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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 1-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 16-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.
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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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ROD BUNDLE
HOUSING FUEL RODS

SQUARE TRIANGULAR
SUBCHANNEL SUBCHANNEL

Figure 1. Rod bundle matrix.
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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

to 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 lb

fluxes ranged from 0.3 x 106 to 2 x 10 , This gave a Reynolds
ft2-hr

number range of 8 x 103 to 3.2 x 104 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
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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



8

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, A , for turbulent

momentum transfer. This turbulent mixing coefficient is analogous

to the coefficient of viscosity, II, for laminar flow.

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

following relationship is obtained:

Direction
of flow

where

TO

P 1

P+ d P

Duct diameter = D

P
-
d (Ac) = T (Pw)dx

duTo = total wall shear stress = (1.1.+AT ay y=v

Ac is the cross-sectional area of the duct,

(1)

2
Tr D

and. Pw is the

solid surface, TrD. The shear stress, To at the wall of the duct

represents the force of resistance to the flow and dP is the pressure
dx
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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, EM, is thus A /p. The primary disadvantage

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 A , 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, 1, the mixing length. When this idea is

applied with the transient nature of turbulent motion, the following

result may be obtained:

where du
Idyl

Note that the direction of y is normal to the wall of the duct and as

2 duEm

is the absolute value of the mean velocity gradient.

(2)

such EM is considered a lateral eddy diffusivity. If Equation 2 is

used in Equation 1 for A /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, I, 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.

where

E = n 2
uy

n = empirical constant

u = point velocity

y = distance from the wall

If a Reynolds number is defined as

Re -=y v

(3)

(4)

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



following:

E = n2Re v
y

(5)

11

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 = n2
(

D
)Re

Dv
(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, v, 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 ReDNIT v

where f = Fanning friction factor (24, p. 341; 28). Equation 7

(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:

.f = 0.046 Re
D
-0 2

(8)

while Blasius's equation for turbulent flow in ducts is also a widely

used expression, i. e. ,

.f = 0.079 Re
D
-0 25

(9)

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).

Although 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 is the turbulent core. is a dimensionless length

defined as

T

+ ( y)

Y v
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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 arid. Tarasuk (36). For the case of thermal transport

between adjacent subchannels, i 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

whe re

t dTw..Cp(T.-T.) = bpCpE(
J aZ lj (10)

E is the average lateral eddy diffusivity and w.. is the
iJ

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:

dT 7. -T.
d z z..

13

Using this result Equation 10 becomes

t pbE
w z..

13

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 function of

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 _eh 2

z
w.. = n (

D
)Re

D
v..

for the region in the vicinity of the wall and

(12)



w.t .
_ 2.12 (0.04 Re

DNIT)vz..

15

(13)

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 1Z 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.

Investigator
Geometrical

System Correlation

Hetsroni (23)

Moyer (30)

Petrunik (32)

simulated. B
(Figure 4b)

multi-channel

two- channel
(Figure 4a)

t

= O. 0061 Re° 98

t
wii NrZ de1./± ( )

40 d+b

= 0.041ReC).783()
de

t
Rogers and Tarasuk combined multi- iZ 0.05( sis

)
0.57Re0.68

(36) and two-channel µ b

Rowe and Angle simulated rod bundle
(40,41) (Figure 4c)

simulated rod bundle
(Figure 4d)

t

= 0.0036 Re°.9°
P.

wt
= 0.0062 Re"

1-1

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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SQUARE FILLER

Figure 4a. Two square-square geometry.

SUBCHANNEL, j

17

SUBCHANNEL, I

Figure 4b. Simulated rod bundle.

SUBCHANNEL, I
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SUBCHANNEL, j SUBCHANNEL, I

\
Figure 4c. Square-square simulated rod bundle.

SUBCHANNEL, j SUBCHANNEL, i

Figure 4d. Square-triangle simulated rod bundle.

SUBCHANNEL, j SUBCHANNEL, i

Figure 4e. Triangle-triangle simulated rod bundle.
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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 mixing 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

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

b /b
Coolant
Fluid

Mass Flux
lb m/hr- ft Mixing Techniques

0.25 water 1.5-2.2 x 106 enthalpy balance

0.320 water 0.2-2.0 x 106 KNO
3

tracer
0.800 air 0.1-1.0 x 105 CH4 tracer

0.036 enthalpy balance
water 1-3 x 106 and LiOH, D20 and

0.152 T20 tracers

0.453
0.840 water 0.3-2 x 106 dye injection
0.207
0.400

0.052 water 0.37-1.07 x 106 KNO
3

tracer
air 0.16-3.06 x 105 CH4 tracer
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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

, dP,
k )AC = T Pwdx

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

following can be written for each subchannel within the system:

,dP, A

- tic . = T Pw.dx 1 o. 1
(14)



where

i designates the particular subchannel

i = 1,2, ... ,N subchannels

sAc.= ubchannel cross-sectional area for i
1

subchannel= ubchannel solid surface in contact with the fluid for i.

22

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
AcFriction loss = F cc pU

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

tor, f.

F = fpU
2Ac

2gc
(15)

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

ing useful expression results:

T =
o 2gc

fpU
2

(16)

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

dimension for the desired geometry such as the diameter for the
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circular geometry. The hydraulic diameter has proven to be a most

adequate dimension. It can be defined as follows:

de solid wetted surface
4(flow area)

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

Applying Equations 16 and 17 to Equation 14 gives

2fpU
2dP-(). ( )idx gde

(17)

(18)

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

varying with axial position) the following expression holds:

or

dP dP dP
(dx )1= (dx )2 = (dx)N

(faT2 (fpuz 2

de 1 de )2 ( fclUe )N
(19)

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

Reynolds number of the following form:

f a.= Recde. (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:

The constant,

U1 del 2-c
(

U2 de2

l+c

(21)

c, 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 a length, 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 and. Hakim (23) considered the geometry of

Figure 5 as a strict two-channel system and made a two-channel



theoretical analysis rather than an eight-channel analysis that will

also be considered here.

Imaginary
subchannel
boundary

Center line
Simulate fuel rod

Rod spacing=

25

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

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, t
w78.

Recalling Figure 3 and making dye concentration mass balance over

a differential length of each subchannel gives

and

where

dC
7 t-m7 dL + w

78
(C

8
-C

7
) = 0

dC
8 t

-m8 dL + w
87

(C7-C8) = 0

m7 = m8 = mass flow rate in the subchannel.

(22)

(23)



When the continuity equation over the same differential length, dL,

is considered in light of assumption 1

t t
w78 w87

the boundary conditions for Equation 22 and 23 are

where

L = 0- C = 0- C = C
7 8 o

Co = initial dye concentration.
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(24)

(25)

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

for
78

as follows:

t m Cf7 7
w78- 2L loge (1 -2(

L'
))o

where C7 is the final dye concentrate for subchannel 7.

Eight- Channel Model

(26)

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:



ml dL1
+ -yw78 (C

7
-C1) = 0

dL + aw78 (C
7

-C
2

) = 0

dC
3

7
- m3 dL + aw t

8
(C

8
-C

3
) = 0

dC
4

- rn4 dL + yw
78(

C8- C4) = 0
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(27)

(28)

(29)

(30)

dC
7 t

- m7 dL + w
78

(C8-C7) + 2awt
78

(C
2

-C
7

) + yw78 (C
1

-C
7

)= 0 (31)

dC
8 t

- m8 dL + w
78

(C7-C8) + 2aw78 (C
3

-C
8

) + yw78 (C
4

-C
8
)= 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
1

= C2 = C7 = 0; L = 0

C3 = C4 = C8 = Co; L = 0

(33)

(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



29

used because of its capability of making stepsize adjustments during

a calculation so as to maintain a set solution accuracy. This accuracy

was set at 0.00001 for all the calculations considered in this study.

Since w78
is not an explicit variable in the system of equa-

tions, an iterative scheme was necessary to obtain its value. This

technique used the exit dye mass balance of the initial untraced chan-

nel as the solution check point.
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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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Figure 6. Schematic of the experimental test loop.
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Figure 7. Schematic of the experimental test section.

32



33

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

1/32 x 1 7/16 x 19 1/2 inches for the inlet header and

1/32 x 1 7/16 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 machined 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 11. Partial assembly of the test section.
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various gap spacings.

Construction of sides A and C was obtained by welding

(gluing) three 1-inch nominal outside diameter plexiglass rods to a f-

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 the 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.



40

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
Rod. Spacing

Standard.
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 ± 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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section.

Dye Injection System
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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 lb /min tom

140 lb /min (see Appendix B). The exit from each rotameter was
11'1

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 sealed.

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
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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.

Rod Spacing
(gap)

Inches

Ac
I

Square
Inches

Ac7

Square
Inches

Ac

Square
Inches

Acl

Square
Inches

del
Inches

de
7

Inches
de

2

Inches

del
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
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Rhodamine B Dye
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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

in the holding tank.

3. The live steam was added to the water in the holding tank.

The steam 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. 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.

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

ured.

3. 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.

4. 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.

5. 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.

6. 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:

Ac
I

= Ac12,6,7 = Ac
II

= Ac 3,4,5,8

TT= (2d+b)(1.5d+0.097) - 2.5(-4d2
)

Ac
7

= Ac
8

= (d +0. 097)(d +b) - 4 d 2

Aci = Ac4 = (d+b) d
-

Tr 2

Tr 2Ac = Ac
3

= Ac
5

= Ac
6

d.= (d+0.097) -
8

d2
2 2

- 0.5d 2 (35)

(36)

(37)

(38)

The following equations were used to calculate the wetted surface for

each subchannel:



Pw = Pw1, 2, 6, 7 = Pw
II

= Pw3, 4, 5, 8 = (2.5Tr+3)d + 2(0.097) +b

Pw7 = Pw8 = Trd

Pwi = Pw4 = 1.5nd + b

Pw2 = Pw
3

= Pw
5

= Pw
6

= 1. 5Trd + 0. 097

60

(39)

(40)

(41)

(42)

Equation 17 was used to calculate the hydraulic diameter for each

subchannel, i.e. ,

de. =
1 Pw.

1

4Ac.
1

(43)

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. ,

and

m = m12,6,7 + m3,4,
5, 8

UI Ul, 2, 6,7 pAl, 2,6, 7

ml, 2, 6, 7

(44)

(45)

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)



and the following equation was used:

whe re

1.25
0.65 1.44 de

7 k - 0.31-1.75U7 = [0..079 Ui
de

1.56 (p.)

i = 1,2 and 6 subchannels.
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(46)

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.

pAc 1, 2, 6, 7u 1, 2, 6, 7
= p[Ac

7
U

7
+Ac

1U 1+2Ac 2
U2] (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:

where

OP g (15.3-as) sin (15°)
gc P

30.5

As = the manometer reading in centimeters

p = density of water at the ambient temperature.

The friction factor for the test section was calculated from

(48)



PEquation 18 with d replaced by the finite difference of the pres-dx
AP
Exsure gradient, therefore, the following equation gives the

friction factor for the test section:

where

gc AP
del, 2, 6,7

f = ) (3600)2
2 Ax 2

pU 1,2,6,7

= distance between pressure taps = 1.23 ft.
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( 49 )

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.

whe re

COT = (exit tracer concentration) m

mt = tracer mass flow rate (see Appendix B)

COT = inlet dye concentration

(50)

and the initial tracer concentration to the test section was calculated

as follows:



Co = COT m
m

t

1, 2, 6, 7
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(51)

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-flo 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 = (m 1, 2, 6, 7)
(measured exit tracer concentration)

The cross-flow used in the calculation was accepted if

DIFF = ±(m 1,2,6,7) (measured exit tracer concentration)(0.05)

(52)

(53)

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:

(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, Re1,2,6,7'

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
(Inches)

Fanning Friction Factor
for Channel I

-0.4040.011 f= 0.21 Re
0.028 f = 0.23 Re 0.416

0.063 f = 0.34 Re 0.459

0.127 f= 0.15 Re 0.37

0.228 f = 0.22 Re0.417

The von Karman-Nikuradse equation is also shown for



O ROD SPACING - 0.228
ROD SPACING -0.063
ROD SPACING -0.011

Figure 13. Fanning friction factor versus Reynolds number for
the test section.



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. ,

-0.25f = 0.079 Re
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(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 103 to 1.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



70

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 0.011-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 0.011-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



71

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
(Inches)

Calculated mass flow-Measured mass flow
Measured mass flow x 100

0.011 0.0 to 1.3%

0.028 -1.3 to 0.0%
0.063 -2.3 to 1.5%
0.127 -1.3 to 0.6%
0.228 -1.3 to 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,

divided by the dynamic viscosity, p., which could also bet
w78,

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 14. Two-channel and eight-channel mixing results versus
subchannel 7 Reynolds number for the 0.011-inch rod
spacing.
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Figure 15. Two-channel and eight-channel mixing results versus
subchannel 7 Reynolds number for the 0. 028 -inch rod
spacing.
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spacing.



102

5

2

5

2

I

Figure

75

.

I

ROD SPACING - 0.127 Inches

2 - CHANNEL 8 - CHANNEL
MODEL MODEL

0 RIGHT SIDE TRACED

O LEFT SIDE TRACED

5 104 2 5

Re7
17. Two-channel and eight-channel mixing results

108

versus
subchannel 7 Reynolds number for the 0. 127 -inch rod
spacing.



102

5

2

76

5

2

1

5

0 RIGHT SIDE TRACED

LEFT SIDE TRACED

io4 2 5 105

Re7

Figure 18. Two-channel and eight-channel mixing results versus
subchannel 7 Reynolds number for the 0. 228-inch rod
spacing.



Two-Channel Analysis

Figure 19 shows w784`
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versus the Reynolds number for sub-

channel 7, while Figure 20 shows the w78 Iµ versus the Reynolds

number for channel I, Ref, 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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spacing versus subchannel 7 Reynolds number.
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Figure 21. Comparison of experimental results with mixing results
of Hetsroni, Leon and Hakim (23).
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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 78/µ 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 from the following analysis of the two-channel

model. If 2(C7 /C
o

) from Equation 26 is very much smaller than 1

(2(Cf
7

/C
o

) << 1) then Equation 26 may be written as follows:

m Cf
t 7 7

w78 L Co
(57)

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.

1 - E m. (exit dye concentration).
1 1

measured mass
flow rate
channel I

where

(
mean mixing-cup

ex it dye concentration
channel I

i = 1, 2, 6 and 7 subchannels

> 0.05 accept

< 0.05 reject
(58)

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 I
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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
(Inches) Model

Eight- Channel
Model

0.011 -34% 5 to 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 7 and 8 was plotted against subchannel

7 or 8 Reynolds number, the results showed that w 78/m increased

with increasing 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 0.011-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 0.011-inch rod spacing geometry

to the impoied pressure bias made it difficult and impractical to

consider the 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 0.011-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. 011 -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. 011inch 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,

i.e. ,

2.wt. 12 Ez..

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:

w78= (0. 04 Re7 NIT v) (59)z
78

If the Blasius equation for the friction factor, Equation 55, is applied



to Equation 59 the following results:

or

where

w78t = 2.11 (0.0113 Re7
0.875

v)
z78

t
w

78 b 0.875)
(0.0113 Re7

z78

z
78

= a mixing distance between subchannels 7 and 8.

90

(60)

The importance of using Equation 8 to describe the turbulent core eddy

diffusivity is that it represents the ultimate value for the turbulent

mixing, w78.
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 z
78

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;
w 78/4 = a Reb

7.

Rod Spacing
(Inches)

Two-Channel Model Eight-Channel Model

a x 105 a x 105

O. 011
O. 028
O. 063
O. 127
O. 228

7.5 x 10-
10
37
50

190

10 3.43
1. 23
1. 12
1. 12
1.01

2.9 x 10- 10

4. 5
10

17
66

3. 55
1. 34
1.26
1. 20
1. 12

When the mixing distance, z78, 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
78

term be developed that satisfied the following conditions:

1. As b becomes large (approaching the hydraulic diameter
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of the subchannel) b/z
78

must approach unity.

2. As Re
7

becomes large (the velocity profile becomes inde-

pendent of Re) b /z78 must approach unity.

3. As b becomes small (approaching zero) b/z
78

must

approach zero.

The function

1 - exp(-f(b, Re7)) (61)

would satisfy these requirements provided

f(b, Re 7) cc b and Re
7

(62)

replacing b /z78 by Equation 61 in Equation 60, i.e. ,

t
w78

[1 - exp(-f(b, Re
7

))](0. 0113 Re0. 875) (63)
7

Note that the left hand side of Equation 63 is a result of the experi-

ment and thus f(b, Re
7)

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

w
78

/p. values. The estimate of the variance of the correlation was
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made with the following expression:

where

w78 wt t

E (predicted - actual 78 )

e ,timate of k
k

variance

k = a data point or result

N = total number points

and the f(b, Re
7)

equations for each mixing model are

two-channel model

f(b, Re ) = 0.158 exp(5.17--) + 10-5(0.618+2.34 )Re (65)
7 de

7
de

b

7
7

eight-channel model

f(b, Re7) = 0.14 exp(4.75de 5) + 10 (1. 1 +4. 7 )Re
7

7
de

7

(66)

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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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 Reynolds

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.



The gap Reynolds number was defined as

whe re

2bu ( .8)
Re

g

u = point velocity at the geometric center of the gap
g

b = rod spacing

v = kinematic viscosity.
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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, Re , plotted as
g

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:

where

ymax del 2

Re7
(68)

= represents the thickness of the laminar sublayer and isy+max

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.

5 105



101

Using the Blasius equation for the friction factor, Equation 55, evalu-

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

5 = 5 de Re-0.875
7 7 0.079 (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. 011 -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 d

creased significantly and does not provide a major resistance to cross

channel mixing.
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LAMINAR SUBLAYER COMPLETELY
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Figure 31. Estimated laminar sublayer thickness divided by one-half
of the rod spacing versus subchannel 7 Reynolds number.
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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. Z5 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

(:). 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



model by Equation 26, i.e. ,

m cf7
w78 - loge(1-2( 2-L

Co

tTaking the differential of the variable w78

where

105

awt awt awt awt
dwt =

78 dm + dL + 78 dCf +
78 78

dC (70)
78 am

7
7 aL, f 7 acoac

7

t
8w78

am
7

C7
loge(1-2( t))

2L

C7

awt
m7 log

e
(1-2(

C
))

78 0

f

8L 2L2

awt m (- )

78
7 C2

ac
7

f
C

2L(1-2(-7 ))
Co

cf

awt

7m7(2( 7
0

))
C

78 = -
aco cf

2L(1-2( 7 ))
Co

(71)

(72)

(73)

(74)
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If the total derivatives in Equation 70 are approximated by finite in-

crements, i. e. ,

dwt = A wt
78 78

and both sides of the equation divided by w
78

with Equations 71, 72,

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

tion results:

f
C7

A wt 2( ---)
78

Am7 AL Co A C7
f

A Co

t m7 L
_

Cf Cf f Co
w78 7

C7
(1-2(

C
))loge

C
(1-2( 7))

0 o

Before the value of

C7 /Co, A m7 /m7

A w7

t
w78

t
8

can be evaluated the terms

and A Co /C0 must be evaluated, i. e. ,

A Co A (measured concentration) Am pmt
Co measured concentration

t

A Co

Co
= ±4%

(75)

(76)

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
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45 and an equation similar to Equation 46 which related U7 and U
I

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

where

A
U7

A
1. 6 U1 1.25 A d e

7 1. 4
Adel

U
7

1.75 U1 1.75 d
e7

1.75 del

AUI
= ±3%

UI

A d e
7

Adel

de
7

de
I

= ±2%

(77)

Therefore the maximum possible error for Equation 77 is ±7 percent.

Using this result the value of A m
7

/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 C7 /Co which changes

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

are considered

C

C7 Aw78

1. 0.011 inch rod spacing, run 29; o = 936.1 ±17%

t
Co w78

2. 0. 228 inch rod spacing, run 14; = 22. 2 ±1 1%
f

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

cross -flow, t
w78,

is not an explicit result of the analysis. Since

the RKM algorithm had a constant error criteria of 10-5, 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-

culated value of w78,
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:

of = ±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

7
ARe

I= ±11%; = ±7% .
Re 7 ReI
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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. 011 -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 0.011-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. Z58).

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. 011 -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
78,

may be considered a correc-

tion factor for subchannel turbulent mixing when the mixing results

are correlated with the duct eddy diffusivity.

The subchannel mixing length, z78,
was found to be a function
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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 larger 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.

3. The subchannel mixing can be compared to turbulent mixing

in the turbulent core of a duct.

4. The rod spacing when nondimensionalized with a subchannel

mixing length may be considered a correction factor to the

turbulent mixing for a duct.

5. The gap flow conditions seem to control the subchannel mix-

ing for the 0. 011-inch rod spacing but have a lesser effect

for the 0. 028, 0. 063, 0. 127 and 0. 228-inch rod spacings.

6. The two-channel mixing model results can be predicted by

the following semi-empirical relationship:

t
w78 = [1-exp(-0.158 exp(5. 17)- 10 5 (0.618+2.34 )Re

de
b

7
de

b

7

where

0E = 0.0113 Re
7

.875

This result predicted the actual results with a standard rela-

tive error of + 5 percent, when the 0.011 -inch rod spacing re-

sults are excluded.

7. The eight- channel mixing model results can be predicted by

the following semi-empirical relationship:
t

W78

P.
= [1-exp(-0.14 exp(4.7543--)- 105(1.1+4.7

de7 de7



whe re

= 0.0113 Re0.875
7

113

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

1. The investigation of turbulent mixing for other geometrical

forms such as triangle-triangle and triangle-square should be

considered so that the complete description of turbulent mix-

ing in a rod bundle may be made.

Z. 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.

3. 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.

4. More experimental information on the ilfessure 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.

5. 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



NOMENCLATURE

Symbol Definition

a empirical constant

Ac cross - sectional area

A mixing coefficient
T

b rod spacing

c empirical constant

C tracer concentration

Cf final tracer concentration

COT tracer concentration in holding tank

Cp heat capacity

d. rod diameter ft

de hydraulic diameter ft

D circular duct diameter ft

DIFF difference between measured and cal-
culated channel tracer mass balance parts /hr

122

Dimension

ft
2

lbm /ft-hr

ft

ppb

ppb

ppm

Btu/lbm-°F

E apparent eddy diffusivity for flow in
a duct

Eh eddy diffusivity of heat

E eddy diffusivity of massm

EM eddy diffusivity of momentum

f Fanning friction factor

ft 2 /hr

ft2 /hr

ft
2 /hr

ft
2 /hr

dimensionless
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Symbol Definition Dimension

f(b, Re7 ) empirical correlation function dimensionless

g acceleration due to gravity ft
2 /sec

gc gravitational constant lbm -ft /lbf- se c

i Prandtl mixing length ft

loge natural logrithm

L axial mixing length in test section ft

m total mass flow rate to test section lb /hrm

mt tracer mass flow rate lb /hr

n empirical constant

N number of subchannels dimensionless

P pressure lb f/ft2

AP finite pressure difference lb f/ft
2

PI impact pressure lb f/in
2

Re Reynolds number dimensionless

Os manometer reading cm

T average temperature oF

u point velocity ft/sec

U average velocity ft /hr

w.. turbulent cross-flow mass flow rate per
unit length between subchannels i and j lb /ft-hrm

distance along duct or subchannel axis ft

Ax finite axial position difference ft

2



Symbol

y

Definition

distance from wall of duct

universal dimensionless length

ft

z length normal to axis of flow and through
the center line of the rod spacing in

z
13

semi-empirical mixing distance between
adjacent subchannels i and j ft

Greek symbols

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

V

TO

Subs cripts

j

I, II

0

fluid density

dynamic viscosity

kinematic viscosity

wall shear stress

subchannel notation; 1-8

channel notation

initial condition

124

Dimension

lb /ft3

m

lbm /ft -hr

ft
2 /hr

lb
f
/ft 2
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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 lb sample to a holding tank. The rotameterm

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 lb samples.m

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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Figure 32. Test section rotameter calibrations.
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CALIBRATION OF THE FLUOROMETER
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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 sensitivities:

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
C = C s Vt

where

C = concentration of solution in the system

Cs = concentration of known added to the system

Vs = volume of known added to the system

V
t

= 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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APPENDIX D

CALIBRATION OF THE PACE PRESSURE TRANSDUCER
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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 transducer 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).



140

0 0.2 0.4 0.6

P, STATIC HEAD, psi
0.8

Figure 38. Transducer calibration.

I.0



141

APPENDIX E

OBSERVED DATA



NOMENCLATURE FOR OBSERVED DATA

Symbol Definition

RA, RB test section rotameter readings

RT tracer rotameter readings

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

142

Dimension

cm

SEN fluorometer sensitivity

FLO fluorescence readings for fluorometer percent

T fluid temperature °F

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

COT tracer concentration ppb
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OBSERVED PRESSURE BALANCED MIXING DATA
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1, 44.0 440 12.1 40.05 41.16 30 11.n 65 2 1.759E 06
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767 57.9 51.9 17.1 16,75 44,15 3n 2A,n AR 2 1.20E 06
35 51,9 519 12.1 36,76 44,36 10 39,n 6A 2 1.269E 06
17 51,o 51.9 -10.1 16.76 44,1c in 27-.n 65 1 1.259E 06
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11 91.0 c.1.1 16.9 47.1n 1R.Rc 1 44.1 AR 1 1.174E nA
14 s111 16.S 47.-11 -141.1R 1 44.n R2 1.174E f7)6

15 A7.I 67. 12.0 31.35 41.66 ln 72,n 68 1 1.115E
1A A7.0 47.1 12.0 10.15 41.65 10 Aq.n AR 2 1.31SE 0A
17 6A0 16.1 41.11 41.01 3 45.5 AA 2 1.11SE no,

19 16.1 4110 40.0 1 43.6 AR 1 1.31SE 06
10 61.0 13.9 41.2.1 40.15 1 15.5 68 1 1.11SE 06
20 T-3-;tr 47) .-711- -774. Agr-2-1.-1T5F-75
71 4R.0 411 15.1 4300 11.09 3 49,n AR 1.115E 06
27 40.0 40.n 19.1 41.n1 18.05 3 4A.n AR 1 1.11SE IA
71 17.6 lr.q 14.1 47.1 33.q1 1 14.0 AR 2 1.7g6E 06
24 17.1 17.P 14.1 47.19 11.00 1 14.6 AR 1 1.70AE ne,

PC 72.0 77.1 12.1 4.75 14.35 3 64.s AR 1 1.206E 06
76 77.0 1 17-1 46-.75 14.11c-"1 AR 1,p0-6E- 16
27 /7.1 77.1 1r).1 46.25 14.85 1 77.n AR 2 1.206E 06
211 77,0 77 .1 19.1 46.25 34,6 76.0 69 1 1.706E 06



nRSVPVFn DATA
PIN 0 '3q

po,)

1'T

RPAr7Tfir;

AT

= 278
to SPA

TrICHF-C

FL' T CHT COT
1 11.0 11.) 14.7, 46.9 14,9c 1 17.1 AR 1 1.406E n6
7 -11.1 -14.-7-46.-9-i 3-4-;,-9C-17-73T,7) 06
1 17,0 17.0 14.1 46.4n 3C.5-I 26,1 AR ? 1.416E n6
4 17,0 17,l 14. 46.4n 1,-;Li 1 ?6,0 6R 1 1.416F 06
5 41.0 410 13. 4c,90 1L-;.9c 1 Sq.1 6R 1 1.406E n6
A 41.0 41.0 13.1 4t1.90 M.9c 1 CSc 04 2 1.406E 06
7 6r).0 co%1 110 4c,,20 36,7n 1 48,c 6A ? 1.406E IA

,1 11,0 4C-,.-7)- 1A-.-76 1 6R 1 1.416F 06
C) CC.0 ':;1 14.1 44.S1 17.1c 3 49.0 6R 1 1.406E 06

In c5.9 Fc;,..1 14,1 4.4co 17,1c I CO.c 64 ? 1.406E 06
11 67.0 4,n 1!,,1 41.71 1R,?,

6rt 2 1.406E 06
1? 62.0 67.0 1.1 41.70 18.2i-) I S0.n AR 1 1.406E 06
11 69.0 69.0 11.1 42.75 '1.IS010 69.n (38 1 1.406E 06
14 600 4,i 11.1 4?-.7s- 10.1 411 AR

lc ,c.0 .7,c.0 17.1 47.4C 14.4c 1 47.n AR 1.4n6E 06
16 26.0 '.0 17.1 47,46 14,46 1 4R.c AR ? 1.4n6E 16

17 21.1 7)0.n 17.1 47.76 14,1c.; 1 sA.c AR ? 1.406E 06
lA 70.0 70.0 17+1 47.75 14.1c 1 97.c AR 1 1.406E n6
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OBSERVED PRESSURE UNBALANCED MIXING DATA
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0RSF8vFD DATA FOR ROD SPACING .011 TNCHFS
RUN PA PR RT SFN FLI T CHT COT
53 44,0 44.0 17.1 10 40.0 68 2 1.256E 06
54 61.0 61.0 14.1 10 29.0 68 2 I,2A6E 06
57 58.0 68.0 10.1 30 51.0 68 2 1.211:46E 06
55 10,0 10.0 15.1 10 55.0 68 2 1.286E 06
60 30.0 19.0 19.5 10 83.0 6A 2 1.286E 06
61 14.0 34.0 17.1 10 A80 68 2 1.2A6E 06
64 26,0 26,0 12.1 61.0 68 2 1.286E 06
65 1A.0 114.0 12.1 in 58.n AA 2 1.256E 06

085FPyrn DATA Fr.:P ROD SPAcINn
RUN PA 00 RT
101 44,0 44.0 12.1
202 44.0 44,0 12.1
101 44.0 44.1 12.1
301 55.0 cc.0 11.1
204 55.0 cc.0 11.1
101 55,0 cc.0 11.1
106 47.0 47.0 13.1
205 47.0 47,0 13.1
306 47.0 47.0 13.1
307 10.0 30.0 12.1
20A 114,0 30.0 12.1
107 10.0 10,0 12.1
110 32.0 12.0 11.1
209 37,0 17,0 11.1
110 12,0 17.0 11.1

= .1 27 TNCHFS
SFN FL,

1 57.5
1 39.5
3 54.6

10 84,n
3 60.n
3 85.A
I 54.E
I 38.E
3 56.6
3 66.n
1 52.n
1 70.n
1 94.n
1 65.6
3 72.6

T CHT
65 1
68 1
6A 1
6R 1
AR 1
6A 1

1:: 1

68 1
611 1

AA 1
AR
:: 1

1

1

COT
1.323E
1.323E
1.323E
1.323E
1.323E
1.323E
1.373E
1.;723:
1.323E
1.348E
1.148E

1.348E
1.148E

no,

ng
06
06

nti

06
06
Of
OA
06
no,

nA
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APPENDIX F

CALCULATED RESULTS
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NOMENCLATURE FOR TWO-CHANNEL AND EIGHT-CHANNEL
MIXING MODELS

Symbol Definition

RUN experimental run number

CO/CF initial tracer concentration in traced
channel divided by exit tracer concentra-
tion for initially untraced channel

WT turbulent cross-flow

SUB-RE subchannel 7 Reynolds number

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

E/V

CT

MF

U

turbulent cross-flow divided by the
dynamic viscosity

channel traced

mass flux for subchannel 7

average velocity for subchannel 7

Dimension

dimensionless

lb /hr- ftm

dimensionle ss

ft-1

dimensionless

lb /hr - ftZm

ft/sec
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PRESSURE BALANCED RESULTS



TWO-CHANNEL; ROD SPACING = 0.011 INCHES
MN Cf'./rr 41" st1t;-pr- WT /r1 F/V c't
79 841,P 1.s7 1.098F 04 4,4R8r-04 .6s 1

79 016,9 1.41 1,r) 2E 04 4.079r-n4 ,511 7
11 1s1.n 5.66 1.64SE 04 1.077F-03 ?.3, 1
31 11R.q 6.21 1,639E 04 1.199r-03 745S 7
12 113,7 6.11 1,639E 04 1,,06r-01 7.59 7
11 146.4 5.74 1.44E n4 1091r-03 2.35 1
34 716,1 11.o7 1,979E 04 1,752r-03 6,54

1.

36 216.7 11.01 1.97pE 04 1.749r-03 6,57 2
15 P^1q.6 11.45 1.972E 04 1.917F-03 4,69 7
37 2,17.0 11.5 1,979E 04 1.P24F...01 441'1- I---
lA 171.7 1t).67 7,714E 14 7,715F-03 6.41 7
19 175.1 15.15 7.721E n4 7,163F-01 6.2o 1

40 770.7 7.77 ],740E 04 1198F-03 1.19 2
41 281.7 7.51 1.747E 04 1.146F-03 1.0q 1
42 274 ,c, 7.57 1.747E 04 1.357E-03 1.10 1
41 5r1.5 .26 1,154E 04 7.514r04 1-04" T
44 41;-i.4 3.71 1.147E 04 P.621E-04 1.57 2
45 461,7 3.5s 1.154E n4 9.717E-04 1.45 1
46 746.1 9.08 1.849E n4 1.539E-01 1.,79 1
47 241.4 9.23 1.941E 04 1.56AF-03 1.711 7
4R 219.4 9.3o 1.R41E n4 1,F81F-13 3.81 7SO 419., 4,5o 1.-639f n4 8.6n5f-iiiO4 14-55 2
51 426.2 4.66 1.649E 04 9.968F-04 1.91 167 3''3.7 7.17 1,948F 04 1.24AE,03 1402 1
6A ?c16.2 7.52 1.841E 04 1,277E-03 1,0A 7
70 177.4 14.wl 2.181E 04 2.135F03 6.10 1
71 101.P 13.63 ?.175E 04 1.962F-03 5.59 R
77 21'7.7 12.0A 2.009E n4 1,0.745'..m3 4491- 7-
71 1(46,2 12.44 2.01SF 04 1.032r-03 5..1" 1
74 16?6 5.5 9 1.679E 04 1.043E-03 2.29 1

7S 74';?.1 5.74

col:

1.071r-03 2.3s 2
76 *1.R ?.6% i::73;13 5,724F-04 1.07 P
77 6-;)1,7 .79 1,44nE 04 6,060E-04 1.14 1

7c4 613.7 ?.1.1? 1,431F 04 6,154F -04 1.16 7.
79 9cm.4 3.11', 1.440E 14 6.n64r-04 1.2o 1

mF li

7.931E 05 3,49
7,7116E n5 1,47
1.171E n6 5.23
-141517E-06 5;21
1.1611E n6 5,21.
1.171E n6 5.23
1.411E 06 6,29
1.406E n6 6-,27

1.406E n6 6,27
-1-4-41116--- -6779
1.579E 06 7,04
1,54E n6 706
1.241E n6 5.54
1.246f 06 5.56
1.246E n6 5.56

4.30
7).= rg 4,28
9.65,E ns 4.30"
1.319E 16

16
5.88

n6-- 5,86
1.311E 06 5.86
1.169E 06 5,e1

5.23
1.;71;74 11): 5,88
1.311E n6 5,86

6,.94
11.;;71 Z(5', 6.92
1-36-31E- 6 6.39
1.437E n6 6.41
14147E 06 5.34
1.191E 16 5,32
1.022E n6 4,56
1.077E n6 4.58

17077E--- Tit- -------4-vger
1,027E n6 4.58



TWO - CHANNEL; ROD SPACING = 0.028 INCHES

Rt In,

4

6
7

11

1?

19
16
17
IR
19

21
27
21
?4
79
26
27
2g
29
1 0

f

c1,1
55.6

L

7;:s

45,. 1

jI

3Ti.17

X3.4 1
1.34
18.9?
18.-50
4?.6,4

4(1.04
49.pl

R2.!)?

43.10,

44.c,
18.47
37.7
11.7n
11.51
7.3.5";

73.4t,

50.1i

51.014
54.66

71.0%!

cl"-OF WT/M .F/V rof : NF
li

7.445F-n1 q.19PE 051.195E n4
7.729F-1-3

1 4.19
-9.151E n5 -4.TT

11.67)
1.189E 14

P.S35F-n1
11.11 7

1.959E 04
8.21Sv.01

1 1.1P1F 06 5.89
1.9S7E 04 ;11.(7); 7

(11.=
5,87

0,181E Cl 6.476F -03 7.7;1 1

.6:77:6,491r-01 7.76 2 6,141E n59.115E n3
1.609E 14 8.106r-03 1.084E 06 4.83
1.602E 04 1.nIpE n6 4,1k1.-7.011r-01

s.117r.03

17.50 1

1.918E 04 7 5.76
1ci1RE 04

20.41
7

1.297E n6
1.797E n6 5,768.723F-03

A.197F-01 5,971.q87E 14
r1.487F-03

20.6
7

1.94E 14
?l.31
22.16 1 1.7= Z6' 5,99

1.778E 14 7.610E-11 2 1,19qE 06 5.34
1.785E 14 7.q07F-n1 11179.72 1.203E 06
1.c;i1F 04

77.(9'Z7F*.7:33

19.77 1

)c.,411.C67E 14 ?
1.o6nE n6

1.121E 04 7.797F-03 1 18..(91 rg 3,97
1,116F 04 7.497F-01

12.62
7- 1,1-.11A-qt-TT9- -3,-95

1.067E n4 6.q10E-01
6.126F-03

9.66
9.62

1 7.199E n5
1.1f,lE 04

7.99F-03
7

3.21
7.145E n5 309

7.439E 04 P4.27 1 1.641E n6 7.13
7.417E 04 1.639E 06 -7.31
P.",91E 04

7.933F-03
7.644F-01

77:- ;i

6.281.409E n620.91
2.n97E n4
2.iPSE 04 ::=--r0133 77.81 2

7PP.1E 04 8.111F-11 71.20 1

B.418r-01?...03E 04
1

8.c51r-017,6/1E n4 ;:,.71 2

-1.41-TE-n6
1.437E 06
1.416E n6
1.757E n6
1.757E 06

--ti,-3.-

6.19
6.41
7.84
7.P2



TWO-CHANNEL; ROD SPACING = 0.063 INCHES
PW9 Cr/rp tPIT st.J4-pF WT /tit F/V cT mF

1 -7.6 97.74 1,013E n4 1.010E-02 40.65 1 1.797E n6 8.02
16.0 99,19 1,00SE 04 1.n50E-02 41.34 2 1.791E -M6 13--Ta

1 ..4f.4.g R1.1k 2.591E 04 9.570E-01 31.84 2 1.545E 06 6.89
4 19.R 79.99 2.598E ')4 9.726F -03 33.11 1 1.550E 06 6.91-
5 41.2 66,1H 2.249E 04 9.185F-03 27.61 ? 1.339E n6 507
5 40.1 58.11 2.251E 04 9.599F-03 25.31

1 1.344E n6 5,99
7 47.2 51.95 2.011E 04 8.201F-03 21.61 ? 1.199E 05 5.35
A
9

46.7
46.1

c3.0F
44.69

2,011E 04
1,67RE 04

R.146F-03
13.134r-03 7i..(3): '11

Tan6r-Is
1.016E n6

-571rr
4.53-

10 44.f, 46.71 1.571E 04 8.655E-03 15.95 2 1.011E 06 4,81
11 44.0 37.00 1,149E 04 8.591F-03 15.17 2 8.157E ns 1.64
1? 44.1 17.73 1.155E 04 8.713F-03 15.47 1 8.207E 05 1.66
11 40.4 83.16 2,715E 04 9.6845-03 34.10 1 1.543E 06 7.33
14 18.n 136.21 ".7.08E 04 9.964r..03 35:35 -2 T.-5739E-716-T 31
15 '16.0 97.06 2.593E 04 1.050E-02 39.80 2 1.751E 06 7,81
16 17.2 96.98 ?,901E n4 1046F-02 19.77 1 1.75CE m6 T.63
17 19.1 74.6? 7.169E 04 9,555F-03 30,60 2 1.434E 06 6.39
18 18.5 75.13 2.177E 04 1.002F-02 31.21 I 1.435E n6 6,41
19 42,1 52,44 1.790E 04 9.171F03 21.50 2 1.051E 06 4.83
2n 41.1 54.01 1,797E n4 9.4n6r-03- -2241.4' 1 --rmsn-rs--- 4.85
21 41,4 46.49 1.558E 04 9.117F-01 19.06 1 9.430E n5 4,21
22 47.1 45.70 1.951E 04 9.121F-01 75.51 7 9.385E MS 4.19
23 45,1 3b.04 1,172E 04 8,558F-03 15.38 2 5,419E 05 3,75
24 44.1 3b.40 1,179E 04 8,7045-01 15.72 1 8.464E n5 1.77-
25 41 fl 78..7 9.593E 03 9.722F.03 11.59 7 5.869E 05 2,63

-2754T25 43.1 28.04 4.667E 01 8.955F-01 11.35 i 57934E-nS
27 42.4 61.44 2.083E 04 9.101r-03 74.84 1 1.275E 06 5,70
PA 41.5 52.s2 2.075E 04 9.292F-03 26.27 2 -1.274E n5 5.68
29 41, 45.27 1.C71E 14 5,5pnr-03 15.29 ? 9,544E n5 4,30

_.:10,
41,.; 47.7', 1,c7qE 04 9.323c-03 19.29 1 9.589E 05 4.32



TWO-CHANNEL; ROD SPACING = 0.127 INCHES
RN CC /CF WI SO8 -9F WT /M F/V rT mF U-.

1 11.P 48.96 1.251E 04 1.226F-02 20.07 1 6.397E n5 2.852 10,7 50.36 1.944E 04 -1,7691'1,02.- M.-61- 7- 6:3151I-Ty5- -2-051V
3 13,1 54.39 1.450E 04 1.176F-02 22.30 2 7.411E 05 3.31
4 12,1 56.07 1.457E n4 1.206F-02 22.99 1 7.450E nS 3.32
5 10.7 67.29 1.661E n4 1.770E..02 8,491E 05 3,79A
7

11.A
10,6

65.11
75.37

1.653E n4
1.855E 04

1.734F..02
1.274F-02

26.70
10.9n

2
2

8,452E nS
9.484E n5

3,77
4.23

A 79.8 -77.70 1.862E 04 1.108F-4=02-. 31.11-6 1 ,9.523E n5 4.r5
9 10.5 A4.17 2.063E 04 1.279F-02 1 1.055E n6 4,70

10 '9,9 85.55 2,055E 04 1.10SF4.02 Z4:018 2 1.051E -n6 4,69
11 77.8 110.14 2.451E 04 1.408F02 45.16 ? 1.253E o6 5.59
17 28.7 106.65 7.459E 04 1.159r..02 41.73 I 1.257E nS 5,61
13 10.2 93.28 2.261E 04 1.793E.02 38.25 1 1.156E 06 5.16
14 10.1 -92.61 2.754E-04- -1-6-9e8 -02- -21J71547- 7 .1
15 27.2 129.31 2,811E 04 1.442F02 53.07 1.437E 06 6.41
16 78.4 122.93 2.804E 04 1.374E7.02 50.40 2.- 1.431E 06 -6,39
17 .'8.P1 106.08 2,451E 04 1.356F -02 43.50 2 1.253E 06 5.59
18 10.7 101.44 2,459E 04 1.293Fa.02 41.59 1 1.257E 06 5,61
19 27.8 119.23 2,655E 04 1.4n7F-02 48.89 1 1.358E 06 6,05
241 79.A 110.64 2,647E-0* 1.!1-10F1002-- 45-00L 1.354E 6-
21 32.0 79.81 2.055E 04 1.217F-02 32.77 2 1.051E n6 4,69
22 11.1 82.48 7063E 04 1.253F-02 -11."87 1 1.05SE A6 4,70
23 11,1 30.35 8.154E 03 1.167F -02 17.44 2 4.169! 05 1.66
24 12,4 31.49 8.?28E 03 1.199F-02 12.91 4.20TE ns
25 12.1 3b.73 1.001E n4 1.213F-02 15.88 1 5.117E 05 2.2826 11.6 39.14-- 4,434E-44--- 11,-P34F-02 16.04
27 11.4 47.57 1.202E 04 1.240F..02 19.5n 2 6.147E 05 2.74
28 12.1 46:82 1.710E 04 1.213F -02 19412n 1 5.4-85E nS 2476



TWO-CHANNEL; ROD SPACING = 0. 228 INCHES

Pulk4 C ^/{`F NT
1 2P.4 91.33
2 -7,3,4 gi,p0
3 ?4. -'+ 0.p4
4 -,?,,I 100.22
5 24,1 112.5'4
6 --,42 112,7R
7 '4.1 129.R4
R 7.13. 137.0
9 2'4.1 142,15

10 79.6 144.43
11 73.1 164.94
12 23,5 162.27
13 77.q 1P7.09
14 7?,, 1RH-A7
15 ?3.6 71.14
16 '7." 72.78
17 13.4 56.41
1A 73.6 56.7P

c04-pF loT/m F/V rT mF U
1.620E
1,612E
1,492F

17,7C72

2,16iiE
2,045E
2,493E
?,717E
2.709E
1:019E
1.028E
1.134E
1.126E
1.335E
1.327E
1,184E
1.092E

14 1.763F-02 17,45 1 6.642E 05 2,96
04 1,6A4F.02 15,59 2 6,60TE 0.6.-
04 1.641F-02 41.69 2 7.755E 05 3.46
04 1,A49F-02 41.0 1 7,791E 05 3,47

1,61PF-02 46.16 1 8,920E n5 3,98.
04 1,627F-02 46.24 2 11,885E n5 3.96
04 1,634F-02 53.24 2 1.010E n6 4,54
04 1,719F-02 56.17 1 I;nrn ns 14;5s-
04 1.636F-02 58.28 1 1.114E n6 4.97
n4 1.66RF-02 59.22 P 1.1InE n6 4-,95
04 1.709F-02 67.63 2 1.237E n6 5.52
04 1.676E -02 66.54 1 1.241E n6 5-,53
04 1.755F-02 76.71 1 1.367E n6 6,10
n4 1.776F-0? 77.44 2 T7167E-TM- 6,08
04 1.666F-02 79.17 1 5,471E 05 2,44
14 1.716F-02 79.84 2 5.43PE-n5- 2.43
04 1.046F-02 23.96 2 4.447E.15 1,98
04 1.669F-02 7300 1 4.478E 05 200--



EIGHT - CHANNEL; ROD SPACING = 0. 0 11 INCHES

91N C0 /C WI 8U8-9F orrim F/V rT mr U
PR 8410 1.83 1,098E 04 5.729F-04 .75 1 7,831E 05 3.49
29 916,8 1.64 1,097E n4 4.691F-04 .67 2 7.786E 05 3,47
10. 351.fi 6.85 1,645E 04 1.104F-03 2.81 1 1.173E n6 5,23
31 319.0 7.54 1,619E 04 1.440E-03 1.09 7 1.169E 06 5,21
37 313,7 7.65 1.639E 04 1.461F-03 1.14 7 1.169E n6 5.21
11 346.6 6.94 1.645E 04 1.121r-03 7.85 1 1,173E 06 5,73
14 216,1 13.68 1.979E 04 7.165F-01 5.61 1 1.411E n6 6.29
36 216,7 13.60 1.977E 04 '.159F-03 8.58 7 1.406E 06 6.2715 208.6 14.15 1.972E 04 ?.746F-03 S.8n 7 1.406E n6 6,27
17 207.9 )4.25 1.979E n4 2.755F-03 8.84 1 1.411E n6 6,79
18 171.7 19.63 7.214E 04 7.774F-01 A.05 P 1.579E n6 7,04
19 175.1 19.22 7.721E n4 2.708F-03 7.88 1 1.584E n6 7,06
4n 270.7 9.48 1.740E n4 1.704r.03 1.89 , 1.241E n6 5.54
41 291.7 9.1 1.747E 04 1.640E-01 3.7; 1 1.746E n6 5,56
42 279.n 9.73 1,747E 04 1.654F-03 1.78 1 1.246E n6 5,56
41 9n1.s 3.87 1.154E n4 8.QSOF -04 1.59 1 9.657E 05 4.30
44 418.4 4.41 1.147E 04 1.025F-03 1.81 2 9.607E 05 4,28
45 440,7 4.22 1.154E 04 9.7SQF -04 1.73 1 9,657E 05 4.30
46 746.1 11.14 1.848E 04 1.887F-01 4.57 1 1.318E n6 5,88
47 241.4 11.12 1.841E 04 1.074F -03 4.64 2 1.311E 06 5,96
48 219.4 11.41 1.841E 04 1.940E-03 4.68 7 1.311E 06 5,86
5n 410.7 5.44 1.639E 04 1.039F-03 7.21 7 1.169E n6 5.21
ci 476,7 5.63 1.645F 04 1.071F-03 2.31 1 1.171E 06 5,23
67 101.7 9.01 1.1148E 04 1.527F-03 3.7n 1 1.31RE 06 5,88
68 796.? 9.19 1,841E 04 1.541r.03 1.77 7 1.313E n6 5.86
7n 177.6 18.59 .1.81E n4 2,468F-03 7.67 1 1.556E 06 6,94
71 193.? 17.01 7,175E 04 2.447F-01 6.97 2 1.551E 06 6,92
77 202,? 14.90 7,009E 04 2.127F-01 6.11 7 1.433E n6 6,39
71 196.? 15.42 ,,n15E n4 2.195F-01 6.32 1 1.437E n6 6,41
74 362,6 6.78 1,679E n4 1.764F-03 7.78 1 1,197E n6 5,34
75 392,1 6.95 1.673E 04 1.101F-03 P.85 2 1.191E n6 5,32
76 689.8 3.12 1.433E 04 6.820E-04 1.28 7 1.027E 06 4,56
77 673.7 3.32 1.440E 04 7.226F -04 1.36 1 1.027E n6 4,58
78 613.7 3.36 1.433E 04 7.136F-04 1.38 2 1.022E. n6 4,56
79 550.4 3.77 1.440E 04 8.190,-04 1.54 1 1.027E 06 4,58



EIGHT-CHANNEL; ROD SPACING = 0. 0Z8 INCHES

Fmk' Cr.:/F WT 5U8,-9F WT /M F/V cT mF U
I 51.7 40.07 1.195E 04 8,405F-03 16.41 1 9.399E 05 4,19
7 53.7 38.60 1.188E 04 8.707F-03 15.81 2 9.351E 05 4,17
1 45.2 67.33 1.959E 04 1,076F-02 27.61 1 1.320E 06 5,89
4 46.8 64.53 1.952E 04 1.035E-02 26.46 2 1,315E n6 5,87
s 59,7 21.85 4.181E 03 7.452F-01 14.96 1 6,186E 05 2.76
A 59.1 21.73 9.115E 03 7.465F-01 9.91 2 6,141E 05 2.74
7 46,4 52.68 1.609E 04 1.025F-02 21.60 1 1.084E n6 4.83
8 49.1 49.24 1.602E 04 9.623F-n3 20.19 2 1.079E 06 4,81
9 47.4 62.46 1.918E 04 1.020E-02 25.61 2 1.292E 06 5,76

10 46.9 63.18 1.418E 04 1.032F-02 25.90 2 1.292E n6 5.76
11 47.0 65.46 1.987E 04 1.032F-02 26.84 2 1.339E 06 5,97
12 45.4 68.22 1.994E 04 1.071F-02 27.97 1 1.343E 06 5,99
15 50.6 53.44 1.778E 04 9.411F-01 71.91 2 1.198E 06 5,34
16 44.1 55.23 1.785E 04 9.690F -03 72.65 1 1.203E 06 5,36
17 50.1 47.11 1,573E 04 9.175F-03 19.32 1 1.060E n6 4.73
18 50.9 46.20 1.567E 04 9.213F-03 18.94 7 1.056E n6 4,71
19 52.8 36.95 1.323E n4 8.746F-03 15.15 1. 8.912E n5 3.97
70 51.1 37.87 1.116E 04 9.n10E-03 15.51 7 8.968E n5 3.95
21 55.6 27.59 1.067E 04 8.098F-03 11.31 1 7.189E nS 3.21
27 55.5 27.47 1.061E n4 8.112F-03 11.26 7 7.145E nS 3.19
21 50.6 75.53 2.439E 04 9.697F-03 30.97 1 1.643E 06 7,13
24 48.5 78.86 2.432E 04 1.015F-02 12.33 7 1.639E 06 7.31
25 500 64.21 7,091E 04 9.61AF-03 76.31 7 1.409E 06 6.28
76 47.2 69.12 2,097E 04 1.032F-02 78.34 1 1.413E 06 6,30
77 47,E 70.45 7,125E n4 1.038F-07 78.88 2 1.437E 06 6,39
28 46.4 71.77 7.132E 04 1.054F-07 79.43 1 1.436E n6 6.41
79 45.8 90.75 2.608E n4 1.090E-02 17.21 1 1.757E 06 7,84
30 45.1 92.03 2.601E 04 1.108F-02 17.74 2 1,757E 06 7,82



EIGHT-CHANNEL; ROD SPACING = 0. 063 INCHES

PIJN C^ /CF WT su8-pF WT /M F/V rT 4F U
I 37.6 113.62 3,13E 04 1.197F-02 47.26 1 1.797E n6 8.02
2 16.9 115.68 1.005E 04 1.222E-02 48.11 2 1.793E 06 8.00
3 19.9 92.46 ?.591E 04 1.131F-02 15.46 p 1.545E 06 6,89
4 19.14 90.31 2.598E n4 1.103F-02 37.57 1 1.550E 06 6.91
5 41,, 73.69 2,249E 04 1.042F -02 30.65 2 1.339E n6 5,97
6 40.3 75.76 2.253E 04 1.n6PF-02 31.52 1 1.144E n6 5.99
7 47.0 56.33 2.011E 04 8.c95F-03 21.41 2 1.199E 06 5,35
al 46.7 57.61 2.018E 04 9,061F-03 21.97 1 1.204E 06 5.37
9 46.3 47.38 1.675E 04 8.916F-03 19.41 1 1.016E 06 4.53

10 44.6 49.07 1.671E 04 9.192F-03 20.12 2 1.011E 06 4.51
11 44,4 38.19 1,148E 04 A.967F-03 15.66 2 8.157E nS 3.64
12 44.1 39.01 1.155E 04 9.00AF-03 15.99 1 8.202E 05 3.66
13 40.4 04.79 2,715E n4 1.093F-02 18.87 1 1.643E 06 7,33
14 'p.0 98.54 2,7081 04 1.119F-02 40.40 2 1.639E 06 7.31
15 16.9 112.41 2.1493E 04 1.716F-02 46.09 2 1.751E 06 7.81
16 17.0 112.3? 2.901E 04 1.212F-02 46.09 1 1.756E 06 7,83
17 19.1 83.73 2.169E 04 1.106F-02 34.31 2 1.434E 06 6,39
19 114,6 A5.57 7,377E 04 1.127E-02 38.09 1 1.438E 66 6,41
19 42.1 56.41 1,790E 04 9.965F-03 23.11 2 1.081E 06 4.83
20 41.1 58.24 1.797E 04 1.014F-02 23.89 1 loasE 06 4,85
21 41.4 49.17 1.55RE 04 9.975F-03 20.16 1 9.430E 05 4,21
2? 42,1 47.70 1.591E 04 9.626F-03 19.56 , 9.385E 05 4.19
23 45,1 39.35 1.172E 04 R.951F-03 15.91 7 8.419E 05 3.75
24 44.1 40.30 1,179E 04 9.n18E-03 16.29 1 8.464E OS 3.77
25 41.9 28.42 9.593E 03 9.142F-03 11.49 2 5.11189E ns 2.63
26 41,1 27.52 9.667E 03 9.cR1F-03 11.25 1 5.934E 05 2,65
27 42.4 67.38 2.083E 04 9.952F..03 27.24 1 1.279E 06 5.70
25 41.6 68.62 2.075E 04 1.020E-02 27.74 2 1.274E 06 5,68
29 43,9 47.72 1.571E 04 9.170E-03 19.29 2 9.644E OS 4,30
3n 41,8 50.83 1.878E 04 9.576F -03 20.42. 1 9,689E 65 4,32



EIGHT-CHANNEL; ROD SPACING = 0.127 INCHES
MP, C ^ /CF WT SUB-0F WT/M F/V CT mF U

1 11.8 55.24 1.?51E 04 1.184F-02 22.65
1 6.397E n5 2,852 10.7 56.98 1.244E 04 1.436F-02 21.36 7 6,359E 05 2,84

1 13.1 61.76 1.450E 04 1.135F-02 25.32 7 7.411E 05 3.314 12.3 63.84 1,457E 04 1.171F-02 26.18 1 7.45nE 05 3,325 10.7 77.70 1.661E 04 1.466F..02 31.86 1 8.491E n5 3.796 11,6 74,94 1.653E 04 1.421F-02 30.73 7 8.452E MS 3.777 10.6 87.71 1,855E 04 1.482F-02 35.96 2 9.484E n5 4,238 79.8 90.70 1.862E 04 1.526F-02 37.19 1 9,521E 05 4.259 10,5 98.72 2.063E 04 1.510E-02 40.48 1 1.055E 66 4,7010 79.0 100.52 2.055E 04 1.631F -02 41.22 ? 1.051E 06 4,69
11 77.8 132.1? 2.451E 04 1.689F-02 54.17 7 1.251E n6 5.5917 78.7 127.44 7.459E 04 1.674F-02 52.25 1 1.257E 06 5.6111 10.2 110,22 7.261E 04 1.528F-02 45.19 1 1.156E n6 5,1614 10.1 109.16 2.754E 04 1.521F-02 44,84 7 1.152E n6 5.1415 77.2 157.02 2.811E 04 1.751F-02 64.38 1 1.437E n6 6,4116 78.4 148.40 2,804E 04 1.459F-02 60.85 2 1.433E n6 6,39
17 .28.8 126.71) 7.451E 04 1.620E-02 51.95 2 1.251E 06 5,59
IR 10.7 120.55 2,459E 04 1.17F-02 49.41 1 1.257E 66 5,6119 77.4 143.80 2.655E 04 1.698F-02 58.96 1 1.358E n6 6.0570 79.8 132.34 7.647E 04 1.567F-02 54.26 7 1.354E 06 6,04
21 120 93.12 ?,055E 04 1,420E-02 38.18 2 1,051E 06 4.89
2? 11.1 96.53 2.063E 04 1.467F-02 39.58 1 1.055E 66 4.70
21 13.3 33.09 8,154E 03 1.772F-02 11.57 7 4.169E 05 1,8624 12,4 34.41 14.228E 03 1.112F-02 14.17 1 4.207E 05 1.8826 12.1 42.98 1.001E 04 1.146F-02 17.62 1 5.117E 05 2.28'26 11,6 43.45 9,934E 63 1.371F-02 17.81 2 5.079E ris 2.2727 11,4 53.58 1.202E 04 1.397F-02 21.97 , 6.147E 05 2,7428 12.1 52.66 1.210E 04 1.164F-02 21.59 1 6.185E 05 2,76



EIGHT-CHANNEL; ROD SPACING = 0.228 INCHES

RUM Cl/CF WI SUR-PE WT/M F/V rT 4F U
i 22.4 89.45 1.620E 04 1.727F-02 16.68 1 6.642E 05 2.96
2 73.4 84.58 1.612E 04 1.641F-02 14.68 ? 6.607E 05 2.95
1 740 98.15 1.892E 04 1.621E-02 40.24 2 7,755E 05 3.464 23.9 99.21 1.900E n4 1.633F-02 40.68 1 7.790E ns 3.47s 240 112.88 ?.176E 04 1.622F-02 46.2A 1 8.9201 05 3,98
6 74.7 113.09 2.168E 04 1.632F-02 46.37 7 80885E n5 3,96
7 74.1 132.18 2.485E 04 1.664F-02 54.20 2 1.018E 06 4.54
A 21.n 140.25 2.493E n4 1.759F-02 57.51 1 1.022E n6 4,56
9 24.1 146.13 2.717E 04 1.682F-02 59.92 1 1.114E 06 4.97

10- 21.6 148.71 2.709E n4 1.717F-02 60.9A ? 1.116E n6 4.95
11 73.1 172.29 1.019E 04 1.785F-02 70.64 7 1.237E 06 5.52
17 23.5 169.20 1.028E 04 1.748F-02 69.38 1 1.241E 06 5.53
13 2?.8 198.12 1.134E 04 1.85AF-02 81.23 1 1.367E o6 6.1014 72.? 200.23 1.326E 04 1.883F-02 82.1n 2 1.363E n6 6.08
15 23.6 67.R4 1.335E 04 1.889F-02 27.8? 1 5.473E 05 2.44
16 23.0 69.55 1.127E n4 1.640E-02 28.52 2 5.438E n5 2.4317 73,4 54.54 1.084E n4 1.874F-02 27.36 2 4.442E n5 1.98
18 73.6 54.39 1.092E 04 1.857F-02 22.30 1 4.478E nS 2.00



164

PRESSURE BALANCE RESULTS FOR TWO-CHANNEL
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 /ft 2 -hr

U average velocity for channel I ft/sec



ROD SPACING - 0.011 INCHES
Rim C^/rr T el44-PV W7/M F/V rT F mF II

PR 841.2 1'.64 5.231E 01 4.4RRF-04 1.01 1 9.99AF-01 5.67nE n5 2.53Pq
ln

916,0
191.n

2.1c,

9.4f,
9,1R8E 01
4.148E n3

4.02qr-04
1.077F-01

,96

4.04
7

1

6.071F-0,
5.147F-01

5,614F n5
R.832E n5

2.51
3.94

31 319.1 10.84 9.1)1F 01 1.199r-n3 4.44 a 5.191F-01 R.7q4F n9 3.92
1? 111.1 10.9(4 8.113F n1 1.206E-03 4.51 2 5.191E03 8.796E n.5 3.02
11 146,6 4.c4-) H,14RF 03 1.091c-o3 4.01 1 5.147F-01 9,917E o5 3.9434 216.1 14.61 9,976E 03 1.75?r-03 9.05 1 4.799F-03 1.091E n6 4,82
16 716.7 14.51 0,Q4OF 01 1.74Rr-n3 A.On 7 4,814F-01 1.077F n6 4,81
35 7r'9.f, ?1.7-4 00.141E 13 1.817r-03 9.34 4.914E-01 1.077E n6 4.81
17 7-17,R 20.41 (1.076E 03 1.R74r-01 R.14 1 4.719F-11 1.n91F n6 4,8?
3q 171.? )e.0; 1.129E 04 2.715F-03 11.51 7 4.577E-03 I.221E n6 5,46
lq 175.1 D7.91 1,117F n4 2.161r-03 11.28 1 4.548F-01 1.2?7E n6 5.474n 270.7 11.61 11.667E 03 1.199F-01 9.59 a 9,170E-01 9.194E n5 4.1941 2P1.,, I1.1k 8.7^7E n1 I.146r-n3 5.31 I ,07RF-01 9.437E n9 4.2142 271,n 11.76 8,70,,F 01 1.197F-01 5.44 1 9.07RF-03 9.432E n5 4.2143 "1.L, S.S7 6.;70E n1 7.514F-n4 7.2R 1 c,690E-01 7.131E n5 3.1844 41,4.4 6.3'3 6C4A )1 R.621F-04 2.61 5,709F-03 7.094E n5 3.164; 4,0.7 6.)f- 6,79F r11 8,2n2r-04 7.4R 1 5,69nF-01 7.131E nS 3.1846 246.1 11.0( (1,--,h6F n1 1.919F-01 05.56 1 4q69F-03 1.001E n6 4.4747 P41.4 16.74 0.220E Pi 1.569r-01 6.6A 2 9.oniF-01 9.994E n5 4,464R 741.4 16.71 9,ae1nF n3 1.991F-03 6,7' 2 9.0n3E-01 9.994E n5 4.4690 410,7 7.R4 4.111F n1 8.0,0p-_n4 1.21 8.221F-01 8.794E n5 3.925) 426.7 4.17 14.148E 01 8.R6RF-04 331 1 5.178E-03 8.932E n5 3.1467 1r3., 1%.17 17S6F 11 1.24RF-01 9.3, 1 4,967F-03 1.001F n6 4.476R ?",.2 '3,71 0.2PrIF n1 1.777F-01 9.47 4.9n5F-03 9.994E n5 4,4670 177,A :6.6: 1.111f- 04 2ol5r-03 10.91 1 4,9R7F-03 1.201E 06 5,3771 101.2 .',4.3t7 1,107F 04 1.(467F-01 10.01 7 4.617F-01 1.199E n6 5.1577 7,,7.2 1.1k 1.n14F r4 1.q74F-01 R.74, 2 4,7144E-03 1.099E n6 4,9071 14 .2 27.04 1.01HE n4 1.932F-01 906 1 4.761E-03 1.101E 06 _4.1274 14.'5,6 9,7( R,111F 13 1,041F-01 4.00 1 S.11?F-01 9,n17E n5 401
79 1c'2.1 11.1, 8.798F 01 1.171F-03 4.10 7 5.176F-03 8.994E n5 4.0176 6c9,A 4.9' 7,nn6F 13 6.774F-04 1.85 7 s,949F-01 7.594E nS 3.1977 673.2 4.7) 7.04,1E 13 h.160E-04 1.96 1 s.54SE-01 7.631E MS 3.4078 611.7 4.84 7,n06F 01 6.154F-04 1.94 2 5.599F-01 7.594F n5 3,1979 590.6 5,41 7.04JE 03 6.564F -04 2.23 1 7.631E .ns _3,40



ROD SPACING = 0.028 INCHES

Qw! Cr ,i1 50H-r:r 47/m F/V rT F kAF U
1 '1'1.7 ;4.24 6,4621; n1 7,445r-01 22.24 1 5,55AF-01 6.764F n5 3.n?
2 e:12 r,:?.-4,, A.42 4F 01 7.225F-03 21.47 2 .606r-01 6.729F 15 3,00
1 ,45.2 on,Ei ) q.4C5E 01 q.515V-04 17.11 1 9,R45F n5 4.19
4 ,,A.'l ;-,,,o1 ,4.17nF: n1 .215r-n1 15.64 .7) 9.A0AF 05 4,17

5'4.7 29.7! 4.011E 03 (-.476r-03 12.1') 1 7.37F-01 4.261E n5 1.90
A 50.1 ?Q .c*. 4.,11OF (13 '.,Q1r -(1 17.1-1 1 7,470E-01 4,227F nS 1,A9
7 441,4 7).w, 7.c66E 03 A.inAr-03 29.05 1 5,474F-01 7.92nE nS 3.51
A 49.1 A6.5:. 7.E;31F n1 7,p11r-r)3 ?7.27 , 5,574F-n1 7.AR1E n5 1.52
9 h7.4 '41..?h 0.186F n1 ".117F-n; 34.5, , 5.047F-n3 9.615E n5 4.29

In (.6.n -L.,.1 9.1pc-,F n1 R.221r-01 14.91 , 5,047F-03 9.615E n5 4,29
11 47,n P.7." 0.9414F rs,-.) R.197F,-O3 36.2'1 7 5.048E-03 1.001E 06 4.46
1? 4c,,,4. '7,1.7, q,50191: 04 A.017r-01 17.62 1 S.01 OF -03 1.004F n6 4,48
15 Erl.f 72.4.: R.4!-qE n3 7.0,n1)r-ni ?0.6.3 7 5,411F-03 A.A4AE n5 3,94
IA L'4,4 74,AI-, cl.4AAE 11 7.007r-n1 7n.6' 1 5,1A7F-n1 A,RAPF n5 3,96
17 ten. 1 0,1.7:, 7.1P2E 03 7.657F-11 76.11 1 5.672F-03 7.727E n5 3.45
1R (7:1.0 62.54 7,14AF n1 7.55nr-01 25.64 2 5,675F-01 7.69IF n5 1,43
19 2,. '7,0.n7 6,0'44F 03 7.287F-01 20.51 1 5,96RF-03 6.170E n5 2.A5
Pn r,1.1 L,1.2? 6.061r 11 7,497r-03 21.0n 2 6,014F-01 6.344E n5 2.81
21 c5.A 47 .4E-, 4.7:7E n3 6.910E-13 15.3r, 1 6.5,9F-01 5.012F n5 2.24
22 r9.,..7, ?7.27 4.774E n1 A0p5r-n1 15.20 2 6,619E-n1 4.997E n5 2.23
21 50.E 1J.63 1.1q8E n4 7.599F-03 42.01'. 1

4.6n9F-03 1.754E n6 5,59
74 01,c 1r,.F11 1.144E 14 7.011F03 41.70 7 4.617F-01 1.253E nA 5.58
PC c9.1 p7,)Et 1.011E n4 7.644F-n1 15.71 2 5.069F-01 1.0514E n6 4.72
PA 47.2 ,-13.20 1,n14F n4 8.160r-n1 31.2c 1 5,011F-01 1.06IE n6 4.73
27 47.1 r-,..(Th 1029F n4 A.195c-13 19.9A 7 5.010E-01 1.077F n6 4,A0
PA 46.4 oh,74 1,113F. n4 k.111r-04 19.67

1 4,975F-01 1.n81E n6 4.92
29 45.,1 1??.4,! 1.290E 04 H.41RF-O3 50.12 1 4.484E-13 1.350E n6 6.02
3n 4co1 123.(i) 1.2H6E 14 84,5cIr-01 cr1.84 , 405InF-n1 1.346E 16 6.00



ROD SPACING = 0.063 INCHES

pilp! Cn/cr -1' su-i-or
1 17.A 1c-,1.3,4

2 16 . -) 1P.4.4=,

1 11.:1 li'3'41
4 -49 . ,1 121.77
5 61.7 q 1 1'3

6 4f).1 1(1.7
7 07.-1 78.48
P 4E,.7 78.11
9 46.1 44.1r

In 44.,, .,',.-i1

11 44.9 1.s7
12 44.1 '.1-".4

11 41.i. 1?7.ai,
14 14,) 17,,?nq

1 li,,,1 1'...r.CV,

16 17.', 1444')
17 .v.).71 11 ;" . 7._

lc
10

IR.',

4....1

114.(4
75.,

7n 41.1 7.7'1
71 4).! 6..-)')

72 42.1 tr., 4.?1

73 45.1 ;31r-
74 44,1 :,44..14

41., -1.1-i.17

76 43.1 47.41
77 47.4 '4fl.;14

?A
pa

61.0,
41.,;

42.1m
t,4.1'

ln to.r., .--7.(-42

1.17.3E n4
1.119E n4
1.1I5E 06
1,11917 n4

q.ArbE 03
'7).';1?V: 11

P.361E '13
q.196F 11
6P09E n1
,77cF: 13

;:1::; ?31

1.176i- n6
1,17,F 04
1,64E n4
1.71,1r 84

1.0n7E 11/4

1.r..11r 14

77 , 11' '14) f7F-: r),) 3?

6,2L).QF 11

6,,2,-0: r3
c.415F co
s.447._ 0;
1.AnsAL n3
1.A4nE na

n'"F !1-1
,=466-ft 14
f,.11PF 14

6.151F ro

wT/m
1.n3nF-07 .

in..=:3
9.726r-n3

:41,7=14111

P.201r-n3
0.146r-n1
P.114-01
k.Accr-n1
u.591 F -!)3
R.711F-n3
q.$14F-01
0,n0)4r-n1

1.ncl0r-02
1./444:..02
9.156r.-03
1.r,02E"-n?

9171r*'03
Q.406r-n1
4.117r-01
0.121v -01
0.558F-03
H.7n4r-n3
°.???T-03
8.065r-n3
Q .101F-11
9.)(47P-n3
n.PRnr-03
9.123c-n3

F/V
61.2n
64.2s
1.54

cr).44

41.25
47.34
11.'0
12.41
76.31
27.1,1

21.1S==
61.5
46.0'4

'.7:91.7.

17.11
27.1".
26.31

721.(4):

15.41
1c.11
1f,.17

17.34
26.01
27.4A

rT

1

7

2

1

7

1

7,

1

1

,

2

1

1

2

7

1

7

1

2
1

1

2

2

1

n

1

1

7

?

1

F

4.716F-13
4.7,,4r01
5.171F-01
5.11-7F-01
5.515E-03
5.4q1F-01
5.FIROF-01
5,411F-01
6.355F-01
6,419F-n1
7.2R7F-03
7.1n7F-n3
4.445F-n?
4.875F-01
4.R77F-n3
4.R4AF-nl
5.346E -03
5.109F-n3

6.098F-f3
6.047F-01
6.653F -03
66,775F -03
6.910E-03 .

6.779F-01
9.569F-01
R.470E-03
5.602F-03
S.647F...01
6.451E-03
6.3R4F-01

IF to

1.271F n6 5.70
5.6R1.774F n6

1.076E n6 4.R0

9.=
4.A2

ca.1141F n5
408
4.10
3.60A.n7PF n5

i.:iiFF:

3.62
2.q7

''..= rrlIZ

2.96
2.32
2.33

;'..;:: fnfo,

5.14
5.1?
5.521.71cF n6

1.242F n6 5.54
9,R66E n5 4,40
9.4402F ns 4.42
7.174E ms 3.20
7.701E 05 3.71
6.130F n5 2.73
6097E nC 2.72
5.179E n5

;:t?
;..L.418:FE r01Z 1.60
3.616F n5 1.61
4.644E nS 3.R5

1.R4
::;1;FE .frl:

2..V.6.11nF n5



ROD SPACING = 0.127 INCHES

C-./rr sl!ri-Dv WT /M F/VPm'

71n...13:4'

1 11.4 71.9'11 1.276F-32s.12qF (11
c.r106E 01a 10.7 73.cc,

3 13.1 k9.1f, 6.on7E n3
1.26gr-12
1.176F-0? 12.9c

4 1?.1 4.040E 110?.roi
c 6.(452E 03

1.2nf.F-n2
1.270E-02

11.91
10.7 10f3,41 41.1B

10.8111.A ,-)7.14 4,.01r1F ni
7 10.6 113.41 7.429E 03

1234Fmn?
1.274F-02 4A.50

P 'ci.r) 110).Q6 I.R61E 11 1./nAr..07
Q P.77cr 03

;:71.7=
10.s 127.66

Q.741E 0110 "'?.n 1?°.71 72::7:.

2.97:T:4

11 P7.I 1',.? .1.n56E 04 1.409E-02
17 7"1.7 10-1Wl 1.1V-121.n6lE ('4
13 in., I4P44 Q.4,k7F n1 1.?Q1V-0 58.4n
14 10.1 141.1 0.6tl1f7' ( 1.,RPF-1? C7.97
1 8?.?Pa7.7 2,1,A,i 1.7.)44- ,-)4 1.447F-02

-04.2116 aP.4 l'fl.73 1.2?ni- n4 1.174r-n?
17 .7)R. iv?.(1,, 1.nc6E r14

1.=:72
66.8'

ln -21). Ic:L)Rr 1.r4,11-. -.14 61.91
In 77.,) 1"'4.?') 1.1"IF n4 7c.51.407r-0?
70 1.110E-0?1.1'47F n4

1.217F-02
:o.,1 17,..,1,,

21 ?P.-) 1;7'1.01 P.740E n"3
70.01
10.61

PP 11.1 1%`,.0(' o.77L,E_ .-3 1.7S1F-02 q1.2)
71 13.1 1.2.PiE 01 1.167F-02 17.62
24 12.4

4p.otc.

44.6,0 1.1E n1 icaq1000E-02
..f,775 1?.1 4.n3sE f'-i I.111r-n?

;:;;341r4;:;

27.81
2A 11.A L.6.1P 21.01
27 11.4 i9.1]

4.01F 074
4,014F 11 79.47

PP 17.1 .-3.2(, 4.n47F 03 1.,11r-l? 27.9(1

rT

1

1

2
1

1

2

2

1

1

2
1

1

,

1

,

2

1

1

2

a

1

2

1

i

a

7

1

F

:=:(011
5.954F-11
9.8119F-01
5.710E.-03
5.7A6r-n1
5.4n2F-01
5.355F-01
5.068F-01
5.109F-01
4.947F-01
4.914F-071
5.042F-03
5.070r-n3
4.619F-01
4,647F-01
5.000E-01
4.9A6F-01

44,771A7F--((;:44

S.31cE-03
5.271F-n9
7.522F-,01
7,376F-01
6.9n1F-01
7.017F-01
6.2$16F-01
6.2n1F-01

vF II

2.01
:::(7)1 fr11 1.99

2.355.P7nF nS
5.290E n5 7.16
6.099E n5 2.72

60..= 't1Z
?.71
3.n6
3CIAA.R99E n9

7.690F n5 3.43
3.427.6APF n5

9.26AE n5 4.13
4.159.299F ns

8.49PE IS 3.79
R.467E 15 3.7R
1.07E r 4.79

4.77
9.7763 !r'llf5) 4.13
9.290F n5 4.15

4.501.011E 06
4.49
3.42Te.r61:E nf5'

7.690F nS 3.43
24044nE n5 1.2.7

1,282.960F nS
1.54nF n5
1.517F 05 11:Z7
4.311E n5 1.92
4.14nF n5 1.94



ROD SPACING = 0.228 INCHES

WIPA C!7/("r i41' c0 -RC vaim F/V rT F oF
1 ^7.4 11.ill 9.672E n1 1.761r-07 46.6 6.4c5F-01 4.745E n5 1.R97 71.4. 10'.4.1 c.',.99F (,1 1.684F-07 44.3., a 6.511F-01 4.??1E n9 1.88
1 74.-) 17-!).r] 6.F.,73E 23 1.641F-07 c1.54 6.041F-03 5.n3PF n% 2.754 71.n 127.01 6.76F n1 1.64(1F-n2 C7.0, .9s1F-01 S.n6lE ns 7.76
5 74.1 144.73 7.790E 03 1.618F-02 c943.4 1 5.401 F. -0,3 S.R87F n5 7.626 '4., 144.17 7.7591 n1 1.677F-07 .42 a 9.4414F-n1 5.145E 05 ?.617
q

74.1
'1.1

1.,,,r,
17P.66

q.nloF
R(-54F

01
01

1.634F-07
1.71RF-(17

69.4n a

1

9.111F-01
9.0s7F-01

6.1410E
6.1436E

n5
05

3.04
3.05Q 24,1 11, 1.r) '1.0t,7E ni 1.616F-n7 "7.1" 9.052F-03 7.51SF n9 3.15In 751.f, lf,R.q'l o.c121F. n1 1.A6sp-n7 77.9 5.0R8F-01 7.441F n9 3.14

11 ?1.1 71'4.4''
1.11817_ '-)4 1.709F-n2 P9091 4.819E-01 8.449E n5 3.7717 "'1-. 21'1.9,, 1.17L ('4 1.676v-07 no.56. _fr R.477E n9 3.78

11 ??.; 711.,-;7 1.24kF 14 1.7$cr-n7 1 n1.1L. 4.671F-01 9,427E n9 4.70
14 '7.7 7L)3.L):, 1.7.$4E ni 1.776F-02 1 04.11 7 4.64RF-01 9.39RE n5 4.1919 '1.. dh.W 4.c3,4: r)-4 1.666r-07 15.61 6.791F-01 3.427E n5 1.53lg, 7-.1.') ;Iri.7') 4.tiO7F 0i 1.7)6F.97 16.41 7 6.890E-01 3.401E 05 1.52
17 '1.4 6(4.7q 4.F,;)4F r0 1.6R6F-02 28.67 7.854E-03 2.721E n5 1,71
114 '1.t. r-c). 1.61AF 01 1,669F-02 7s.96 1 7.717F-03 7.749F n5 1.72
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PRESSURE UNBALANCED RESULTS



ROn

MIN

GAP SPArT*1G

Cn/rr

= .011

WT

!NCI-IFS

STIR -DF WT/m F/V r7T mF H
51 114.2 17.43 1.639E n4 3.110E-n3 7.15 7 1.169E n6 5.2154 102.7 22.32 1.975E n4 1.726 -n3 o.15 2 1.337E 66 5.96
57 101.6 24.76 7.109E 04 3.675F-03 10.15 7 1.504E 06 6.71
SA 77.; 23.1? 1.468E 04 4.010E-03 9.48 2 1.047E n6 4,67
60 74.n 24.23 1.468E n4 5.166F-03 9.93 7 1.047E m6 4,67
61 66.; 73.81 1.79SE n4 5.755F-03 9.76 , 9,736E n5 4.12
64 7A.r4 43.89 1.014E n4 1.155F-02. 19.00 1 7.229E 15 3.22
65 c,2.4 33.62 1.433E 04 7.147rwn1 11.79 2 1.027E n6 4.56

Inn

PUN

GAP SPArt\JG

C"../Cr

= .127

WT

TmcwrS

SH4-4F WT/M F/V nT NF U
101 5.0 478.62 1.901E n4 7.885F-02 196.25 1 9.728E 65 4,34
202 5.0 291.18 1.903E n4 4.797F-02 119.39 1 9.729E m5 4,14
301 19.7 122.5? 1.903E n4 2.n18r-02 50.23 1 9.728E n5 4.34
303 21.1 135.70 2.141E 04 1.517r-07 55.64 1 1.197E m6 5.34
204 12.1 253.59 7,141E n4 3.1co6r-02 103.98 1 1.197E n6 5,14
103 8.1 386.72 7.141E r4 5,179r-07 158.56 1 1.197E n6 5.34
106 6.7 429.07 7.023E 04 6,648F-02_ 175.93 1 1.034E n6 4,61
205 10.0 271.77 7,023E 04 4.211P-02 111.43 1 1.034E mb 4.61
306 70.; 124.65 7.023E 04 1.q32r.02 51.12 1 1.034E n6 4,61
307 15.4 117.59 1.701E 04 7.166F-0? 48.21 1 R.69RE eis 3.88
205 7.5 116.54 1.701E 04 5.815F-02 129.91 1 5.695E m5 3,88
107 5,4 469.91 1.701E 04 8.65RF-02 197.67 1 8.698E nS 3.88
110 4.1 565.17 1.416E h4 1.751r-01 211.73 1. 7.740E 65 3.23
200 6.1 337.28 1.416E n4 7.465F-02 138.29 1 7.240E m5 3.23
310 17.; 103.64 1.416E 04 2.794r-02 42.50 1 7,241E M5 3.23


