for the scope
of this work the mixing distance between subchannels 7 and 8 is a
function of the subchannel Reynolds number when compared to Equa-
tion 60. This further suggests that assuming Zg8 to be a constant

and equal to some characteristic dimension of the subchannel is incor-

rect as has been done in the past (2, 30, 36, 49, 53).
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Table 8. Empirical correlations for subchannel mixing;

t _ b
w78/p = aRe,_.

7
. Two-Channel Model Eight-Channel Model
Rod Spacing 5 5
(Inches) ax 10 b ax 10 b
0.011 7.5x 10710 3.43 2.9 x 10710 3.55
0.028 10 1.23 4.5 1. 34
0.063 37 1.12 10 1.26
0.127 50 1.12 17 1.20
0.228 190 1.01 66 1.12
When the mixing distance, Zog is considered as some mixing

length comparable to the Prandtl mixing length its dependence on the
Reynolds number becomes apparent. For Reynolds numbers less than
1 x 105 the mixing length, £, for turbulent flow is a function of the
Reynolds number because the velocity profile is not independent of the

Reynolds number as is the case for turbulent flow above Re = 1 x 105

(42, p. 568-569).

The b/z78 term in Equation 60 is thus a correction factor for
the mixing in the rod bundle geometry that approaches unity for high
Reynolds number flow.

In considering the general correlation of the mixing results for
the 0.028, 0.063, 0.127 and 0. 228-inch rod spacings, Equation 60 was
used as the starting point. This required that some function for the
b/z term be developed that satisfied the following conditions:

78

1. As b becomes large (approaching the hydraulic diameter



of the subchannel) b/z,78 must approach unity.
2. As Re,7 becomes large (the velocity profile becomes inde-
pendent of Re) b/z,78 must approach unity.
3. As b becomes small (approaching zero) b/z,78 must

approach zero.

The function

1 - exp(-f(b, Re,)) (61)

7

would satisfy these requirements provided

f(b, Re7) o b and Re,7 (62)

replacing b/z by Equation 61 in Equation 60, i.e.,

78
t
V78 0.875
- - [1 —exp(—f(b,Re7))](O.Oll3 Re., ) (63)

Note that the left hand side of Equation 63 is a result of the experi-
ment and thus f(b, Re7) may be found for each rod spacing. The
individual expressions for each rod spacing were then correlated to
give a general expression for both the two-channel and the eight-
channel models.

Figures 25 and 26 are plots of the predicted versus the actual

t . . .
Wog /b values. The estimate of the variance of the correlation was
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made with the following expression:

t t
N 18 V18
% (predicted — - actual — )k
estimate of é k H H
variance N
where
k = a data point or result

Z
1

total number points

and the f(b, Re7) equations for each mixing model are

two-channel model

f(b, Re_) = 0. 158 exp(5. 17—2—) + 107 °(0. 618+2. 34 =— )Re_.  (65)
7 de de 7
7 7
eight-channel model
b -5 b
f(b,Re_) = 0.14 exp(4. 75—) + 10 (1.1+4.7—)Re (66)
7 de7 de7 7

These results are consistent with the general restriction of Equation

62.

Subchannel Velocity Profiles

Figures 27 and 28 show the axial velocity profile measured along
the centerline of the rod bundle cross-section through the center of
the rod spacing in the z direction (see Figure 29) where the fluid

motion is normal to the paper.
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Figure 29. Rod bundle cross section.

Since the probe used to measure the impact pressure had an out-
side diameter of 0. 028 inches, the velocity results in the gap are
considered to be of a qualitative value only. Even so, the results are
consistent with the idea that the velocity profile in the vicinity of the
gap is a function of the Reynolds number. This is particularly evi-
dent for the 0.011, 0.028 and 0. 063-inch rod spacings. The Reyn91ds
number effect also appears to decrease with increasing rod spacing
which is consistent with the turbulent mixing correlation for the vari-
ous rod spacings shown in Table 8.

Since the rod spacing has been shown to have a measurable

effect upon the transport between adjacent subchannels, a gap Reynolds

number was calculated using the measure point velocities in the gap.
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The gap Reynolds number was defined as

2bu (0.8)
Re = _L_
g 14
where
u = point velocity at the geometric center of the gap

rod spacing

<
1

kinematic viscosity.

The gap was considered as being formed by two flat plates for which
the plate separation was the rod spacing and thus the hydraulic diam-
eter was 2b, as calculated from Equation 17.

Figure 30 shows the gap Reynolds number, Reg, plotted as
a function of the subchannel 7 Reynolds number, Re7. This figure
implies that at the gap the fluids motion could be laminar.

As a means of additional description for the fluid motion within

the gap, an estimation of the laminar sublayer thickness was made

with the following equation:

Ymaxde7 [ 2
8*Re. V7T (68)
7
where
Y::nax = represents the thickness of the laminar sublayer and is

assumed equal to 5 based on turbulent flow in tubes.
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Figure 30. Gap Reynolds number versus subchannel 7 Reynolds num-
ber for the 0.028, 0.063 and 0. 127 inch rod spacings.
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Using the Blasius equation for the friction factor, Equation 55, evalu-

ated for subchannel 7, Equation 67 can be written as follows:

) 0.875 [ 2
5§=5 de7 Re7 9079 (69)

If Equation 68 is divided by half the rod spacing, b/2, the resulting
expression when plotted as a function of Re7 gives the results
shown in Figure 31.

This figure indicates that even though the gap may be near a
complete laminar flow condition for the smaller rod spacing, turbu-
lence could still exist in a portion of the gap.

Equation 68 will give an estimate of the average sublayer thick-
ness in subchannels 7 or 8. In the region between the gap the layer
could conceivably be thicker. Figure 31 indicates that the sublayer
could fill at least one-half the gap at the 0.011 rod spacing and prob-
ably almost completely fills the gap under actual conditions. As the
gap increases the effect of the laminar sublayer decreases. Hence
for gap spacing greater than 0. 028 inches the turbulent mixing cor-
relations obtained appear reasonable.

This analysis indicates the reason why the 0. 0ll-inch rod spacing
did not fit the correlations. It appears that in the gap region between
0.011 and 0. 028 inches the influence of the laminar sublayer is de-

creased significantly and does not provide a major resistance to cross

channel mixing.
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ESTIMATION OF EXPERIMENTAL AND CALCULATION
ERRORS

Although a general estimate of the error for the two-channel and
eight-channel mixing models was presented previously, a more for-
mal approach will be presented here through the use of the error esti-

mates of the various measured quantities.

Experimental Errors

System and Tracer Flow Rates

The flow rates of interest were calculated from the recorded
rotameter readings which were converted to the desired mass flow
rate through the calibration curves of Appendix B.

The system rotameters could be read to £0. 25 of the scale read-
ing. For the range of scale readings considered, this gave mass flow
rate results of £1 percent. The tracer rotameter could be read to
+0.1 of the scale reading which gave the tracer flow rates of £1 per-

cent.

Concentration

The recorded tracer fluorescence was used with the calibration
curves in Appendix C to calculate the dye concentration. The fluoro-

meter could be read to £0.5 percent fluorescence and checks of the
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calibration curve at various times during the experimental procedure
showed that the concentrations could be consistently reproduced to

+2 percent.

Pressure Drop

The inclined manometer could be read to 0. 2 cm which would
give a calculated pressure gradient of £2 percent. Since the pressure
lines were always bled prior to making an experimental run, the

presence of air in the manometer leads was not considered a problem.

Geometrical Lengths

The subchannel cross-sectional areas and wetted parameters
were considered to be accurate within £2 percent while the lengths
measured in the axial direction for the test section were considered

to be accurate within *1 percent.

Calculated Errors

The estimate of error propagation as cited by Mickley, Sherwood
and Reed (29, p. 53) was used for the error analysis of the mixing

models and the other calculated results.

Two-Channel Mixing Model

The turbulent mixing between subchannels is defined for this
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model by Equation 26, i.e.,

m C

7
Wog T - 21, 108, (1-2 co))

Taking the differential of the variable Wt

78
t t t t
ow ow ow ow
t 78 78 78 f 78
dw78 alarwe dm7+ 5T dL + n dC7 + Yo dCo (70)
7 oC o
7
where
c
awt loge(l-Z( C—))
78 - o (71)
om B 21,
7
c
aWt m7 loge(l-Z( C—))
78 o
5L 2 (72)
2L,
2
ow’ ma (- 5)
78 _ o)
rai f (73)
8C7 C7
2 Y
L(1 Z(C )
o
c
. mo2(=5)
ow C
78 o
= - (74)
BCO Cf
7

2L(1-2( E_))
o
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If the total derivatives in Equation 70 are approximated by finite in-

crements, i.e.,

78 = AV7s

o
&
1

t
and both sides of the equation divided by w with Equations 71, 72,

78

73 and 74 replacing the partial derivative terms, the following equa-

tion results:

c;
t 2(—) f
A
AW78 _ Am7 AL ) Co AC7 Co
W,t78 m7 L Ci Cg Ci Co
(1-2( E;))IOge(l'Z( C—))
° (75)
t t
Before the value of AW78/W78 can be evaluated the terms
Cf/C , Am_/m and AC /C must be evaluated, i.e.,
7 o 7 7 o o
A
ACo _ A(measured concentration) + Am mt (76)
Co measured concentration m Int
ACo
c = 4%
o

where the various experimental errors have been used to replace the
terms in Equation 76 such that the maximum possible error is ob-
tained.

The evaluation of Am7 /m7 was made by considering Equation



45 and an equation similar to Equation 46 which related U7 and UI

and using the error propagation technique, i.e.,

297 1.6 AU1+ 125 248, 4 2de @7)
U7 1.75 UI 1.75 de7 1.75 deI
where
AUI
o, -3
I
Ade7 Ade
= :j:z%
de7 deI

Therefore the maximum possible error for Equation 77 is 7 percent.
Using this result the value of Am7 /m7 was found to be accurate
within £10 percent. All of the values needed for evaluation of Equa-
tion 71 are now known with the exception of Ci/Co which changes

f
for each experimental run. If the two extreme cases for C7 /Co

are considered

C

1. 0.011 inch rod spacing, run 29; —%= 936.1 ¢ +17%
7 W18
Co w;8

2. 0.228 inch rod spacing, run 14; < 22.2 +11%
C7

Eight-Channel Mixing Model

This model does not lend itself to the analysis routine used for
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determination of the error for the two-channel mixing model since the

t . . . . .
cross-flow, w is not an explicit result of the analysis. Since

78’

. . . -5
the RKM algorithm had a constant error criteria of 10 ~, the sub-
channel concentrations were considered to be as accurate as the meas-
ured exit concentrations. When this approximation is used with the
convergence criteria which actually controls the accuracy of the cal-

t .

culated value of Wogr an error estimate equal to the acceptance

criteria is obtained, £5 percent.

Friction Factor

The experimental friction factor was calculated for the half of
the total flow cross-section and used the measured pressure drop for
the mixing length. The error propagation technique was used with

Equation 49 to give the following error estimate:

ATf = +12%

Subchannel Reynolds Number

The turbulent mixing data was correlated as a function of the
subchannel Reynolds number. An estimate of the error gave the fol-
lowing results for the Reynolds numbers used in the various correla-
tions:

ARe ARe

= x11%;
Re7 ReI

Iz:t?%.
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RESULTS AND CONCLUSIONS

The effects of rod spacing and mass flow rates on the turbulent
interchange between adjacent subchannels in a simulated rod bundle
were investigated and both were found to be significant parameters
effecting the turbulent interchange.

Both the two-channel model and the eight-channel model gave
results that were sensitive to the rod spacing. This was particularly
true when the 0.01l-inch rod spacing mixing results were compared to
the other rod spacing results for both models. At the higher rod
spacings 0.028, 0.063, 0.127 and 0. 228, the two-channel model gave
results that increased with an increase in rod spacing. The same
general results were obtained for the eight-channel model except that
the resolution between the various rod spacings was not as pronounced.
The cause of the overlapping of the mixing results for various rods
spacings for this model was considered to be related to the conver-
gence criteria for the model and the subchannel mass velocity fit to
the continuity equation. Even so, the mixing results for this model
also indicated that transport between adjacent subchannels was a func-
tion of the rod spacing for the scope of this investigation.

Independent of the mixing model used to evaluate the observed
experimental results, the significant difference in the subchannel mix-

ing between the 0.011 and 0. 028-inch rod spacing was considered to
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be a result of the fluid dynamic conditions within the gap. It was esti-
mated qualitatively that the 0.0l1l-inch rod spacing was filled or very
nearly filled by the laminar sublayer which would subject the turbu-
lent transport mechanism to direct viscous dissipation (3, p. 258).
The turbulent transport results for the other rod spacings indicated
that the effects of the laminar sublayer were nominal when considered
relative to the 0. 0ll-inch turbulent transport results.

The turbulent mixing for all the rod spacings investigated in-
creased as the subchannel mass flow rate was increased. This is
consistent with the fact that as the mass flow rate increases the
thickness of the laminar sublayer decreases thus the area of viscous
dissipation of the eddies is reduced which enhances the turbulent
transport. At the same time, the fluid motion in the vicinity of the
gap approaches the fluid conditions in the turbulent core of the sub-
channel and the maximum transport condition for the geometry is
approached.

The turbulent mixing results were correlated with the duct or
channel eddy diffusivity which was considered as the ultimate value
possible for the interchannel transport. This approach led to the fact

that the dimensionless length, b/z may be considered a correc-

78’

tion factor for subchannel turbulent mixing when the mixing results
are correlated with the duct eddy diffusivity.

The subchannel mixing length, =z was found to be a function

78’
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of the subchannel Reynolds number and rod spacing. This result was
found to be consistent with the experimental subchannel velocity pro-
files and the concepts associated with the duct mixing length for turbu-
lent flow for the range of Reynolds numbers investigated in this study.

The above results were for the system void of lateral pressure
gradients between adjacent subchannels. The effects of a pressure
bias (lateral pressure gradient) in the test section were studied for
the 0.011 and 0. 127-inch rod spacings. This investigation indicated
that the smaller rod spacing was more sensitive to small pressure
gradients than was the largef rod spacing.

This study also gave mixing results that decreased with an in-
crease in the mass flow rate which was the reported result of earlier
investigators (23; 32, p. 3; 41; 52, p. 3). This implied that the ex-
perimental systems of the cited references could be pressure biased
or that diversion cross-flow had not been eliminated. These results
thus indicate the importance of a balanced system when turbulent mix-
ing between subchannels is to be measured.

The following conclusions were thus drawn from this investiga-
tion of turbulent mixing between adjacent subchannels for the Reynolds
number and rod spacings considered:

1. The mixing between subchannels is a function of the rod

spacing and the subchannel mass flow rate.

2. Small pressure gradients between adjacent subchannels have
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a significant effect upon the interchannel mixing.
. The subchannel mixing can be. compared to turbulent mixing
in the turbulent core of a duct.
The rod spacing when nondimensionalized with a subchannel
mixing length may be considered a correction factor to the
turbulent mixing for a duct.
The gap flow conditions seem to control the subchannel mix-
ing for the 0.0ll-inch rod spacing but have a lesser effect
for the 0.028, 0.063, 0.127 and 0. 228-inch rod spacings.
. The two-channel mixing model results can be predicted by

the following semi-empirical relationship:

W
-5 E
18 = [1-exp(-0.158 exp(5. 17—b—) -10 (O.618+2.34L)Re7)]v_
e de de
7 7
where
E 0.875

5 0.0113 Re7

This result predicted the actual results with a standard rela-
tive error of + 5 percent, when the 0.01l1l-inch rod spacing re-
sults are excluded.

The eight- channel mixing model results can be predicted by

the following semi-empirical relationship:

t
w
78 b -5 b E
—2 - [1_exp(-0. .75 —) - 14+4.7— -
" [1-exp(-0.14 exp(4 75570 - 10 (L1447 )Re7)]v

7 7
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whe re

LI 0.0113 Reo'875

v 7
This result predicted the actual results with a standard rela-
tive error of +8 percent, when the 0.011-inch rod spacing

results are excluded,
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RECOMMENDATIONS FOR FURTHER STUDY

The investigation of turbulent mixing for other geometrical
forms such as triangle-triangle andtriangle-square should be
considered so that the complete description of turbulent mix-
ing in a rod bundle may be made.

. It is recommended that the range of Reynolds numbers and
rod spacings of this investigation be extended to further sub-
stantiate the results and conclusions of this study.

. A study of the effects of mechanical mixing devices such as
warts, wire wraps and spacers is recommended. An investi-
gation of this nature could provide valuable pressure drop
data and mixing results for various design configurations for
such devices.

. More experimental information on the g‘essure drop for
axial flow through rod bundles is needed so that accurate sub-
channel mass velocity calculations may be made. This type
of investigation should consider rod spacing as one of the
parameters of interest since it does appear to have an effect.
The simulated rod bundle design or rod bundle design should
not have the rods touching the rod bundle housing.

. It is recommended that a point velocity investigation in the

vicinity of the rod spacing be made with a device capable of
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measuring the turbulent intensities. A study of this nature
could yield significant information as to the mechanism of

turbulent transport between adjacent subchannels.
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APPENDIX A

NOMENCLATURE



COT

Cp

de

DIFF

NOMENCLATURE

Definition
empirical constant
cross-sectional area
mixing coefficient
rod spacing
empirical constant
tracer concentration
final tracer concentration
tracer concentration in holding tank
heat capacity
rod diameter
hydraulic diameter

circular duct diameter

difference between measured and cal-

culated channel tracer mass balance

apparent eddy diffusivity for flow in
a duct

eddy diffusivity of heat
eddy diffusivity of mass
eddy diffusivity of momentum

Fanning friction factor
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Dimension
ft‘2
1b /ft-hr
m

ft

ppb

ppb

ppm

Btu/lb -°F
m

ft

ft

ft
parts /hr

ftz/hr
ftz/hr
ft2 /hr
ftz/hr

dimensionless



Definition
empirical correlation function
acceleration due to gravity

gravitational constant
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Dimension
dimensionless
2 2
ft /sec

b -ft/1b -sec:2
m £

Prandtl mixing length ft
natural logrithm

axial mixing length in test section ft

total mass flow rate to test section lbm/hr
tracer mass flow rate lbm/hr

empirical constant

number of subchannels

dimensionless

pressure lbf/ft2
L . 2
finite pressure difference lbf/ft
. . 2
impact pressure lbf/ln

Reynolds number

dimensionless

manometer reading cm
average temperature °F

point velocity ft /sec
average velocity ft/hr
turbulent cross-flow mass flow rate per

unit length between subchannels i and j lbm/ft—hr
distance along duct or subchannel axis ft

finite axial position difference ft
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Symbol Definition Dimension
y distance from wall of duct ft
y universal dimensionless length
z length normal to axis of flow and through
the center line of the rod spacing in
z.. semi-empirical mixing distance between
) adjacent subchannels i and j ft

Greek symbols

a, y correction factor for cross-flow
mixing to peripheral subchannels

. . 3
p fluid density lbrn /ft
M dynamic viscosity lbm/ft—hr
2
v kinematic viscosity ft /hr
2
TS wall shear stress lbf/ft

Subs cripts

i,j subchannel notation; 1-8
I, 11 channel notation

o initial condition
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CALIBRATION OF THE ROTAMETERS
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CALIBRATION OF THE ROTAMETERS

The test section rotameters and the tracer rotameter were

calibrated by measuring the mass and volume flow rates respectively.

Test Section Rotameters

The channel rotameters used for this investigation were cali-
brated while they were on-line by measuring the time required to dis-
charge a 50 or 100 lbrn sample to a holding tank. The rotameter
discharge was passed directly to a holding tank that was on a pre-
viously calibrated scales. The holding tank discharge was controlled
with a quick action ball valve. A Lab-Chron electric timer was used
as the timing device. The general technique was such that the timer
was started and stopped with the movement of the weighing scale arm
for 50 to 100 lbl%l samples.

The measured variables were the rotameter scale readings
(10-80), the water temperature, the mass change and the time re-
quired for the mass change. The results were plotted as rotameter
scale readings versus the measured mass flow rates (see Figure 32).

The results were reproducible to +1 percent.

Tracer Rotameter

The tracer rotameter was calibrated using a volume
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displacement technique because the small flow rates did not make
mass measurements practical. The rotameter was discharged to a
graduated cylinder and the volume displaced for a measured time was
recorded. The Lab-Chron timer was used to measure the elapsed
time for the volume displacement.

The results were plotted as rotameter scale readings versus the
measured volume flow rate (see Figure 33). The results agreed with
the calibration curve supplied by Fisher-Porter for water. This was
expected in view of the dye concentration (1 to 2 grams per liter of

water) and the temperature.
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CALIBRATION OF THE FLUOROMETER

The measurement of the rhodamine B dye concentration was
made with a G. K. Turner F-111 fluorometer which can be used for
batch or continuous analysis of the dye fluorescence. The fluoro-
meter is a self balancing double beam instrument that measures the
ratio of the intensities of the fluorescent light and a constant portion
of the light from the light source. This method of operation elimi-
nates the need to account for light source fluctuation due to line voltage
variations, drift due to warmup or long term drift due to aging of the
components.

Since the continuous analysis of the dye was used for the experi-
mental program, the fluorometer was calibrated for continuous opera-
tion by using a simple closed system that included a 5 liter holding
tank, centrifugal pump, mercury thermometer and a 50 ml burette.

The following procedure was used to calibrate the fluorometer
at each of its four semnsitivities:

1. The holding tank was filled with water from the city water

main and the volume of water, Vw, added was recorded.

2. The fluorometer was zeroed (adjusted to read zero fluores-

cence).

3. The addition of measured quantities of a known concentration

solution of rhodamine B was made with the burette.
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4. The temperature of the solution was constantly monitored.
5. The total volume of material (dye plus water), quantity of
dye added and the fluorescence reading were recorded for
the volume of the dye added to the system.

6. The system concentration was calculated from the following

equation:
Vs
€= Cs v
t
where

C = concentration of solution in the system

C, = concentration of known added to the system
VS = volume of known added to the system
Vt =Vw + VS = total volume of material in the system.

-All runs were made at a fluid temperature of 68 to 69°F. The
results were plotted as fluorometer reading versus dye concentration

(see Figures 34 through 37).
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CALIBRATION OF THE PACE PRESSURE TRANSDUCER

The pressure transducer was calibrated by using a static water
head. The transducer was a Pace model KP15 in which the pressure
is sensed through the deflection of a flat magnetic stainless steel
diaphragm located between two magnetic pick off coil assemblies. The
motion of the diaphragm results in a change in the inductance ratio
between the pick off coils and through the appropriate bridge circuit
producing an output voltage proportional to the pressure.

The transducer voltage output was sensed with a Pace model
CD25 Transducer Indicator (TI) that gave the voltage as a meter indi-
cation or as a three digit dial reading. The digital reading was ob-
tained by using the meter as a null balance indicator. The transducer
indicator operated with 115 volt 60 cps power.

The following sequence of steps was followed to calibrate the
pressure transducer:

1. The temperature of the water used for static calibration was

recorded.

2. The transdﬁcer indicator span for maximum pressure gradi-

ent (1.0 psi) (maximum static head) was set.

3. The static head was brought to zero and the transducer

read-out was zeroed.

4. Both the span and the zero settings were checked and reset
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if necessary and then recorded.

5. The static head versus TI output was recorded for the entire

pressure range of the transducer.

After the transducer was calibrated, it was tested in a dynamic
field for the full pressure gradient range of the diaphragm. It was
then rechecked with a static water head. There was no change in the
calibration curve. The results were plotted TI dial reading versus

the measured static water head (see Figure 38).
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OBSERVED DATA



HI, L.O

SEN

FLO

CHT

COoT

NOMENCLATURE FOR OBSERVED DATA

Definition
test section rotameter readings
tracer rotameter readings

leg readings for inclined manometer;
As = (HI-LO)

fluorometer sensitivity
fluorescence readings for fluorometer
fluid temperature

channel initially traced
1 = subchannels 1, 2, 6 and 7

tracer concentration
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Dimension

cm

percent

°F

ppb
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OBSERVED PRESSURE BALANCED MIXING DATA
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A IR0 IR,D 148 44,58 16,37 3 48B.0 AR 2 1.174E Nk
T 43,0 43,7 16e] 43,85 7,0~ 3 Sl.n 68 2 1.174E na
R ORI N Y Y IR AN RS YT A Y UYL A T RA T T VST YAE A T
Q 4R,N 4an,0 1Te1l 43,720 37,42 3 K0.n 68 1 1e174E Nk
1N 4,0 g4a,0 17,1 43,20 37,35 3 80,0 68 2 1.147E 04
11 88,9 52,7 17e]l 4118 39,97 3 4540 6R 2 1.14TE Nk
12 88,0 &3, 17.71 41,15 39,90 3 413,58 AR 1 1.14TE 06
13 K,0 &1,Y 15«8 42,10 IR .85 I 44,0 68 1 1.174E ns
14 83,0 83,0 1R.6 42 YA JARE YT A4 ,ATT RA TS 1Y TAE s T
I8 AT7,0 A7, 172.9 19,35 41,68 10 T72,n 6R 1 1.315E N4
YA AT, AT,Y 1249 30,35 4l,A5 10 K9,.N 68 2 1.315F ns
17 S8.0 223,00 1hel 41,10 47,00 3 48,8 AR 2 1e315E na
1R RA,0 %3,.9 1hel 41,10 40,00 3 43,8 AR 1 1.315¢ 04
19 A3,0 A3,0 139 49,217 40,35 1 385,58 AR 1 1.315F 06
PO ORI NRILY T TITY AN PY AT RETTTY IR UR TRAT2 Y IISE AN T
21 48,0 42,0 154) 43,00 AR08 3 45.A 68 2 1.71%E 06
2?2 48,0 aa N 15.Y 43,00 3R,08 3 4A.N AR 1 1.315%E ns
P VTLR 17,8 14l 47,168 3397 1 .n AR 2 1.796E 06
24 1T7,R 17,78 14.) 47,15 33,90 1 34,58 A3 1 1.7296E Nn&
PR P2.0 22,0 121 46,75 34,35 I A48 AR 1 1.7296EF Nk
PR P2,0 P3N 12U ARLTS IWTUIASTTI TRELA B8 D ) .BERE AL
2T 27,0 27, 1Dl 46,25 36,85 1 TT,.n 68 2 1.295F 0k
PR 27,0 27,0 1541 4A,2% 4,82 I TH.n AR 1 1.296E N4

= 1727 tMCHES

Lyl



ASRSEFRAVFEN NATaA £on

RN

D NPAES W\

0

"
1?2
13
14
18

17
18

RA
31.0

4y on-

37,0
17.n
43,0
43,0
SN, N

&n, N

K. 0
qq.')
£2.0
62,0
9,0
£9,0
25,0
26,0
0.0
20.0

23
11.?

"Ly

7.0
Ry e
43,0
710
an,.
(5o e
L
SRL.N
nI 0
670;-“
(238 A
413,10
PR.N
2%, M
20N
"’n.\?)

wG SPARTHA =

o ¢
1heD
15,77
1440
146
13"
131
1340
13
Ve
141
151
15.1
1163
111
171
1761
171
17.1

4T
4k, 97

LE6.98

4R 4N
/e
45,90
45,90
48,20

45,297

44 4,50
AI;.R(\_
43,70
43,710
42,75

42 7y

47 .45
47,45
h.?. 7R
47,75

t s

4,95

IR B

35,51
R .50
KR I
IR, 95
36,70

27, 3R
37,3
IR, 2N
14,20
39,15

39,18

4,45
W 48
4,15
4,1%

36, TA

2?8 THCHFS

SFr o FLLA

— .
e IR U YRS YRRV LU IV Y BDV RN

1

|

32N

TR

2heN
26N
55.n
59.%
48,5
50,8
49,5
50.5
S1.n
50,0
69,1

47 40
48,5
BR o6
57eR

CFOLA

TC
68
R
AR
68
AR
/A
68

AR

AR
%2
AR
AR
AR

“ER

&R
AR
AR
69

HY rcY
1 1.406E

? 1.60BF

?2 l.406F
1 1e406F
1 1.4065
2 1.4NAKE
? 1e40NKE
1 VJanbE
1 1.4Nn6E
2 le405E
? 1.406E
1 1e406E

1o N6E

2
]
2 1.406E
?
1 1.406E

8¥I
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OBSERVED PRESSURE UNBALANCED MIXING DATA



CBSFRVFN DaTA FCR RTOD SPACING =

RUN
53
54
87
SR
60
61
64
6%

RA

44,0
51.0
SR,0
39,0
39,0
4,0
26,0
38,0

oR
44,0
5140
SR .0
9,0
19,0
34,0
26,0
38,0

SRSFRVED DATA FOR

RUN
101
207
301
303
204
103
106
208
306
307
208
107
110
209
31n

RA
44,0
44,0
44,0
f5.0
55,0
55,0
47.0
47,0
47,0
39,0
19,0
39,0
32,0
372.0
32,0

PR
44,0
44,0
46,0
88,0
55,0
58,0
470
47,0
47.0
20,0
30,0
39,40
32,0
??.0
32,0

RT
171
14.1
1001
15.1
19.5
17.1
12.1
1241

RCD SPACINA =
RT
1241
121
121
11.1
11.1
11.1
13.1
13.]
13.1
12.1
1241
12.1
111
111
11.1

.011 TNCHFS

SFN
10
10
30
10
10
10
3
10

SEN

(o) s vt et it () L) et e () G D) ) e e

FLS
40.0
29.0
51.0
55.0
B83.Nn
R8N
61.0
5840

.127 INCHFS

FL2
57.5%
39,5
S54.5
R4,.n
6040
RS .5
S4.n
3840
Shen
66.0
S2.0
70.0
Q4.0
6540
7240

T CHT

68
68
6R
68
6A
68
68
AR

T CHY

68
6R
68
68
68
6R
6R
6R
6R
AR
68
AR
68
AR
AR

NNNDNDNNNNON

1

Pt it ot S Gl Pl fd b o pd bt ot et

coT
1.286E
1.286E
1.2R6E
1.286E
1.2R6E
1.296E
1.2R6E
1.2R6E

cCT
1.323¢E
1,323E
1.323E
1.323E
1.323E
1.373E
1.323E
1.323E
1.3213¢
1.,348E
1+ 348E
1.348E
1.348E
1. 348E
1.348E

06
né
L)
06
06
0A
ne&
06

NA
neA
0A
NA

NA

NA
NA
0k
N&
0A
0k
né
(a])
0A
nNA

150
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APPENDIX F

CALCULATED RESULTS
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NOMENCLATURE FOR TWO-CHANNEL AND EIGHT-CHANNEL

Symbol

RUN

CO/CF

wT
SUB-RE

WT/M

E/V

CT

MF

MIXING MODELS

Definition
experimental run number
initial tracer concentration in traced
channel divided by exit tracer concentra-
tion for initially untraced channel
turbulent cross-flow

subchannel 7 Reynolds number

turbulent cross-flow divided by the total
mass flow rate in subchannels 7 and 8

turbulent cross-flow divided by the
dynamic viscosity

channel traced
mass flux for subchannel 7

average velocity for subchannel 7

Dimension

dimensionless
b /hr-ft
m

dimensionless

ft'1

dimensionless

1b /hr—ft2
m

ft/sec
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PRESSURE BALANCED RESULTS



TWO-CHANNEL; ROD SPACING = 0.011 INCHES

RIM
2R
29
an
3
3?7
33
34
36
35
37
38
39
40N
41
42
43
44
45
46
47
48
50
51
67
&R
70
7
72
73
74
75
76
717
TR
79

Cr/cF
Hal.?
04,8
IRl N
1R, N
3.7
346 ,6h
216,71
21A,.7
PO LA
2q7.ﬂ
171,72
175,
27J.7
221,7
270,“
5r1.5
433K, 4
4R, 7
246,
P4al.d
2139,4
439,92
426,27
373.7
P06 2
177.5
103,72
202,92
149/,
Re2 .6/
RIS |
At 3R
A3,
AY Y
520, 4

v, T
1eG87
leai
E‘oﬁ‘h
6423
6e31
AR A

1107
11.01
11.45
11.93
19,67
15.35
Te77
Te5)
7.57
3.70H
3.71

3585

9.08
9.723
Y30
4,54
4.h6
Te37
7.52
1485
13.63
12.03
1244
ha59
5.7a
Petn?
eT9
().Rp
3e16

SUIienE

1 .NORF
1.092E
1.6658E
1.839EF
1 .A3QF
1,A4SE
1.979E
1 .977F
1.972E
1.97G6E
?.214F
?.221E
1,.740E
1.747E
1.747E
1.3%4E
1.347E
1.354E
1 .R4RE
] .R4E
1., R41E
1 .539F
1 H45E
1 ,R48F
1.R41E
2.181E
?2.178F
2 . NO9E
2.015F
1.A79E
1.A7T3E
1.,633E
1.,440E
1.432F
1.,440F

&
NG
NG
04
NG
na
[al}
N4
NG
NG
Db
NG
N4
N4
NG
N4
NG
NG
N4
ng
04
NG
6
NG
NG
N4
04
NG
NG
N4
NG
N4
NG
ng

ng

WY /M
4,4R8F=N4
44n29F NG
1len77F=03
1.1R9FaN3
1.20AF=03
l.n91lFanyi
1.752F=N3
1.748F N3
1.R17F=N3
l.r24F=01
2.215F=N3
7.163F=03
1.398F-03
1.246F=03
1.357F-03
TeS34F N4
8./A21F=04
1.539F=073
1.56RF=03
1.881F=N3

B.ANSFa04

9.368F-0“
1.248F=012
1,277F =073
2.135F-03
l1.962F=-013
1.Q74F503
1.232Fr=03
l1.043Fra0?
1.”73r-03
5e724F =04
6.06OF‘04
6,154F =04
6 ROHLF =04

e/V
« B%
57

Pe37

P58

259

2438

454

4,52

44609

45T

Aol
6.2°
3.19
3.08
31N

1436

152
145
V.72
378
381

188

191
3.07
J.0A
feln
559

as9y -

Beln
2.29
23R
1.07
]ola

1.1" .

1.20

9
—t

N = VN = N U ) e AN N =t e e ) g = ) ) = = U N e ) e

1.027E n6

uf 1)
T.ARNE nS 3,49
7.7R&E nS§ 3.47
1.173E né 5.23
1. 169E"06 " 8.2
1.16°E n6 5.21
1.173E né 5.23
1.4Y1E nbé 6,29
1.408F N6 6,27
1 ,406E N6 6,27

TR ITE TR T e TRY
1.579E n6 7.064
1.584E N6 7,06
1.241E n6 S5.54
1.24RE N6 5.56
1.248E n6 5.56

TYLERPE NS TR LI0
9.607E 0S 4,28
9.652E 0% T 4,30
1.31R8E né6 5.88
1,313 n6 5,86
1.313E 06 5.86
1.173E 06 5.23
1.318E 06 5,88
1.313E né6 5.86
1.S56E né 6,94
1.551E n6 6,92

TIEIIE ST E LI
1.437E n6 6,41
1.197€ 06 5.3%
1.193E n6 S.32
1.022E n6 4,86
1.0?7E né 4,58

“1.027E N6 4,56

4,58

141!



TWO-CHANNEL; ROD SPACING = 0.028 INCHES

RIIN cr/ee ’ I Slg=nf WT /M E/V AT uf U
1 w1, 7 3517 1.393E N T et64BFwn? 1360 1 9,39RE n§ 4,19
2 F3.7 3.0 1.3R3E 94 7.225F =13 1313 2 9.353E N5 4,17
3 LR S53e4 1.959€ ns Be535F =N} 219" ) 1.329F Nk 5,89
4 neen Ele34 1.952F 06 R,236F=03 21.0% 2 1.315F né& 5,87
5 FO.? 1He9? a,181E 03 bettT6F =N 7.7 1 6.186F NS 2.76
6 9,1 18en0 9,115F N3 beliD1EaNT TeTs > 6.141E N5 2.76
7 “hah 42 ok 1.A0GE N4 Re3INAF=N] 1759 | 1.08B4F 0K 4,R3
R 69, 40,04 1.802E n4 7.233F=nN3 16.43 > 1.079E nk 4,8}
9 aTets 49487 1.61RE 94 Re137F=n3 2N.47 2 1.292E nk 5.76

10 nbLa BRI 1.,918F N4 R,223F=N3 2065 2 1.792E n6 5,76

n aT1e2 5en? 1.987E N4 Be197F=n3 2137 ? 1.330E n&k 5.97

1?7 R SA Y7 PR 1.094F N4 R,4R7F=N3 ?7.14 | 1.343E né 5.99

15 ARy 43475 1.77RE 26 T ADOF=N3 17.72 > 1.198E n6 5,34

1A 29,13 448 1.785E N4 TeANTF=NT 1R.25 \ 1.203E N6 5.36

17 % Ye % IR 47 1,873 na T eASTF =01 1877 1 1. 060E NA 4,73

1R AN Y777 1.567E Na 7.850F=nN3 1R eln 2 1.N58E nbd 4,71

19 LRk e 7 1.323E ns4 T.2R7F=03 12672 1 R.912E n5 3.97

2n “1.7 31.51 1.714F 04 7e497F =03 12.92 > BT L F | R —

21 5.4 23488 1.067E N4 6.010F=N3 9.64 1 7.18B9E n5 3.21

2? R P3ean 1.001E n4 6.726F=03 9.62 2 7.145€ n5 3.19

23 wh e 5914 ?.439E 04 Te898F~03 24.27 1 1.643E N6 7.33

24 Ly & Alenl ?2.4372F 04 7.933F =03 2% 24 ? 1.639F N6 7.31

o] L, 3 51«04 2091E N4 Tehbb4F=03 720973 2 1.409E N6 6,28

26 CoaT.R Hhehb 2,n97E n4 Re1ANF =N 29, 41" 1 1413 N6~ €;30 =

27 47,0 SHeh/s 2.175E 0% Re195F=n3 PP 8" ? 1.432F 0k 6.39

2R fihels S50 e R 2,132 04 Be11F=N3 ?3.20 1 1 e43RE NG 6.4}

29 45,0 Toeln Z.A08E Na Rea18F=n] PR.TG 1 1.757E n& 7 .84

3In A8 1 Tla632 PLATIE N4 R,B81Fan? 20,17 ) 1.752E ne 7.R2

SqT



TWO-CHANNEL; ROD SPACING = 0.063 INCHES

RN

Yl s ol il -
P WOV D0 DNRIAD O Y=

15

L I R
O~

NN
- D

NNVNNNN VNN
ODDNIPANP WN

‘9
=)

Co/rF
7.6
U/, 0
U4, R
9, R
l‘]o?
e
47,0
nk,?
46,3
44 A
44,0
4443
40,4
AR, 0
6,0
7.0
WG, 3
8.4
421
41,
4l 4
42,7
45,1
44
[JI.C)
43,1
4244
41.‘
43,8
4.5

wT
97.74
99,439
Rl.3k
TOe5Y
66 o3I
6R.11
R3O
44 .69
46,21
3700
37.73
83.1¢
r6,21
97 .06
96.9R
T4eh?
76.13
5244
54,01
46 440
IR N4
3B ,GN
2R AT
28,09
Al.ga
YL
45,2727
41,70

SUR=DF

I,N13E
3, NNSE
2,891E
?.S98E
? . P45E
2.753E
2,01 1E
2.018F
1,AT7T8RE
1.671E
1.34R8F
1.155€
2.715E
?.708E
? .R93E
?.901E
? 369K
?2.37T7E
1,790F
1,797
1.555E
1.5%1E
1,372E
1,379E
9,593E
9 _AATE
2.083E
?.0TSE
1.871E
1, 578E

na
N4
04
N4
N4
na
N4
N4
N4
NG
04
04
N4
04
NG
Al
04
04
N4
NG
04
n4g
NG
ng
03
n3
NG
N4
NG
na

WT /M
1.030’-02
1.N8OF-02
9.970F =03
9,726F=03
9.38RF =03

9.899F =03 -

B8.72N3F=03
8.346F =03
Re334F =03
8,A55F=03
Re591F=03
8,713F=N3
9.584F =03
9,964F =03
1.NS0F=02
1.N4KRF=02
9,R56F=0N3
l.OOZF-OZ
9.171F=03

Y el 1N sk i

9.7137F=03
9012]=-03
R,858F N3
Re704F=N]
Q,PP2F=N3
R, 985F.N3
9.10]’-03
9.7292F=03
R RAOF=N3
9.323F=03

E/V
40466
4134
23,84
33.11
2761
PR 33
2161

22.07

1R.3>
1898
1517
15.47
346410

B 3;“3;““ o e

39.8n
39,77
30,60
31.21
?21.50

~22,,.,‘,t‘,“ R—

19,06
1R+5%
15,38
18472
1).59

T1e3%°

2484
?5.27
1R42R
19.27

)
-y

0 BRI IR R R RS i VIRV R

i I It VIRV IR R PR VR

vf U
1.797E n6 8,02
1.793E 0 g, 00 T
1.545E N6 6,89
IOSSOE 06 6.91'
1.33%9E né 5.97
1¢344E 06 5.99
1.199E 06 5.35

T J2URE TR TR LYT
1.,016E 06 4,53
T.O0E 06 4,51

RJISTE nS 3,64
8,70%2E 05 3,66
1,643E 06 T.33
Y JBIGE NS 7. 3)
1.751E né6 7.81
T1.7S58E N6 7.83
1.434E 06 6,39
T.43RE 06 &, Yy
1.083E 06 4,83
T T OB BE TS %, 8Y
9.43NnE n§ 4,21
9, 3BRE N G199
B.,419E NS 3,7%
B.464E NS 3,77
S.8B9E nS 2.63
TR TGIGE TS 2.6%
1.272E né 5.70
"1«PT4LE N8 5,68
9,644FE 05 4,30
9.,AB9E 05 4,32

941



TWO-CHANNEL;RODSPACHK}=OJ27INCHES
SUR=RF

RUN

—
DODNINL WV~

1
1?
13
14
15

17
18
19
20
21
22
23
24
25
26
27
2R

C/CF
Q1R
D, 7
23,1
327
0.7
] A
0.6
29,4
20,5
29,0
2T o8
PR,7
20,?
’;O.?
27.72
?8.4
28,8
30,7
?7.8
29,8
32.0
1.1
23,7
32l
2.1
Ilehm
2l.4
1?."

WY
4R .96
50.36
54439
56.07
67429
f5.11
7537
‘ 77.7{’
84.17
R5.55
110.14

 106.65

92.61
129.31
122,93
106.08
101.44
119.23

110.64 -

79.81
R2Ze&B
30.35

31449

38.73

39e1)

47.87
46:82

1.751E
1 . 244F
1.,450E
1.457TE
1.661E
1.653E
1.RSSE
1.862E
2.063E
2. 0S8E
2.451E
?2.459E
?.261E

2.811E
?2.8064E
2,451E
2.,459E
2 .,655E

2. AGTE-

?.055E
2 N63FE
8.154E
8,228E
1,001E

95 934E-

1.7202E
1.210E

04
N
04
NG
na
N4
04

04

04
04
04
04
04

04
04
04
04
04

04
N4
03
N3
na

- S T

n4
04

s SRR S

wWT /M £/V cT ] v
1.226F=02 20.07 1 6.,397E nS 2.85 )
1.266Fu02 - 20468 - 2 T ETISOE NN 2 BG
1.176F=02 22.30 2 T.411E 05 3,31 '
1.204F=02 22.99 1 T.450E n5 3,32
1.270E=02 2759 1 B.491E 05 3,79
1.234F =02 2670 ? R.4S?2E nS 3,77
10?74F-02 30-90 2 QQQBQE 05 “023
1.308F=02" 31388~ 1 9I52IE 05 4,28
1.279F=02 345 1 1,055E n6g 4,70 ;
1.30%€=02  35.08 2 1,051E N6 %69 -
l1.408F =02 45.16 ? 1.253E ne6 5.59
1.359F=02 4373 1 1.2%57E 06 S8
1.293F=02 38.25% 1 1.,156E 06 S.16
“142880=02- —3Tv9F 3 7152 .
1.442F=02 53.02 1 1.437E 06 6,41
1.374F=02 €00 271G 3IE NG 6,3
1.356F-02 43,50 2 1,253E 06 5.59
1.793F-02 41.59 O 1.257E n6 5,81 -
1.407F=02 4R .89 1 1.,358E 06 6,05
131 0F=02 45y IT 135G E N G 06—
1,217F=02 32.72 2 1.051E né 4,69
1.253F=02 3382 - }OS%E N6 &, TO
1.16T7F=02 1746 2 4,169E nS 1.86
1.199F=02 12497 1t 43207605 1,88 -
le213F=02 15.88 1  S.117E nS 2,28
iv?345-92~* )%ﬁvG‘—**—?*———570495—ﬂ5* Y -4
1.240Fan? 19.5n 2 6.14TE 05 2.74
1.213F=02. 19620 1 6.188E 05 - 2,TE

LSt



TWO-CHANNEL; ROD SPACING = 0. 228 INCHES

Rin

o
DODBNINANL UV~

(o)
—

Pad pod e el b b
DN AL DN

Cr/eF
PPl
?-3."‘
DG g7
23,9
24,3
24,0
TG,
23,0
26,1
"3, 6
23
P3.5
P25
22,2
gt L
PN
q:3-6
3.5

wT
91.33
Héry o RO
99 24
100627
11259
112,748
129,84

137,00 .

142415
144443
164.94
162.27
1R7.09
1RHWRT
7le14
72.73
56647
SR8

slig=pF

1.,620F
Y. RI12E
1. H92E
1,0C0E
2.176F
2, 165E
? JLRGE
2,493E
?.717E
2, 7GoE
2, N19E
3,.N28F
3.326E
1.335E
1.327E
1 NR4E
1.097E

NG
04
06
[aY
na
N4
04
N4
04
N4
N4
ng
NG
NG
N4
4
N4
04

T /M
l1e763F=n?

1.4R4F .02

lo‘QIE‘n2
1 .h49FLN?
1.418Fa0N2
1.,A27F =02
1.634F D2
14719F=n2
l.A36F-02
l.A68FaN?
1.709=-02
1.676F=D2
1.755F=02
lteTTAF <02
l.066F=0?
1.7165-0?
l1.A86F=02
1.A69F =02

F/V
3T e 4=
38,59
4N.69
41402
4helA
4he24
S3.24
S6el7
ER.2R
59.27
ATe63

Y PS-TA

The T

TTet6

?9.17
2984
23.964
73.9N

NN e Nt ) N\ b ) ) = e\ N = )

—

MF [J
6.642E N5 2.96
GJB0TE N& - P 9K —
T.755E n5 3.46
T.790E NS 3.47
B.920E n5 3,98
3.B85E 05 3,96
1.n10E n& 4,54
S 1 022E e & R,
1.114E né 4,97
1.11INDE n& 4,95
1.237E né 5,52
1,281E Nk 5,53
1.367E 06 6,10
1.363IE 186 D.Uﬁi
5473 nS 2,44
S.43RE NG -2 S — )
4o44?E NS 1,98
4.4TRE N5 2,00

861



EIGHT-CHANNEL; ROD SPACING = 0.011 INCHES

RUIM
28
29
30
31
3>
33
W
36
35
37
1a
39
an
4
4
47
44
45
4k
a7
4R
SN
51
a7
6R
70
7
7>
73
T4
75
76
77
7R
79

cA/CF
R41,2
936,8
351.0
318.,Nn
13,7
346.6
216.1
216.7
20R A
207.R
171,»
175.3
270.7
2R1,.?
279.0
5101,5
43R .4
4hN.T
?“6.1
41,4
239.4
439,2
426,.?
In3,?
296 .2
177.4
193,?7
202,72
196,72
3626
352,13
59,8
623.2
613.7
550,64

wT
1.83
leb4
6.R5
Te54
765
6,94
13.68
13.60
14.15
14425
19.63
19.27
Q.48
9.1%
9423
3.87
4e41
4.27
11.14
11.32
11.41
S5e44
5.63
9.01
9.19
18.59
17.01
14.90
15.42
6.78
6.95
3.12
3.3?_
3.36
3.77

SUB=RF

1.098E
1.092E
1 ,A4SE
1.639E
1.639E
1.645E
1.979E
1.972E
1,972E
1.979F
2P 14F
?.221E
1.T40E
1.747E
1. 747E
] o AS4LE
1.347E
1.354E
1 .R4RE
1.841E
1 JR41E
1 .,A39E
1.645F
1.R48E
1.841E
?2.]181E
2. 175E
?,009E
2,018¢E
1.679E
1,67T3E
1.433E
1.440E
1.433F
1.440E

04
A
na
na
04
naG
na
NG
na
YA
04
N4
NG
nG6
n&
06
04
nG
nG
06
04
04
04
04
04
nG
N4
04
NG
04
064
nG
na
04
04

WT /M
S.229F=04
1.304F=03
1.440F=03
l1.461F=03
1.321F—03
2.165F-03
?.159F=03
2e?UAF=03
2.755F«03
2e7T4F=0R
2.708F=0N3
1e704F =01
1.A40FanN3
1eAB4F=03
8.9850F=04
1.025F=03
9,750F=004
1.R887F=N3
1.024F=03
1.940F=03
1.039F =03
1.n71F=N3
1.827F=03
1.883F=03
2.A6RF=03
2e44TF=03
2.322F =07
2.198F=N3
1.264F=03
1.301F=03
heB20F =04
Te?226F=04
Te336F=04
R.190F=064

F/V
o715
67

281

3.09

3.14

7 8%

Se6)

S «5R

Se.8n

S.84

p. 05

7e8BR

RO

ReTH

.78

159

1.8}

1.73

4457

4e64

4.6R8

723

231

370

377

T.6?

he97

6el}
6he32

Pe7TR

2.88

1e2R8

136

138

154

—

- V= VY = = YN =e YUY Y=t A== =Y = Y= VN = =N ) =

uF
7.831E
7.786&E
1.173E
1.160E
1.1609E
1.173E
1.411E
1.40AE
1.406E
1.411E
1.579E
1.5R4E
1.241E
1.245%E
1e?746E
9.,607E
9,68%E
1.31RE
1.313E
1.313E
1.1609E
1.172E
1.31RE
1.313E
1.556E
1.551E
1.433E
1.437E
1.197€
1.193E
1.022€
1.027E
1.022€
1.027E

05
0s
06
06
06
06
Y
06
06
ne
né
né
né
né
0é
0s
0s
05
06
06
06
06
06
06
06
06
06
né
06
06
0s
06
06
06

3.49
3.47
5.23
5,21
5,21
5,23
6.29
6.27
6,27
6.29
7.06
7.06
S.54
5.56
5,56
4,30
4,28
4,30
5.88
5.86
5,86
S.21
5,23
5,88
5,86
6,96
6,92
6,39
6,61

5,34
5,32
4,56
4,58
4,56
4,58

6651



EIGHT-CHANNEL; ROD SPACING = 0.028 INCHES

REIN

b ek e b o b
O DONIPAN~DODNDIDPAP D=

NNV NN NN
PAS NHN=D

N VN
O DN

W
2

Co/rF
81.7
83,7
45,7
4A,8
59,7
59,1
46.4
49,1
47,4
46h,9
47,0
45,4
50,6
49.3
50,13
50,9
52,8
51,3
SS5.6h
55,5
50,4
48,5
50,3
47,7
4T N
46,4
45,8
45,1

WT
40,07
38.40
67.33
64.53
2l.8%
?21.73
R2.6R
49,24
6246
63.18
654460
68,27
S3.44
55.23
47.11
46,20
36,95
37.87
27.59
27.47
75.53
78.86
646,21
69.12
704,45
Tle77
90,7%
92.03

SURB=RF

1,3958E
1,388E
1,9506E
1,952E
9,1R81E
9,11%E
1 ,609E
1.602E
1.,91RE
1.9218E
1 .987E
1.994E
1 ,77RE
1.7R&E
1.,R73€
1.567E
1.,323E
1.316E
1.N67E
1,n61E
?.439E
?.,432E
2.NIE
?.097E
?2.,125E
?.132E
?2.608E
?2.,601E

04
04
04
na
03
03
na
04
04
04
04
04
04
04
04
04
04
06
04
nG
04
04
04
04
04
04
04
04

WT /M
8.995F=03
R,707TF=013
1,NT6F=02
1.038F=02
Te452F=03
Te465F=03
1.N?5F«0N2
0.,A23F=N3
1.N20F =02
1eN32F=N2
1.N32F=0?
1.N71F=07
Q.411F=03
9,A90F=03
9.,275F=03
9.7233%F=N3
R.T4AF=0N3
9,N10F=0D3
BeN98F=N]
8.112F=013
9.A9TF =01
1.N15F=02
9¢61RF=N]
1.032‘-02
1.N3RF=02
1.05“"0?
IQOQOF-OZ
1.108F =02

F/V
16417
15.82
2761
P26 .4A

Re96

Re91
2160
2n.19
28.61
?25.90
?6.84
27.97
2191
PP e65
19.3>
1R«%4
15.158
15.53
1131
1126
3097
37.33
26433
?2Re34
rd- "L
20.43
37.21
37.74

P

AV I Y I A A ' BE A VE Y B R Y B Y IR VIR VIRV RV i 'Y e |

wF
9,39RE
9.353E
1,320E
1.318E
6,18AE
6.141E
1.084E
1,079€
1.292€
1.?292E
1.339E
1.343E

"1,198E

1.203E
1.060E
1.056E
8.912E
R .R68E
7.1R9E
7.1645E
1.663E
1.6309E
1.409E
1.413E
1.432E
1.436E
1.7S7E
1.752€

0s
ns
08
ns
0%
06
ns
06
n6
ns
né
n6
né
né
né
0%
ns
s
ns
06
06
06
06
né
né
06
ne

4,19
4,17
5,89
5,87
2.76
2.T4
4,83
4,81
5.76
5.76
5.97
5.99
5.34
S.36
4,73
4,71
3,97
3,95
3,21
3.19
7.33
7.31
6,28
6,30
6,39
6,41
7.8‘
7.R2

091



EIGHT-CHANNEL; ROD SPACING = 0.063 INCHES

RUN co/CF WY SUR=RF WT /M F/V T uF u
1 37.6  113.62 3.013E 06 1.197F=02 4726 1 1.797E 06 8.02
? 36.9 115.68 3.005E 04 1.7222€=02 48.12 ? 1.793E 06 8,00
3 . 38,7 92446 2.591E 04 1,133F=02 IR 46 ? 1.545E 06 6.89
4 39.8 90.3] 2.598E n4 1.103F=02 37.57 1 1.550E 06 6.91
s 41,2 73.69 ?.245E n4 1.042F =02 3N.65 ? 1.3390€ né 5.97

& 40.3 75.76 2.253E 04 1.n6RF =02 31.52 1 1.344E 06 5.99
7 47,0 56.33 2.011E 04 8.895F=03 2343 ? 1.199E né 5.35
] 46,7 57.61 2.01BE 04 9.n63F=03 23.97 1 1.204E 06 5.37

10 44 .6 49.07 1.67T1E 04 9.192F=03 20,12 ? 1.011E 06 4,51

11 44,9 38.19 1.348E n4 R.A6TF=03 15.64 2 B8B.157€ nS 3.64

17 46,7 39.01 1.355E 04 9.00RF-N3 18.99 1 8.202E 05 3,66

13 40,6 94,79 2.715E ns4 1.093F=02 3R.87 1 1.643E 06 7.33

14 28,9 98.54 ?.T0RE n4 1.139F=02 40440 e 1.639E 06 7.31

18 3649 112441 2 .RY93E 04 1.216F=02 46.09 ? 1.751E né 7,81

16 7.0 11232 ?.901E n4 1.712F=02 46.0% 1 1.756E 06 7.83

17 29,1 83.73 ?.369E n4 1.106F=02 34437 ? 1.434E 06 6.39

18 8.6 85.57 2.377E 04 1.127F=02 35.09 1 1.438E 06 6,61

19 42,1 56441 1.790E 04 9.R65F=03 23.13 ? 1.083E 06 4.83

20 4).1 58.24 1.797E 04 1.014F=02 23.88 1 1.088E 06 4,85

21 4).4 49.17 1.558E 04 9.RT5F=03 20.14 1 9.430E 05 4,21

r¥d 42,3 4T.70 1.551E 04 9.626F=03 19.54 i 9.,385E 0S 4,19

23 45,1 39.35 1.372E 04 R«R51F=03 15.91 2 B.419E 05 3.75

24 44,3 40.30 1.,379E 04 9.n18F-03 16029 1 8.464E 0S5 3.7

25 41.9 28.42 9.593E 03 9.142F=03 11640 ? 5.R89E 05 2.63

26 43,1 27.82 9.667FE 03 B.RB1F=03 11.25 1 5.934E 05 2.65

27 42.4 67.38 ?.083E 04 9.,982F=03 2724 1 1.278E 06 5.70

28 41.4 68.67 ?.075E 04 1.N20F =02 2T.74 ? 1.274E 06 5.68

30 4.5 50.53 1.578E N4 9.RT6F=03 20042 1 9.6B9E 05 4,32

191



EIGHT-CHANNEL; ROD SPACING = 0. 127 INCHES

R

ODDNNH DN~

co/cF
31 .R
30,7
33.1
2.3
0,7
3,5
AN, 4
29,8
INGS
29.9
2T .R
28,7
30,7
30.3
?7T.?
PR
28,8
20,7
27,8
29,8
2.0
1.1
33,3
2.4
32.,
1.4
N ,4
32.1

wrY
55.24
56.98
6le76
63.84
77.70
T4.94
R7.71
90.70
98.72
100.52
132.12
127 .44
110.22
109.36
157.02
146,40
12670
120.5%
143.80
132.34
93.12
96.53
33.09
34443
42498
43.45
53.58
5266

SUR=RE

1,251E
1.244E
1,450E
1 .457E
1.661E
1.653E
1 RSSE
1.R862E
?.063E
?.N55E
?.451E
2 .459E
2.261E
?«?54E
?2.811E
?e804E
?.451E
?.459E
2 +655E
?.64TE
?..058E
?.063E
R.154E
R,228E
1.001E
9,934E
1.,202E
V,?210E

04
04
04
04
04
04
06
04
04
N4
nG
06
04
04
04
A
04
04
04
N4
04
04
n3
a3
n4
03
064
04

WY /M
1-184F-02
1e436F=02
10135F-02

10173;-02

le466F«02
1.421F=02
1.482F=02
1.826F=02
1,50NF=02
1.533F=02
1.AB9F =02
l.‘?aF-OZ
1.52RF=02
1.521F=0?
107517-02
1.459F=02
1eA20F =02
1.837F=02
1eA98F =02
1.867F=02
1.420F=02
1e467F=02
1.272E=-02
1-312;-02
1-146F-02
1.371F=02
1397E=02
1e164E=D2

E/V
2265
23356
25432
2618
31 8A
30.73
35.95
37.13
4041
41.22
65417
82.2%
48419
44484
64 e 3R
6085
5195
49.473
SR.9A
S4.25
IR, 1A
39.5R
1357
1412
1762
17.81
2197
2159

"~
—f

—_ NN e ) = )N YN e ) s N\ )t et D) ) it st ) ) e

vF

6.397E ¢

6.359E
7.417E
7.450E
8.491E
8.452E
9.484E

9,523 -

1.05%E
1.051E
1.253E
1.257E
1.156E
1.152E

1.437E

1.433E
1.253E
1.257E
1.35RE
1.354E
1.051E

1.055E A

4.169E
4.207E
S.117E
5.079E
6.1647E
6,185F

2.85
2.84
3.31
3.32
3.79
3.77
4,23
4,25
4,70
4,69
5.59
5.61
5.16
5,14
6.41
6,39
5.59
5,61
6.05
6,04
4,69
4,70
1,86
1,88
2,28
2.27
2.74
2.76

291



EIGHT-CHANNEL; ROD SPACING = 0. 228 INCHES

RUM

BN DN =

ca/cr
?2.&
,3.a
24,0
?3.9
24,43
24,2
24,1
23.n
24,]
?3.6
23,1
23,5
2?2.5
27247
23.6
2340
?3,4
3.k

wT
R9 .45
R4 .8R
98,15
_99.21
112.88
113.09
132.18
140.25
146413
148.71
172.29
169.20
198.12
200.23
67 R4
69,55
54,54
54.39

SUB=RE

1.620E
1.612E
1.892E
1.900E
?.176E
?.168F
? . 4BSE
?.493E
2.7T17E
3.019E
3,028E
3.334E
3,326
1.335€
1.327E
1.084E
1,092E

06
NG
06
04
04
04
04
06
(a1
NG
06
064
06
04
06
na4
a6
064

WT/M
1e727F=02
l1./41F =02
1.A23F=07?
1.633F=02
1.822F =02
1.632F=02
1.864F =02
1¢759F =02
1.682F=n?2
1.717F=02
1.?ﬂ5F-02
1.74RF =02
1. RS5RF =02
1.RB83F=02
1.589F-N?
1.A40F=02
1.874F=0?
l1.887F=02

F/V
668
4 .69
4N 24
4Ne6R
4A 2R
4637
S4e20
5751
59,92
60.9%
7006“
69.38
R1.23
f2.10
27.82
P2R.52
2236
27230

-4

= NN N s N ) e ) ) e ) ) )

uF
6.662E
6.607E
7.758€E
7.790E
8.,920E
R.8B8E
1.01RE
1.022€
1.114E
1.110E
1.237E
l1e241E
1.367E
1.363E
5.4T3E
5.43RE
4,467F
444TRE

05
0%
05
0s
05
0S
6
06
06
06
06
N6
6
05
05
S
0%

2.96
2.95
3,46
3,47
3,98
3,96
4,564
4,56
4,97
4.95
5,52
5,53
6,10
6,08
2,66
2,43
1,98
2,00

€91



164

PRESSURE BALANCE RESULTS FOR TWO-CHANNE L
ANALYSIS FOR TEST SECTION AS A TWO-CHANNEL SYSTEM;
CHANNEL I AND CHANNEL II

The same nomenclature form of the subchannel system applies

with the following exceptions:

Symbol Definition Dimension
SUB-RE channel I Reynolds number

F Fanning friction factor for channel I

MF mass flux for channel I lbm/ftz-hr

U average velocity for channel I ft/sec



ROD SPACING - 0.011 INCHES

RUIM
rd:]
29
30
N
32
33
34
4
35
37
38
39
4n
41
4
43
44
45
46
47
48
SN
s)
%4
AR
TN
T
72

73
T4
7%
76
77
78
79

cn/eE
R4la?
916,
31 .N
313.0
313,.7
34K,k
216,17
216 ,7
el
207 .8
171.2

175,71

PT0.7
291,7
279,n
8n1 .5
LR 4
LEn,T?
?Aﬁ.l
Pul b
29,4
439 0>
42K 47
RIgk P -
20K, D2
177 .-
123,72
202,02
1¢h, 2
32,k
352,
ARG A
673.2
6113,.7

550,

A §
?064
?e35
9,3k

T B4a
lﬁ,qu
9,9y
19,63
1951
2ﬁ.24
70041
28,04
27.5)
13.61
1315
13.75
S.87
[ 23 T
LA L
Th N
1600
1hert
7824
Hel?
17.97
13,21
7Heh
T4 3f
91 L] ]H
22 a0
Qe ¢
1 ,'\'(_‘_\
aoqh
79 2]
444
Sed))

CliR=pF
5.231FE 03
5.198E N1
RO14RE 03
2,1)3FE 03
f.113F o
R, 1648F 03
Q,976E 03
9,940F N3
9,942F N3
2,076 03
1.129E 24
1.132F n4
R,ARTE 013
R,.7T02E 03
R,T70PF 03
ABTIE 01
A B4SF 13
A,BTIE N3
Q,2684F N3
2.7220E 03
2,220k n3
A,113F N3
R,148F N3
2,254F NN
Q,72?2nE n3
1,110k na
1. V0TF na
1.n14aF a4
1 .NIHE na
R 1333IF A3
R_ 298K 3
7.0”6E N3
T.080F n3
T.006F n3
T.040E 03

WY /M
4.4RAF =Y
4.nP29F =4
1.077F =03
1e1RA¥=nN]
1.2065-03
l1eNQ1Fani
1.752F<03
l.74RFan3
l1.217F=0N3
14 R24F =03
24215F-03
7el1h3Ira=ni
1.39AF -3
| e 4KF=n
1.157F-03
7.534F=n4
“.521F-O4
B.?NPF=ng
1.539F-01
] e8H6RF=N]
1.881F=N3
RGaANKF =N
BeRARF=N4
1le?GRF=nN]
]o???F-“1
2e¢138Fan]
1 e R67F =013
1 eR74F=n3
1+232F=03
1enG3Fany
1.n73F =03
SeT7?24F =04
6.N60F =04
e 1H4F =Ny
6lq64F-0“

F/V
107
« 94
4404
Lol
4451
4,09
R, 0%
R.0N
Re3>
Re3R1
1191
11.28
Re5R
.37
Sebs
PelR
2+6n
Pele®
fe5A
AeBA
Aol
321
3.32
Se3>
Sel?
1Ne91
10.0ﬁ
Rela
9.04
4,0n
4eln
1.85%
194
199
223

—

NSV = YN =Y WY s Y = Y = N =V = e N Y~ Y=

F
5.9Q6€-03
A, 073F =N
S.147F=013
S.,191F=N3
S.191E=-03
g-]47;-n3
4,799F=-03
4,B4F=n13
4.,834E=-07
4,799F =N
4.,577E-03
4,548F=013
S,120F=N3
R.O7RE=N3
5.07RF=N3
S.ARNF=NT
5.709E-03
S.65NF=N3
4.,9A5E-03
S.003IF =N
5.0n3E=-07
5.223%F =013
S.17RE=0N3
4 ,BATF=0N1
4,9n85F-N3
4 ,57TF-03
4,617F=02
4,794F=03
4.T61E=-03
5.132F-03
Se176E=03
5.599F =03
5.545F-03
5,599F=03

,5-5ESE!Q3M

ufF
Se67nE
S eb3I4E
R.R37E
R,794F

BLT94E

R, R3IPE
1.081E
1.0T7E
1.077E
1.NR1F
1e223E
1.227E
9.394EF
9,.,432E
Q.,43>E
T.1NE
TN9LE
T.1E
1.001E
9.994E
9.994E
A.794E
B.832F
1003F
9.994E
1.2013E
1.1990F
1 «NSSE
1.103E
Q,.N3IE
8,994k
T7.594F
T.63VE
T.594F

7.631E.

ns
ns
ns
ns
ns
ns
ne
né
né
neé

ns.

né
ns
ng
ns
ng
ns
NS
né
ns
nS
ng
ns
(9]
ns
06
(2],
né
(0]
ns
ns
ns
ns
ns

U
?2.53
?2.51
3.94
3,92
3.92
3.94
4,82
4,R1
4,R1
4,R?

S.,46

S.47
4.19
4.21
4,21
3.18
3,16
3,18
4,67
4,46
4,46
3.92
3.94
4447
4,46

‘537

5,35
4,90

,4.92

4,03
4,01
3.39
3.60
3.39

3.60

S91



ROD SPACING = 0.028 INCHES

RIS

OB NP & W Y—

PNV VY NVNY VN YN et ettt e et
D0DNDPADMN=DODNNNANVN-D

Co/cv
1.7
LS
'0;-9
ah g
59,0
59,1
7NN
[0 I
LT ot
LA LN
LGT N

us

wn
Lig g
LR IR ]
B9
=P, 0
1.3
_E LA
5, =
5066
LR G
€141
4742
4T N
LA o la
a8 7
48,1

et
LA TR
26
W e H )
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17, 45
1T .7
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A u?iF
9,4C5E
9, 3TNE
4, 071E
4, N3QF
T R66E
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9 186F
O _VHAF
9, 8hafF
0 52QF
Hoal1E
A LRAE
7.372E
7, 48F
A 04 F
“.nhlf>
4 8CTE
4, 774F
1.198E
14194k
1.011E
1.014F
1,N29F
1.N33F
1.290C
1,.2R4E

B R}
AR
N3
[ak]
03
N3
n3
(AR
n3
N1
~ny
N3
AR}
N3
R
N3
n3
N3
N3
n3
Nnéa
NG
NG
NG
NG
N4
O«
Vi

WY /24
T bl Fan?
T e 2?285F =N
,83RF=N1
H a2 INF any
a6 TAF =03
AohQ1r=Ny}
R INAT N
7.033c.01
g1 ITF =N
R,223F 013
QA aRTIFN]
T AN an
Te007TF =N
7.487F =03
Ta8NF =3
Te2387Fan]
T et QTF =}
.31 0F=]
6, APAF =N
7.699F -1
TeDIF=n3
Tehb4F=N]
R,a16NF=NT
Re.198F N3
R,t11F=N3
R,41RF =02
R,e81Fan3

F/V
?902&
21 %4
I7.11
IR A
17.17
12.1°
29.0%
2727
?4.5‘:
W N
36-2“
37.62
PQ.6"
IN.A
Phal1
?q-6h
2N.571
?1-0“
185635
15.2¢
47200
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N, 9N
3Q.67
S0l
CENneRy

-
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R.5RARF=N1
S,h1AF=N

7.352F =01
7.,670F=01
5,4764F=N3
5,524F=N1
5.04TF =073
S, NaTF =03
S .N4RE=-N]
S,NI0F=N3
S5.411F=N3
5,3k T7F=N3
5.622F=-03
5.,675F=0N3
5,9A8F=03
f,N34F=03
6.929F =073
A.619F=N3
4.,6N09F =N
4,hATF =03
S.0A9F =01
S.N3IF =N
S.NINE=-N3
4. 975F=N3
4 ,4R84E-03
4,510F =N
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Q  R4SF
9,.80aF
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4,277E
7.92nE
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9.A)RE
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1.004E
a,R4aF
R RROF
1.727E
7.A9F
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6.344F
S.032F
4,997E
1.254E
1.25nE
1.05RE
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1.077F
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1.35nE
1.34AE

ns
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N~/
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NS
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3.00
4,39
4,37
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1.R9
3.53
3,52
4.?79
4,79
4,46
4,48
3,964
3,96
3,45
3.43
2.85
2.83
2.24
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5.R9
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4,72
4,73
4,80
4,82
6.02
6.00
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ROD SPACING = 0.063 INCHES
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8 _19&F

. A .a09F

~ TTSE
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R,ANKE
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3, AATE
A N af
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NG
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AR
N3
~
13
N3
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n3
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Ny
NG
NG
04
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N3
3
AR ]
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N3
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n3
N3
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AR}
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1eN3INF=n?
] e NSNF=n?
Q.Q’,OF-{)B
9.72AF=N3
Q.,299F N
PPN N
Fo14AF =01
Re334F=N3
H AREE N1
B.591FN3
R,713F N3
Q.KQQF-O]
O AL N
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9,056F-03
1 e« NNPF=n?
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Q1217 =03
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He704F =N
Q,222F =03
R,Q6RF.N]
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A,ARNOF =03
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Abel™
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”le13
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Sb4alsn
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F
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5 .,49F =01
S.RANF=01
S.831F=03
A ,385F =01
A U19F =07
7.2R7TE=-03
7.107F=03
4 A4RF=N1
4 RISF =N
4, BTTF=07
4 R4RF=NT3
5.346F=-01
5e¢3INARF =N
A, 0FIRF=~N3
6.,653F=013
6. 725F =01
6.,810E-03
6,729F=0N1
] ,5A9F=N1
A,420F=0N73
S.ANPF=N3
S.h4TF=07
6,451E=-03
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uF
1.27RF
1.?274F
1.07&E
1.NRAF
9.1409F
Q,182F
R,NT2F
R, 10AE
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1e152E
1a1409F
1e?3aF
1.242E
Q,REARE
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3.A1AF
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3.71
2.73
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ROD SPACING = 0. 127 INCHES
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5.1nN9F=N3
4.947E-013
4.914F =N
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5.N79F=N7
4,619F =07
4, 64TF=N1
5.00NE=N3
4 ,96AF =03
4,732F=03
4,71A2F=N3
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S .2TF =N
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6.9n1F=013
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7.699F
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2.6
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3.78
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1.96
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ROD SPACING = 0.228 INCHES
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6, 53]F=N3
ANLIF=N3
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Q. N82F=03
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A RROF =013
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5.030F
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S.R84F
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2.26
2.62
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PRESSURE UNBALANCED RESULTS



RSP GAP SPAFTMG =

RUN
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54
S7
5A
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61
64
&8
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101
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301
303
204
103
106
208
306
307
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110
200
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114,72
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24.76
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43.A89
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1,RTSE
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1.468E
1 .468RE
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1.N14E
1.433F
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47R.62
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135,70
253.59
386,72
429.07
2T1.77
124.65
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1.903E
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2.341E
?2.361E
2.341E
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?.023E
?.N23E
1.700E
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1.416E
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N4
NG
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To2Fr=03
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6 oALRF a2
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- it d ol d il pod ol o d B i kb )
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9,72RE
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1.197E
1.197E
1.197E
1.034E
1.034E
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R.698E
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8,49RE
T.24nE
T.240nE
T.24nE

ne
nG
né
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né
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né
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ns
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né
né
né
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né
né
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nsS
ng
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