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ABSTRACT

Flow-split, pressure-drop, and mixing experiments were
performed on a 37-pin LMFBR rod bundle with a P/D = 1.154
and H/D = 13.4 to verify the Chiu-Hawley-Burns correlations
and to supplement the existing data base. The isokinetic
extraction method, pitot-static probe pressure-measurement
method, and salt-tracer-injection method were used for these
experiments

The experimental results of the turbulent-flow-split
parameters were predicted by the correlations within 3%.
However, significant discrepancy between data and correla-
tion existed in the transition flow regime < 10,000).
Flow-split parameters for Re, < 3,000 were not attainable
because of the restriction or the isokinetic extraction
method. The friction factor results showed a smooth transi-
tion from the laminar-flow regime to turbulent-flow regime.
They were slightly overpredicted by the correlations,
especially in the laminar-flow regime.

The local swirl-flow ratio, CIL, in the turbulent-flow
regime was found to be about 0.28, which was within 10% of
the correlation wvalue 0.265. The predicted wvalue of 1local
effective enhanced eddy diffusivity, 0.154, however,
was slightly higher than the experimental result, 0.12.
Nevertheless, the experimental results were still within the
+35% accuracy of the correlations in the turbulent-flow
regime. Some discrepancy in transition-flow regime was
found between the experimental results and predictions,
especially for e*
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NOMENCLATURE
2
Bundle flow area (in
2
Interior subchannel flow area (inY)

2
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salt solution injection flow rate

Number of rings of rods in an assembly
Number of pins in one assembly

Rod pitch (in)

Bundle average pressure drop (inch water)
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CHAPTER 1

INTRODUCTION

Helical wire-wraps are widely used in LMFBR (Liquid
Metal Fast Breeder Reactor) fuel assemblies to promote coolant
mixing and maintain proper spacing between fuel pins. Multi-
channel analysis codes have been developed to predict temper-
ature fields in these wire-wrapped LMFBR cores for thermal
design and performance evaluation. Specific interest has
been focused on predicting the fuel assembly duct wall temper-
atures for bowing calculations and the maximum fuel pin
cladding temperatures.

Two major semi-empirical approaches have been used to
develop these codes. The first approach is embodied in the
COBRA and THI-3D codes which solve the coupled continuity,
momentum and energy equations. The second approach is em-
bodied in the ENERGY and COTEC codes which utilize only the
lumped subchannel energy equation, thereby avoiding the need
for the momentum-continuity coupling by supplying additional
input data [1]. To use the later method, the following
information is required for those additional input data:

(a) the axially-averaged flow distribution (i.e., flow

split parameters) within the bundle,

(b) bundle overall friction factor, and

(c) the effective coolant mixing flow between the

interior subchannels and the sweeping velocity in



the edge subchannels (i.e., mixing parameters £;M
and CIL),

Experimental studies with wire-wrapped bundles using
either tracers or heated pins have been conducted by many
investigators 12]. Most of these experiments were designed
to simulate either the fuel assembly with pitch to diameter
ratio (P/D) near 1.25 or the blanket assembly with P/D near
1.07. Based on these data, Chiu, Hawley and Burns calibrated
the empirical constants in their correlations which predict
those input parameters required in the ENERGY code [3,4],

Because it is not used as a typical design, a bundle with
P/D in the middle of the two extremes, say near 1.15, has not
been investigated at M.I.T. Dbefore. To verify the Chiu,
Hawley and Burns correlations and to fill the gap in the
data base, a 37-pin bundle with. P/D equal to 1.154 and H/D
equal to 13.4 was fabricated and studied. Flow split, pres-
sure drop and mixing experiments were performed to obtain
flow split parameters, friction factors and mixing parameters.
The results of flow split experiments were used in the other
two experiments to reduce the friction factors and mixing
parameters. Figure 1.1 shows the relations among these exper-
iments.

Previous experiments of this geometry were performed
[5,6] but their data were flawed due to the degraded dimen-
sional control in the bundle housings which were salvaged

from previous blanket geometry tests. In this attempt a new.



well-controlled housing is used. No new experimental methods
were introduced except for some minor modifications which will

be elaborated in the next section.



CHAPTER 2

TEST SECTION AND EXPERIMENTAL METHOD

2.1 Test Section

2.1.1 Test Section Design and Fabrication

The design and fabrication of this 37-pin bundle test
section is essentially identical to the previous one [5],
except for the housing, rod diameter and wire diameter.

The dimensions of the previous aluminum and plexiglass
housing were found to be non-uniform. Since it was too
expensive to build a new housing, the new 37-pin assembly
was designed to fit an extruded, hexagonal housing originally
used for a 217-pin bundle. A non-standard rod diameter of
0.592 inch was selected and this called for modifications
to the collars and clamps originally machined for the 0.5
inch diameter rod. The rods were machined in accordance
with the procedure documented by B. Bosy [7]. The wire-
wrapping device was also modified to wrap with an 3-inch
lead length.

The hexagonal mounting device of the 217-pin assembly
was inverted and was drilled to accommodate seven 1/4-inch
rods. These seven rods were aligned horizontally to secure
the 37 rods of the bundle vertically. The rods were assembled
onto the hexagonal mounting device and then the whole assembly
was inserted into the housing until the ends of the rods were

flush with the housing exit plane. The hexagonal mounting



was then fastened securely to the housing with six screws.
Figure 2.1 illustrates the relative positions of housing,
hexagonal mounting device and rods and some design parameters.

Two hollow rods, one in the center position and the other
adjacent to the wall, were installed in this bundle. These
are the instrumentation rods used for inserting the injector
to measure the pressure drop in the pressure drop experiment
and to inject the saline solution in the mixing experiment.
Two stainless steel plugs were fabricated to plug the exit
end of these two hollow rods when they were not in use.

The average flat to flat distance of the housing was
4.336". With 0.592" rod diameter and 0.089" wire diameter,
the tolerance was calculated to be 0.027". After the assem-
bly was mounted in place, the distances between each adjacent
pair of rods and between the edge rods and duct at the exit
plane were measured. The average gaps between rods and be-

tween edge rod and duct were 0.0913" and 0.0964" respectively.

The looseness factor, according to its definition 18], was
F (P—D—Dw) x /3 x NRING/~ff 0.447
where
Pp - (/3 Npyugtl) (DFD |
N {[3 + (12Nr-3)1/2]/6} - 1

RING



The design wvalue of the wire lead length was 8". How-
ever, after the rod was wrapped with wire, a lead length of
a little less than 8" was shown by the wire position at the
exit plane. The correct value was calculated to be 7.935".
This may be attributed to the precision of the wire wrapping
device.

The bundle geometry and some important as-built geo-
metrical parameters at the exit plane are shown in Figure 2.2,
and some subchannel based geometrical parameters are tabulated

in Table 2.1.

2.1.2 Test LooP

The test loop of this experiment was exactly the same as
the one used before. Figure 2.3 shows this loop. For flow
rates higher than 56 GPM, flowmeter M3 was used. Otherwise,
flowmeters M1 and M2 were used.

Flowmeter M3 (40-300 GPM) was calibrated using the tech-
nique discussed in Appendix A of Reference 5. However, the
calibrated wvalues were found to be in error at low flow rates
(from 40 to 70 GPM). The readings in M1 (0-14 GPM) and M2
(0-37 GPM) were accurate. Since the same pressure drop
implies the same flow rate, the readings of M1 plus M3 can
be used to calibrate M3 at low flow rates from 40 to 56 GPM
with the help of pressure drop data. The new calibration

curve of M3 1is shown in Figure 2.4.



2.2 Flow Split Experiment

The flow extraction by the isokinetic condition measure-
ment method of Reference 9 was used in the flow split experi-
ment. No attempt was made to measure the corner subchannel
flow rates because it was not practical to fabricate a small
collector to collect the corner subchannel flows alone. The
flow velocity of the corner subchannel was assumed to be the
same as that of the edge subchannel.

The flat to flat measuring technique [5] was used in
collecting interior subchannel flow to reduce experimental
time. Therefore, instead of the entire 54, only the 18
interior subchannels which are numbered in Figure 2.5 were
measured. Also shown in this figure are the three rings of
measured interior subchannels and the wire position in two
different types of interior subchannels. The effect of the
wire was eliminated when the flow rates of all 6 subchannels
in each ring were measured and averaged. Therefore, an
average interior flow rate over one lead length was obtained
by averaging 18 interior flow rates. A similar situation was
afforded by the edge subchannels except that there is only
one ring, and the wire positions were the same in the three
subchannels of each face. For each run, i.e., at each bundle
flow rate, these 36 subchannel flow rates were collected to
provide a data set at a given flow condition.

The isokinetic method was not applicable at low bundle

flow rates because the siphon head was not maintainable while



attempting to reach the isokinetic condition. For this
bundle, this condition was observed at flow rates lower than
70 GPM. A short stainless steel rod was inserted into the
sampling tube to decrease the collecting flow area so as to
prevent the loss of siphon head. Even with this modification,
the lowest flow rate at which the isokinetic condition was
attainable was 32.5 GPM, which corresponds to Re” = 3470 and
is still in the transition flow regime.

The highest flow rate attainable was about 220 GPM. To
extend the data to higher Reynolds numbers, steam was injected
into the water tank to increase the water temperature and
hence decrease its kinematic viscosity. However, only 10°C
difference was obtained, and kinematic viscosity decreased

only to about 0.8 of its initial wvalue.

2.3 Pressure Drop Experiment

The pressure drop experiment was discussed in detail in
Reference 10. Two collinear 30° holes with respect to rod
vertical axis were drilled on each of the two instrumentation
hollow rods: one 1is 8" below the exit end and the other is
32" below the exit end. Figure 2.6 shows an instrumentation
rod, the 30° holes and the injector which was used as a
pressure tap in the pressure drop experiment. The center
instrumentation rod was aligned such that the 30° holes were
directed into subchannel 1 to measure the interior subchannel

pressure drop. For the edge one, the holes were directed



into subchannel 71 to measure edge subchannel pressure drop
(c.f. Figures 2.2 and 2.5).

The 30° hole was selected by the trade-off between easy
manufacture and less disturbance to the flow condition.
Ideally, the hole should be =zero degrees to prevent any hori-
zontal velocity of the injection tracer. However, this was
impossible to fabricate, and hence 30° was selected to make
drilling possible.

The 8" and 32" depths were selected because the pressure
drop across several integral numbers of lead lengths was
desired. Pressure drop across these three lead lengths
would not be affected by the disturbance of pressure field
caused by wire present, and would reduce the percentage
measuring error.

Originally, the pressure was measured by two differential
pressure gauges with ranges of 0-50 inches of water and 0-150
inches of water respectively. It was found that in laminar
flow, the pressure drop was so small (v o.l1 inch of water)
that it was not resolvable by the pressure gauge. To improve
the resolution, a one meter long manometer was implemented
to measure the static pressure at low and intermediate flow
rates. When the flow rate was higher than 100 GPM, the pres-
sure at the 32" depth- was higher than 100 cm of water. Then
the pressure had to be measured by a 0-150 inch pressure

gauge.
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The manometer was constructed simply by attaching a
glass tube to a meter stick [6]. It was mounted such that
the bottom end of the glass tube was a little lower than the
water level in the upper plenum. A clear plastic tube con-
nected this bottom end to the upper end of the injection
tube. The hydrostatic head at the pressure tap drove the
water to a level, and the reading was recorded as the static
pressure

Pressure at different flow rates were first measured at
one position. Then the pressure tap was slid to the other
position, and the pressure at the same flow rates were
measured. The difference between these two readings is the
static pressure drop across the distance between the two

positions

2.4 Mixing Experiments

The experimental equipment and procedure of this mixing
experiment were virtually identical to those used in the
previous mixing tests [11, 12]. A flow separator was not
required in this 37-pin bundle because the subchannel flow
area was large enough for the platinum tips of the probes to
be inserted directly in the subchannel without electrically
shorting them by inadvertent conduct with the rods. A probe
support structure was designed and fabricated to hold the
probes 1in precise position [5].

Figure 2.7 shows the subchannel numbering scheme which

is the same as that used in the SUPERENERGY-DRV code [13].
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Previous experiments used a slightly different scheme.

The data acquisition system [14] used was identical to
that of the previous tests. However, the data storage func-
tion of that system was not working, and the data sets had
to be recorded manually. The data sets were first photo-
graphed and then transcribed by hand with the help of a
microfiche reader.

Only the 32" depth holes of the two injection rods shown
in Figure 2.6 were used to inject saline water. The selec-
tion of this depth was based on past experience which indi-
cated that a 3-5 lead length injection depth would give the
best result for the mixing parameters [15]. The interior
injection rod was designed to inject saline water into sub-
channel 1; and the edge injection rod, subchannel 71.

Since the calibration data were the base for transfering
the probe resistances detected in the mixing step to the
salt concentrations in each subchannel, the probe calibration
step was the most important step in this experiment. An
error in one calibration data set would cause an error in all
the subsequent concentrations of the mixing result for that
subchannel. Therefore, several data sets were taken at each
calibration concentration to prevent any possible flawed
data.

Following the recommendations of Reference 11, the cali-
bration concentrations were selected to be 0, 2, 4, 8, 12, 16
and 20 grams of salt per 100 Ibm of water, and the concentra-

tion of the saline injection water was set at 300 grams/100
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Tbm. It was later found that for this injection concentra-
tion, salt concentrations of less than 2.9 grams/100 Ibm were
detected in practically all the subchannels. This meant that
only two calibration points, i.e., 0 and 2 grams/100 Ibm,
could be used for calibrating data. Since the calibration
curve (probe resistance vs. salt concentration) 1is concave
[14], this would give higher detected concentration than it
should be, and hence make the mass balance ratio higher than
1. However, the relative dimensionless ratios of salt concen-
tration were only slightly affected because all the probes
were calibrated this way and boosted to a higher 1level by the
same factor.

In the mixing step, the injection flow rate was calcu-
lated at each bundle flow rate by equating the axial component
of the injection velocity with the bundle average axial
velocity to minimize the disturbance to the flow. Background
calibration correction data were taken for each flow rate
before the salt tracer was injected. This calibration cor-
rection data not only eliminated the discrepancy caused by
the flow effect, but also compensated the decreasing sensi-
tivity of each probe with time due to degradation of the
platinized probe surface. Mixing data were then taken after

the injected flow rate was steady at preset value.
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CHAPTER 3

EXPERIMENTAL RESULTS

The bundle average Reynolds number, , 1s given by

Vv, D
Re, b eb

Substituting the numerical value of De” and conversion factor

for flow rate, we get
Re,b = 4.07 7

where G is is GPM and v 1is in ft%/hr. The kinematic wviscosity
v as a function of temperature is tabulated in Table 3.1 for
water at 1 atm.

Both the flow split and pressure drop experiments were
performed over a range of flow rates. In the pressure drop
experiments, data were taken from very low flow rates 2
GPM, Re” 7100) to the highest flow rate allowed by the over-
flow capacity of the upper plenum (v 230 GPM, Re” v 23,000).
However, as mentioned in Section 2, flow split experiments
were not possible at low flow rates (< 30 GPM, Re”™ < 3,000)
Therefore, laminar flow split data were not available for
reducing laminar mixing data.

In the mixing experiments, data were taken for bundle

flow rates from v 2 GPM to ~ 250 GPM, corresponding to Re”™ v
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200 to 30,000 for the interior injection position. The dif-
ference in Re” for the same bundle flow rate (e.g., 2 GPM)
between this experiment and the pressure drop experiment was
caused by differences in the water temperature on the dates
that they were performed. For the edge injection position,
the data were taken from Re” * 400 to Re™ ©~ 26,000. Higher
flow rates were attainable in the mixing experiments because
the probe supporter placed at the bundle exit plane reduced
the flow impulse, thereby increasing the effective overflow
capacity of the existing upper plenum.

All the experimental results will be compared with the
Chiu, Hawley and Burns correlations which are the basis of
the WIWRAP code [4]. Table 3.2 1lists all the predicted para-
meters calculated by the WIWRAP code as functions of Re, for

this bundle.

3.1 Flow Split Experimental Results

Let m” and m0 be the average volumetric flow rate of
eighteen interior and eighteen edge subchannels, respectively.
Under the assumption that x* = x2, the collected bundle flow

rate is

54m”™ + 20m2

0.0420 1in”® and A 0.1273 inZ2.

since A3 9
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The average velocities of bundle, interior and edge sub-

channels are

The flow split parameters were then obtained by their

definitions:

To check the wvalidity of the isokinetic technique, the
total collected flow rate was compared with the calibrated
flow rate m_, and their difference was expressed as the mass

balance error:

mass balance error

Table 3.3 shows the experimental results of sixteen runs
of flow split experiments. The flow split parameters versus
bundle Reynolds number are illustrated in Figures 3.1 and 3.2.
Figure 3.3 shows a typical collected normalized flow split map
for eighteen interior and eighteen edge subchannels at Re” =
10480. The normalized flow split maps for all sixteen runs
are presented in Appendix A. Note that in all these figures
the flow split wvalue in each subchannel was the average velo-
city in each subchannel divided by bundle average velocity,

where subchannel average velocity was calculated by the
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collected subchannel flow rate divided by its actual (i.e.,
with or without wire) flow area.

The error associated with the experimental results of
flow split parameters by using this isokinetic extraction
method was estimated to be *5% in the turbulent flow regime
(167, For the transition flow regime (say, Re”™ < 6,900),
the isokinetic condition is difficult to achieve, so that
the uncertainty in data would increase. The error would con-
servatively be estimated to be doubled, i.e., Z10% for Re”
< 6,000. These errors were illustrated in Figures 3.1 and
3.2 by the error bars associated with the two data points:
one in the turbulent flow regime, the other in the transi-

tion/laminar flow regime.

3.2 Pressure Drop Experimental Results

The purpose of this experiment was to find the bundle
average and subchannel friction factors. Table 3.4 shows
the pressure drop experimental data, where the bundle average
pressure drop AP" was simply determined from a force balance
which averages the pressure drop data for interior (AP") and

edge ("P2) subchannel as follows:

Nlalarl + N2A2AP?

b N1Al + N2A2

= 0.591 APl + 0.409 AP2
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The relationship between the pressure drop data and the

friction factors are

where L is the distance across which the pressure drops were
measured. It is three lead lengths, i.e., 24" in this experi-
ment .

Substituting L, De”, and some conversion factors into

Equation (3.2), we get the following formulae:

AP,
il = 18.45
AP.
fn = 17.01
(x1G)
AP,
f0o = 21.58 (3.3)
(x2G)

where AE} is in inches of water, G is in GPM, and x.i are the
experimental flow split results.

To investigate the subchannel friction factor as a
function of subchannel Reynolds number, a knowledge of the
subchannel Reynolds numbers is required. They are calculated
simply from

De.

Re; = Rey be, 4
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Re 0.92 Re,g—.l

Re 1.17 (3.4)

As previously mentioned, the flow split parameters were
not available for Re” < 3,500; hence, the subchannel friction
factors and Reynolds numbers are not calculable for this
range unless the flow split parameters are estimated. We
simply assume that the flow split parameters are constant for
Re™ < 3,500. Another extreme assumption, i.e., extrapolating
the data curve to get the unattainable flow split parameters,
however, 1is worthwhile investigating. Appendix B presents
the comparison between these two assumptions.

Table 3.5 tabulates the calculated results of Re.X and fk'
Figures 3.4, 3.5 and 3.6 illustrate f£~, f* and %2 versus Fe™,
Re.X and Ref, respectively.

The error associated with this pressure drop experiment
was discussed in detail in Reference 6. According to this
reference, the errors involved in friction factors are about
+60% at Rab = 200, 30% at Rab = 500 and 20% for Rab > 6,000,

as illustrated by the error bars in Figures 3.4, 3.5 and 3.6.
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3.3 Mixing Experimental Results

3.3.1 Data Reduction Code

An intermediate data reduction subroutine, MIXDATA, was
added into the SUPERENERGY-DRV code (hereafter referred to as
DRV) to convert probe resistances to dimensionless salt con-
centrations. The original version of DRV (DRV1) was used

rather than DRV2, because no improvement was found by using

DRV2 [17].
The DRV calibrates the mixing parameters and by
finding the wvalues of e* and that generate a distribution

which most closely match the salt concentration distribution
obtained from the mixing experiment. The prediction distribu-
tion which yields a "best fit" to the experimental distribu-
tion is determined by the mean square indicator (MSI), defined

as

MST

where

= experimental dimensionless salt concentration

c* prediction dimensionless salt concentration by
e
DRV code

i number of subchannels, 78 in this experiment
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The values of e* and which correspond to a minimum value
of MSI are the reduced results.

DRV was also modified to search for the best fit mixing
parameters automatically. This revised DRV requires an
initial guess of s* or C”, while the old version reqgquires
the maximum and minimum bounds of these parameters. This

revised code is listed in Appendix C.

3.3.2 Experimental Results

il Effective Enhanced Eddy Diffusivity

The interior injection results were reduced to get the
effective enhanced eddy diffusivity e*. Since in this case
very little salt reached the edge region of the bundle, the
results of e* reduced from DRV were relatively insensitive
to the wvalue of input to DRV. For this bundle, Chiu-
Burns' mixing parameter correlations predict to be 0.29
for Re® > 3,000, 0.20 for Re” = 1,000 and 0.1 for Re™ = 200.
To reduce e?L ﬁl was fixed at 0.3 for Rab > 3,200, 0.2 for
3,200 > Re > 1,500 and 0.1 for 1,500 >

The flow split parameters must be input to DRV to

calculate the dimensionless salt concentration and the mass
balance ratio which is defined by the total detected salt

divided by injected salt, i.e..

mass balance ratio
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Also, in reducing mixing parameters, flow split parameters
are required to give different velocities in interior and
edge subchannels. Note that the flow split values have no
effect on determining the local value of and have only
slight effect on determining CIlT (see Appendix E for dis-
cussion of this effect). However, e* and will be affected
by these parameters, since they are calculated from

and C-.*x , respectively. The experimental results of
Figures 3.1 and 3.2 with the assumption that the flow splits
are constant for Rab < 3,500 were used to calculate the
mixing parameters e* and C".

Table 3.6 illustrates the results of 16 runs for interior

injection experiments. Figures 3.7 and 3.8 show e* and £|T
as functions of respectively. The Chiu-Burns correla-
tion for is plotted in Figure 3.8 for comparison. Figure

3.9 shows a typical experimental dimensionless salt concentra-
tion map (left side), and the dimensionless salt concentration
map predicted by DRV (right side) for an interior injection
case. The detailed experimental and predicted dimensionless
salt concentration maps for all 16 runs are included in

Appendix D.

ii) Swirl Flow Ratio

The edge injection results were reduced to get the swirl
flow ratio, C*. About half of the salt tracer diffused into
the interior region in this case, and this must be simulated

by inputing the correct e* into the DRV to reduce C". However,
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e* has already been determined in a previous paragraph with-
out the precise knowledge of C*.

Table 3.7 illustrates the results of 14 runs for edge
injection experiments. Figures 3.10 and 3.11 show and C” L
as functions of respectively. The Chiu-Burns correla-
tion for C-"L is also present in Figure 3.11 for comparison.
Figure 3.12 shows the same kind of maps for edge injection
as does Figure 3.09. The detailed maps of all 14 runs are

also included in Appendix D.

iii) Error Analysis

The error associated with this experiment is discussed
in detail and evaluated in Appendix E. The results are shown
in Table 3.3. These errors are also illustrated by the error

bars in Figures 3.7, 3.8, 3.10 and 3.11.
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CHAPTER 4

DISCUSSION AND COMPARISON OF RESULTS

4.1 Flow Split Parameters

As tabulated in Table 3.2, all the mass balance errors
are less than 5% except the one at the lowest flow rate.

This was expected because at that flow rate, the isokinetic
condition was very difficult to achieve, hence the larger
percentage error.

Mass balance error is not only caused by the error
inherent in the isokinetic technique, but also by the error
in recording the indicated flow rate and by the accuracy of
the calibration curve. All the mass balance errors except
that for the highest flow rate are negative, indicating that
either the calibration curve of flow meter is not accurate
or that there is a systematic error in the measuring tech-
nique. Hov/ever, all these factors lead only to a mass error
of 5% or less. This accuracy 1in mass balances serves to
establish confidence in the isokinetic procedure.

Figures 3.1 and 3.2 show that the transition flow split
behavior starts from Re” = 12,000. This is consistent with
data from Chiu's 61-pin bundle with P/D = 1.067 and H/D =
8§ [8]. Also, the trends of this transition phenomenon are
quite similar in these two bundles. Thomas Chiu's 37-pin
data [5] were considered to be flawed because the bundle

dimensional symmetry was poor and the transition phenomenon
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was not shown. Symolon's 217-pin bundle data [17] (P/D =
1.25, H/D = 52) also showed this transition phenomenon, but
considerable scatter existed.

Figures 3.1 and 3.2 show excellent agreement of data
with the Chiu-Hawley correlations in the turbulent flow
regime. Flow split experiments of Symolon's 217-pin bundle
also confirmed the wvalidity of the correlations at the turbu-
lent flow regime. Note that the correlations for turbulent
flow split were calibrated before Symolon's experiment and
the present work were done. However, significant discrepancy
between the experimental results and predictions was found
in the transition/laminar flow regime for all these bundles.
The correlations for the transition/laminar flow regime need
to be revised and/or recalibrated.

Figure 3.2 as well as the results of Chiu's 6l-pin
bundle (H/D = 8) and Symolon's 217-pin bundle show that x0
decreases before it saturates. Hov/ever, some bundle data
show a different trend: x9 increases before it saturates,
e.g., Chiu's 61-pin v/ith P/D = 1.067, H/D = 4 [8] and Wang's
shaved-wire 6l1-pin with P/D = 1.067, H/D = 8 [18]. Besides,
some investigators' data show that Xf£ is less than x*, e.g.,
Lorenz's isokinetic sampling results [19] and some unpub-
lished Japanese data. These might be caused by experimental
error, which would introduce these opposite results since x.

and x9 were qgquite close to 1.0.
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N2 Friction Factors

Equations (3.1) and (3.3) show that the bundle friction
factor is determined only by experimental subchannel pressure
drop data. On the other hand, the subchannel friction fac-
tors were determined by both subchannel pressure drop and
flow split data. Note that the flow split behavior and hence
the subchannel friction factors are determinable only from
experimental flow split data.

A transition regime of bundle friction factor was
observed to start from Re” - 400 in Figure 3.4 as well as
all the other wire wrapped bundle data. We can arbitrarily
define Re” < 400 as the laminar flow regime and high Re”®
(say 10,000) as the turbulent flow regime for this friction
factor's Dbehavior.

In the laminar flow regime, f” was observed to behave
as CE/Re%, The constant C£ for this bundle was calculated
to be 95, as shown in Figure 3.4. C was 90 and 160 for
Chiu's H/D = 8 and 4 bundles, respectively [19]; 70 for
Symonlon's 217-pin [17], and 85 for T. Chiu's 37-pin (P/D =
1.15, H/D = 21.0) [5].

As for the turbulent flow regime, the data for Re”™ >
10,000 show f* = O.ZO/ReAQ’]I'a or O.4O/ReAp*25, depending on
which relation was used. The second one was a better fit.
Since there is error associated with the data, it is diffi-
cult to ascertain which relation is more accurate. However,

, D.18 .
Hawley correlated the world data into f* = cT/Re” in his
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correlation [20]. If = CA/ReAO*25, then the following
values apply: 0.48 and 0.90 for Chiu's H/D = 8 and 4 bundles,
respectively; 0.29 for Symolon's 21.7-pin, and 0.31 for T.
Chiu's 37-pin.

Figure 3.4 shows that Chiu-Hawley's friction factor cor-
relations slightly overpredict f£7, especially in the laminar

flow regime.

4.3 Mixing Parameters
As shown in Tables 3.5 and 3.6, all the mass balance
ratios except run 22 are higher than 1. The average value
is about 1.4. This high mass balance ratio was expected
because of the calibration procedure discussed in Section 2.3.
For interior injection, for all runs except Re” of 430
and 200, the peak salt concentration occured at subchannel 2
instead of the injection subchannel 1 (refer to Appendix D).
This phenomenon, namely that the maximum concentration did
not occur at the injection subchannel at the bundle exit
plane, had been observed before and was the motivation for
the development of PRV-2. This behavior is believed to be
caused by wire located about 1/4 lead length downstream of
the injection hole, which caused the local sweeping flow to
be a maximum at the injection position. Large amounts of
the salt solution were diverted into subchannel 2 right after
they had been injected. However, at very low flow rates
(Re® = 220, 430), this diversion effect decreased and the

peak concentration remained in subchannel 1.
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Uncertainty in determining would be caused by this
maldistribution. To investigate this effect, subchannel 2
was used as the injection subchannel to reduce e*. The devi-

ation was found to be about 10%, and was included as a com-
ponent in the data reduction error, as discussed in Appendix
E. The disturbance of a 30° injection direction also caused

some uncertainty, especially in determining the swirl flow

ratio.

Figures 3.7, 3.8, 3.9 and 3.10 show a clear trend of
mixing parameters as functions of . As Re” increases,
these parameters increase to a saturated value. This kind

of trend was also observed in Chiu's two 61l-pin bundle
(/D = 1.067, H/D = 8, 4) [12] and Symolon's 217-pin bundle
[17] results. The previous 37-pin bundle (P/D = 1.15, H/D =
21) data performed by Burns [6] was suspicious because the
trend at the transition region was opposite. However, 1its
turbulent (saturated) wvalue of e* (70.10) was almost the
same as the present work (* 0.11) , while the swirl flow ratio
(v 0.20) was lower than the present work (v 0.28).

The Chiu-Burns' correlations for mixing parameters in
the turbulent flow regime predict the local swirl flow ratio
CiL accurately, but they overpredict the local effective
enhanced eddy diffusivity e*L- Nevertheless, the data were
still within the *35% accuracy of the prediction curve.
However, the transition/laminar mixing correlations were

found to be flawed, since they could not accurately fit the
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trend as shown in Figures 3.8 and 3.10. Other bundle results
showed the same conclusion [12]; hence, the correlations may
need to be revised.

It is interesting to compare t, defined as the average
transverse velocity in the edge region, VT, divided by V~tans,
which is the transverse velocity component if the flow direc-

tion is the same as the wire direction, in the turbulent flow

regime for different tested bundles. Note that can also
be interpreted as C*/tan0. Table 4.1 shows this parameter
from available data sets. The trend is clearly shown in
this table: for high H/D, <" is larger than 1; for low H/D,
bt is less than 1. The present work has a H/D = 13.4, about

the median of the range of H/Dls and, as expected, 1its -
1.0

Finally, we compare this work's results with the other
investigators' results of and in the turbulent flow
regime. To reduce the wire-wrapped angle effect, these para-
meters are multiplied by \/nP / P (= TT/sin0) which, as
we 1investigate from Chiu's correlation, 1is the only major
factor introduced by different lead length [27], Figures
4.1 and 4.2 illustrate these modified parameters as functions
of P/D obtained by many investigators as well as Chiu's cor-
relation. Table 4.2 lists the geometric parameters and types
of experiment used by these investigators. Note that no data
was available with P/D near 1.15 for the e*_Li parameters

before our work. As shown, the C”L parameters were well
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predicted, while the efl parameters scattered around the
prediction curve. Figure 4.1 also shows that the turbulent

ell correlati®n is almost the best fitted curve; hence, no

improvement 1is required in the present stage.
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Figure 1.1 Relations Among Flow Split Experiment, Mixing
Experiment and Pressure Drop Experiment
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Figure 2.1 37-Pin Bundle Design Configuration
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Indicated GPM

Calibration Curve for Rotometer M3
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Figure 2.5 Flat to Flat Measurement Scheme
and Wire Positions in Two Different
Types of Interior Subchannel
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Figure 2.7 Subchannel Numbering Scheme
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Figure 3.1 TInterior Subchannel Flow Split Parameter X, Versup Re,
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Figure 3.2 Edge Subchannel Flow Split Parameter X2 versus
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37-Pin P/D = 1.154 H/D = 13.4

Mp = 100 GPM
Rab = 10480
X = 0.915
x2 = 1.110
Mass Balance Error = -3.7%
1.035 1.144 1.036
1.095 ,0.972/
1.164
0.939 0.908 0.893
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0.91 '0.09
/ \0.903 0.870
1.065 0.366 0.79
0.89 ,1.035
1.132 1.116
.001
1.123 \ 0.844"
1.066 1.070 1.090

Figure 3.3 Normalized Subchannel Flow
Split Map at Re”™ = 10480
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Figure 3.5 1Interior Subchannel Friction Factor versus Interior Subchannel
Reynolds Number
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Figure 3.6 Edge Subchannel Friction Factor versus Edge Subchannel Reynolds Number
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Figure 4.1 Experimental Data and Chiu Correlation
for e* in the Turbulent Flow Regime
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Table 2.1

Subchannel Geometric Parameters

Subchannel Flow Area Equiv. Dia.
Numbers (in2| (in)
Bundle average 5.856 0.248
Interior Subchannel Average 54 0.0613 0.228
With wire inside 0.0597
Without wire inside 0.0630
Edge Subchannel Average 18 0.1273 0.290
With wire inside 0.1257
Without wire inside 0.1289

Corner Subchannel 6 0.0420 0.207
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Table 3.1
v Kinematic Viscosity of Water*
ogemperatu]ii v ft2/hr
40 4.4 0.05993
45 7.2 0.05501
50 10.0 0.05073
55 12.8 0.04694
60 15.5 0.04363
65 18.3 0.040064
70 21.1 0.03802
75 23.9 0.03563
80 26.7 0.03350
85 29.4 0.03139
90 32.2 0.02978
*Source: F.M. White, "Viscous Fluid Flow,"

McGraw-Hill, New York (1974)



Reb

200
400
700
1,000
2,000
3,000
4,000
5,000
6,000
7,000
8,000
10,000
12,000
15,000
18,000
21,000
>100,000

*This 1is Re
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Table 3.2

Predicted Parameters by Chiu,

o o O o o o

o

o O O

X1

.840
.840
.858
.865
.884
.897
.906
.912
.917
.920
.923
.927
.930
.933
.935
.937

.944

X2

1.208
1.189
1.175
1.163
1.135
1.119
1.109
1.102
1.098
1.094
1.091
1.087
1.085
1.082
1.080
1.079
1.073

.799

.400

0.256

o o o o

o O O

dependent value.

.189

.112

.0867
.0742
.0667
.0616
.0579
.0551
.0510
.0482
.0452
.0431

.0414

o o o o o o o o

o o o o o

.490

.275

.173

.132

.0860
.0706
.0628
.0579
.0545
.0520
.0500
.0471
.0450
.0427
.0410
.0396

Hawley and Burns'
Correlations for This Bundle

o o o o

o o o o

.612

.332

.204

.153

.0948
.0757
.0660
.0602
.0562
.0532
.0510
.0476
.0453
.0427
.0409
.0394

o O o

o o O

o

o O

£
1L

.0693
.0884
.108
.122
.154
.154
.154
.154
.154
.154
.154
.154
.154
.154
.154
.154

.154

ClL

.107
.136
.165
.187
.239
.265
.265
.265
.265
.265
.265
.265
.265
.265
.265
.265
.265
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Table 3.3

Flow Solit Experimental Results

Flow Rate Mass Balance
Run # GPM Reb X1 X2 Error
1 32.5 3,470 0.763 1.307 -12%
2 42.8 4,570 0.800 1.259 -5.0%
3 52.4 5,600 0.841 1.206 -3.5%
4 56 5,950 0.864 1.175 -1.6%
5 70 7,440 0.875 1.161 -2.2%
6 70 7,630 0.879 1.155 -1.4%
1 81 8,620 0.894 1.136 -2.8%
8 100 10,480 0.915 1.110 -3.7%
9 105 11,380 0.916 1.109 -3.5%
10 121 10,740 0.939 1.079 -3.6%
11 142 12,840 0.936 1.082 -4.4%
12 173 16,170 0.934 1.085 -2.8%
13 197 18,960 0.939 1.078 -3.4%
14 200 21,600 0.962 1.048 -2.2%
15 220 22,510 0.953 1.060 -2.0%
16 215% 26,300 0.967 1.042 +0.9%

*Steam injected into tank to heat the water, hence Reynolds
number increased.
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Table 3.4

Experimental Results of Pressure Drop Experiment

Bundle AP” (interior) AP,, (edge) D
flow rate cm in cm m gel
(GPM) of water of water in of water
1.93 0.2 0.079 0.2 0.079 0.079
2.90 0.3 0.118 0.4 0.158 0.134
3.86 0.4 0.158 0.5 0.197 0.174
4.83 0.5 0.197 0.6 0.236 0.213
5.79 0.7 0.276 0.8 0.315 0.292
6.76 0.9 0.354 1.1 0.433 0.386
7.72 1.1 0.433 1.3 0.512 0.465
7.40 1.0 0.394 1.2 0.472 0.426
9.25 1.3 0.512 1.5 0.591 0.544
11.1 1.8 0.709 2.0 0.787 0.741
13.0 2.2 0.866 2.5 0.984 0.914
14.8 2.8 1.102 3.0 1.181 1.1314
16.7 3.3 1.299 3.5 1.373 1.331
18.5 3.9 1.535 4.0 1.575 1.551
20.4 4.6 1.811 4.6 1.811 1.811
22.2 5.2 2.047 5.4 2.126 2.079
25.9 6.6 2.598 5.7 2.638 2.614
29.6 8.2 3.228 8.2 3.228 3.228
33.3 9.8 3.858 9.8 3.358 3.858
37.0 11.7 4.606 11.8 4.646 4.622
40.8 13.7 5.394 13.9 5.472 5.426
44 .6 15.9 6.260 15.7 6.181 6.223
48 .4 18.1 7.126 17.9 7.047 7.094
52.2 20.6 8.110 20.1 7.913 8.029
56.0 22.8 8.976 22.5 8.853 8.928
50.0 19.5 7.68 18.5 7.28 7.52
56.0 22.3 8.98 22.2 3.74 8.88
63.0 25.8 10.16 25.2 9.92 10.06
70.0 30.5 12.00 23.6 11.26 11.70
76.0 34.2 13.46 32.9 12.95 13.25
01.0 39.5 15.55 36.1 14.21 15.00
95.0 49.5 19.49 45.2 17.80 13.80
105.0 58.1 22.87 54.1 21.30 22.23
115.0 67.4 26.54 63.7 25.08 25.94
126.0 — 31.4 — 30.1 30.9
137.0 — 35.8 — 35.2 35.6
147.0 -- 42.9 — 41.1 42 .2
160.0 — 48.4 — 46.5 47.6
170.0 — 53.9 — 52.7 53.4
180.0 - 59.4 — 56.8 58.3
190.0 — 65.0 — 63.5 64.4
201.0 — 72.0 — 70.0 71.2
212.0 — 78.0 — 77.0 77.6
223.0 -= 86.0 — 84.0 85.2
233.0 — 93.0 — 91.0 92.2
244.0 — 101.0 — 101.0 101.0
254.0 — 108.0 — 111.0 109.0



Re
b

226
340
452
565
678
791
904
866

1,080
1,300
1,520
1,7.30
1,960
2,170
2,390
2,600
3,030
3,470
3,900
4,330
4,780
5,220
5,670
6,110
6,560
7,380
8,190
8,900
9,480

11,100

12,300

13,500

14,400

15,800

17,200

18,700

19,900

21,100

22,200

23,500

24,800

26,100

27,300

28,600

29,700

. =2 =

wwwwwwwwwwwwwwww.b.J>»u.buwmwmcncnowow\]\looooookoxooooooooooo

X
—
o

f
b

.3913

.2940

.2155

.1685

.1607

.1558

.1440

.1435

L1173

.1110

.98 -2%*
.52 -2
.80 -2
.36 -2
.02 -2
.79 =2
.18 -2
.80 -2
.42 -2
.23 -2
.02 -2
.78 =2
.58 -2
.44 -2
.25 =2
.70 -2
.41 -2
.25 -2
.22 -2
.84 -2
.72 =2
.61 -2
.59 -2
.60 -2
.60 -2
.43 -2
.41 -2
.32 -2
.39 -2
.25 =2
.19 -2
.16 -2
.13 -2
.13 -2
.12 72
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Results of f k= and £f2?

X1

.76
.76
.76
.76
.76
.76
.76
.76
.76
.76
.76
.76
.76
.76
.76
.76
.76
.76
.79
.80
.81
.83
.84
.85
.87
.88
.89
.90
.91
.92
.93
.94
.95
.95
.95
.96
.96
.96
.96
.96
.96
.96
.96
.96
.96
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Table 3.5

R61

158
238
317
395
474
554
633
607
757
910

1,064
1,210
1,370
1,520
1,670
1,820
2,120
2,430
2,840
3,190
3,570
3,990
4,390
4,790
5,260
5,980
6,720
7,380
7,940
9,410
10,500
11,700
12,600
13,800
15,100
16,600
17,600
18,700
19,600
20,800
21,900
23,100
24,100
25,300
26,200

W W wWwWwWwWwwwwwwwwwhd D™D O 10 JJJJ0wwmLoood0o0o oo oo ooo oo o o

fl

.6246
L4132
.3123
.2487
.2424
.2281
.2139
L2119
L1762
.1694
.1503
.1482
1371
.1321
.1282
.1233
.1141
.1085
.48 -2
.94 -2
.40 -2
1T =2
.33 -2
.01 -2
.43 -2
.62 -2
.26 -2
.89 -2
.87 -2
.33 -2
.08 -2
.86 -2
.73 -2
.70 -2
.74 -2
.49 -2
.44 -2
.39 -2
.33 -2
.29 =2
.21 -2
.20 -2
.16 -2
.13 -2
.09

e e e N et e T e T e e e e e B e e e e el el e

X2

.30
.30
.30
.30
.30
.30
.30
.30
.30
.30
.30
.30
.30
.30
.30
.30
.30
.30
.28
.26
.25
.22
.21
.20
.17
.16
.14
.13
.12
.10
.09
.08
.07
.07
.06
.06
.05
.05
.05
.05
.05
.05
.05
.05
.05

RS2

344

517
687
859
1,040
1,200
1,370
1,310
1,640
1,970
2,310
2,630
2,980
3,300
3,630
3,950
4,610
5,280
5,840
6,380
6,970
7,460
8,020
8,570
8,970
10,000
10,900
11,800
12,500
14,300
15,700
17,000
18,100
19,800
21,300
23,200
24,400
25,900
27,300
28,900
30,400
32,000
33,500
33,510
36,500

W W W wwwwwwwwwwwwwwwwdhd bbb dMDdMDdDDDdO OO 01000 J0 wmO OO0 OO o o O

f
2

.2704

.2395

.1689

.1292

.1200

.1210

.1097

L1101

.82 -2
.15 -2
.44 -2
.88 -2
.31 -2
.87 -2
.56 -2
.51 -2
.02 -2
.70 -2
.58 -2
.58 -2
.52 -2
.52 -2
.47 -2
.42 -2
.50 -2
.01 -2
.82 -2
.79 -2
.73 -2
.53 -2
.51 -2
.52 -2
.56 -2
.64 -2
.65 -2
.50 -2
.57 -2
.43 -2
.44 -2
.39 -2
.36 -2
.31 -2
.29 -2
.32 -2
.37 -2



10
11
12
13
14
15

16

Reb

220
430
860
1,500
2,200
3,200
4,300
5,400
6,500
9,400
12,200
14,800
18,600
22,100
26,000
29,600

Experimental Results of e*

X1

.76
.76
.76
.76
.76
.76
.80
.84
.86
.91
.94
.95
.96
.96
.96
.96

.30
.30
.30
.30
.30
.30
.26
.20
.17
.11
.08
.07
.06
.05
.05
.05
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Table 3.6

Mass
Balance
Ratio
1.70
1.81
1.35
1.39
1.15
1.36
1.13
1.31
1.44
1.58
1.57
1.67
1.58
1.42
1.42

1.43

Input
Cl1

0.10
0.10
0.10
0.10
0.20
0.20
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30
0.30

and e*

11.

8.

Minimum

92

19

.64
.63
.23
.54
.27
.88
.93
.89
.13
.71
.39
.44
.28

.44

1L

Mean Square
Indicator

o O o

o O O

£1

.049
.058
.058
.071
.082
.085
.095
.087
.094
.095
.107
.109
.115
.111
.114

.108

o o o o o o

o

o O

£*

1L

.065
.076
.076
.093
.108
.112
.119
.104
.109
.104
.114
.115
.120
.116
.119

.113



17
18
19
20
21
22
23
24
25
26
27
28
29

30

Reb

430
860
1,500
2,200
3,200
4,300
5,400
6,500
9,400
12,200
14,800
18,600
22,100

26,000

Experimental Results of

X1

.76
.76
.76
.76
.76
.80
.84
.86
.91
.94
.95
.96
.96

.96

X2

.30
.30
.30
.30
.30
.26
.20
.17
11
.08
.07
.06
.05

.05

04

Table 3.7

Mass
Balance
Ratio

1.05
1.27
1.34
0.94
1.38
1.11
1.20
1.20
1.62

1.40

Input
£1

0.06
0.06
0.07
0.08
0.09
0.10
0.10
0.10
0.10
0.10
0.11
0.11
0.11

0.11

and C” L

18.
13.
13.

11.

11

12.

10.

Minimum
Mean Sdquare
Indicator

69
36
51

51

.38

66

57

.31
.41
.41
.43
.96
.22

.29

C1

.225
.248
.258
.278
.311
.287
.297
.281
.284
.289
.285
.291
.291
.305

o O o O

o O

ClL

.173
.191
.199
.214
.239
.228
.248
.240
.256
.268
.267
.275
277

.290



Table 3.8

Error Associated with Experimental Results of Mixing Parameters

el ClL bi C1
Re, < 6,000 23% 23% 25% 25%
Re, > 6,000 23% 21% 24% 22%

(1l
Ul
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Table 4.1

from Different Bundle Results*

VT
Source H/D P/D . %Dtano

MIT Blanket3 [12] 4 1.067 61 0.41

MIT Blanket3 [12] 8 1.067 61 0.86

MIT3 * 13.4 1.154 37 1.07

Grenoblel [31] 19 1.19 19 1.30

MIT Fuel [28] 24 1.25 61 1.26

MIT Fuelb [28] 48 1.25 61 1.59

ANL3 [19] 48 1.24 91 1.2

MIT Fuel3 [17] 52 1.25 217 1.45

*  Our work
a Salt injection
b LDA

c Flow visualization (bubbles)



Table 4.2

Geometric Parameters and Type of Experiment for Mixing Data

Investigator

MIT Fuel (Chiu)
Cadarache (Skok)
MIT (Cheng)
Japanese (Okamoto)
HEDL (Collingham)
ANL-RAS (Pedersen)
ANL-CT (Lorentz)

ORNL (Fontana)

MIT Fuel (Chen)

MIT Fuel (Hanson)
MIT Fuel (Symolon)
GE (Hines)
Karlsruhe (Baumann)

* Our work

P/D H/D NR
.067 6, 4 61
.14 14, 21, 29 7
.154 13.4 37
.20 43 91
.24 52 217
.24 40 91
.24 48 91
.24 52 19
.25 24, 48 61
.25 24, 48 61
.25 52 217
.28 24 127
.315 17, 33, 50 61

Type of Experiment

Salt injection

Hot water injection
Salt injection

Salt injection

Salt injection

Hot water injection
Salt injection
Heated Rod

Laser

Salt injection

Salt injection

Hot water injection

Heated rod
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APPENDIX A

NORI-1ALIZED FLOW SPLIT MAP RESULTS
OF FLOW SPLIT EXPERIMENT



1.407

1.235

1.290

1.359
0.547

1.258

1.294

A2

RUN 1
Mg = 32.5 GPM

Reg = 3,470

XL = 0.763
X2 = 1.307
Mass Balance Error = -12%
1.409 1.460 1.223
0.835
'0.670"
0.767 1.138
0.657 0.76
0.703 0.723
0.712 0.55 0.617
0.779
0.705
1.304 1.274 1.252

1. 346

1.226

v.12

1.319

1. 337

0.897
. 348

1.179



A3

RUN 2

Mr =42 .8 GPM

i-

Reb = 4,570

X1l = 0.800
X2 = 1.259
Mass Balance Error = -5.0%

1.300 1.341 1.203

1.247 0.968 1.287
1.288
0.664 '0.788 '0.75
1.291 0.776 1.042 0.999
0.809 '0.309
0.759 0.742
1.162 '0.759 0.653 '0.762 1.299
,0.742 0.340 0.397
1.345
1.259
1.263 '0.675

1.274 1.244 1.225



Ad

RUN 3

ML' = 52.4 GPM

Re, = 5,600

X1l = 0.341
X2 = 1.206
Mass Balance Error = -3.5%
1.206 1.280 1.167
1.200 0.929 1.251
1.245 1.193
0.699 0.79
,0.776 0.997 1.031
1.252 1.152
0.839"
0.817 0.774
1.184 0.850 0.73 0.80
0.817, 0.911 0.947
1.214 1.243
1.150
1.186 0.68

1.211 1.195 1.169



AS

RUN 4

M. =56 GPM
1

Re,D 5,950
X1l = 0.864
X2 = 1.175
Mass Balance Error = -1.6%
1.190 1.248 1.120
1.165 0.978 1.205
1.25
'0.719 '0.84
1.217 ,0.800 1.012 1.054 1.131
0.903" '0.862
0.837 0.815
1.125 '0.876 0.72 '0.79 1.185
0.923 ,0.947
1.191 1.235
1.167 0.74 1.110

1.157 1.170 1.121



A6

RUN 5

M, = 70 GPM
L1

Relb = 7,440

Xl = 0.875
X2 = 1.161
Mass Balance Error = -2.2%
1.152 1.204 1.101
.94
1.145 0.945 L 201
1.189 1. 154
0.783 '0.390 0.342
1.204 »0.857 ,0.990 1.004
0.88.6 0.864
0.964 0.843
0.87 '0.76 1.173
1.113
0.854 0.884 0.887
1.220
1.163
1.095
1.159 0.781

1.167 1.147 1.118



AT

RUN 6

Ma =70 GPM
I

R%b = 7,630

Xl = 0.879
X2 = 1.155
Mass Balance Error = -1.4%
1.177 1.104
1.146 0.942 1.208
1.214
0.801 0.859 0.356
0.826 1.017 0.979
1.200 1.122
0.874 0.351
0.940 0.021
. 110 0.871 0.774 0.338 1.160
0.846 0.930 1.024
1.163 1.214
1.099
1.159 0.746

1.116 1.162 1.098



A3

RUN 7
M = 81 GPM

Re® = 3,620

X1 = 0.894
X2 = 1.136
Mass Balance Error = -2.8%
1.129 1.167 1.091
1.128 1.014 .1.144
1.197 1.100
0.867 0.901 0.851
L 099 0.960 1.054 1.050
'0.931 0.35
0.854 0.835
1.127 0.865  '0.763 0.832 1.149
0.827 0.879 0.930
1.191
1.166
0 75 1.067

1.147

1.117 1.122 1.111



A9

RUN 8
M% = 100 GPM

Re,b = 10,480

X1l = 0.915
x2 = 1.110
Mass Balance Error = -3.7%
1.085 1.1414 1.036
0.972
1.095 1.10
1.164
0.939 V.893
. 1.04
1.164 .0.838 1.033 040
1.101
0.917 0.890
0.903 0.870
1.065 0.866 0.793" 0.894 1.061
.0.922 0.896 1.035
1.11
1.132 6
1.123 0.8 44" 1.001

1.060 1.070



Al0

RUN 9

M]’:I“l = 105 GPM
Rab = 11,380
X1l = 0.916
X2 = 1.109

Mass Balance Error = -3.5%

1.100 1.150 1.074

1.086, 1.005 1.149

1.139 1.095"

0.941 0.921" 0.88

1.162 1.027 1.013 1.112

0.920 0.88

0.853 0.873

1.086 0.898 0.776 1.070

0.381 0.968 1.029

1.148
1.119

1.137 0.792 1.039

1.081 1.100 1.103



All

RUN 10
M = 121 GPM
= 74

Re,b 10, 0

X1l = 0.949

X2 = 1.079

Mass Balance Error = -3.6%

1.024 1.0098 1.018
1.069
1.096, 0
1.194 1.033
0.929 '0.950 0.924"
1.034 1.012 0.911
1.190 1.066
0.953 0.902"
0.918 0.9406
1.078 0.894 0.803 0.913 1.020
0.960 0.965 0.931
.970
1.128
1.009

1.1406 0.864

1.107 1.078 1.087



Al2

RUN 11

M_ = 142 C-pDl
L

Rab = 12,840

X1 = 0.936
X2 = 1.082
Mass Balance Error = -4.4%
1.055 1.125 0.994
1.099 1.033 1.058
1.175,
0.963 .378! '0.94
0.949 0.896
0.939 0.924
1.111 /-
1.057 0.871 0.949
0.976 0.937 0.940
1.122 1.003
1.054
1.135 0.831

1.110 1.075 1.077



1.074
1.137
0.925
1.148,
1.091
,0.883
1.150
.1.137

Al3

RUN 12

Mr =173 GRM
XJ

Re, = 16,170

X1l = 0.934
X2 = 1.085
Mass Balance Error = -2.
1.084 1.074 1.035
1.037
0.910 0.970
1.007 0.92
0.873 0.911
0.855 0.813 '0.913
0.961
'0.866
1.104 1.130 1.119

oo

,1.099

1.037
t). 966

1.028

0.974

1.006

1.020

1.087



Al4

RUN 13

M., = 197 GPM
L1

Rab = 18,960

Xl = 0.939
X2 = 1.078
Mass Balance Error = -3.4%
1.034 1.065 1.014
1.070 1.010 1.049
1.142 1.060"
0.958 0.93] 0.93
1.159 ,0.815 1.055 0.390
1.065 0.94
0.975 0.913
1.087 0.865 0.863 . 372 0.959
,0.880 0.999 1.043
1.134 1.032
' 1.004
1.102 b.ses

1.141 1.110 1.170



1.032

1.080

0.933

1.074,

1.061

0.938

1.150

1.118

Alb

RUN 14
M., = 224 GPM
11
Rab = 21,600
X1l = 0.962
X2 = 1.048
Mass Balance Error = -2.2%
0.998 1.027 1.004
1.055
1.015
0.920 1.082 0.970
0.940
0.959 0.910
0.873 0.942
0.965
0.874
1.091 1.072 1.097

1.060

0.997

0.978

'0.9 48

1.034



Ale

RUN 15
ME = 220 GPM

Re,b = 22,510

X = 0.953
X2 = 1.060
Mass Balance Error = -2.0%
1.041 1.022 1.000
1.034 1.027 1.071
1.123 1.045
0.911 0.98 .948
0.915 1.079 1.013
1.010, 1.080
1.041 '0.933
0.941 0.910
.1.034 0.398 0.794 .873 0.955
0.943 0.971 1.007
1.115 .030
0.997
1.118 0.934

1.071 1.113 1.081



Al7

RUN 16
MTJ = 215 GPM

Rab = 26,300

Xx = 0.967
X2 = 1.042
Mass Balance Error = +0.9%
1.037 1.037 0.999
1.032 1.024
1.095 .1.007
0.935 0.981 0.922
1.109 0.959 1.031 1.017
0.988 0.927
1.000 0.951
1.062 0.934 0.852 0.942 0.945
0.972 0.989 1.069
1.076 0.982
1.028
0.901

1.123 | 1.084 1.056
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APPENDIX B

EFFECT OF DIFFERENT ASSUMPTION OF FLOW SPLIT PARAMETER
FOR Rab < 3,500 IN SUBCHANNEL FRICTION FACTORS RESULT

The isokinetic extraction method was not applicable for
Re” < 3,500; thereby no flow split data attained in this flow
region. In reducing subchannel friction factors, we used the
assumption that the flow split parameters are constant for
Re” < 3,500. In order to compare the difference between dif-
ferent assumptions, the extrapolation wvalue of the flow split
parameters were used to reduce pressure drop data to get
another set of subchannel friction factors. The correct value
lies between these two extremes.

Table B.l1l shows the different assumed flow split para-
meters and the reduced subchannel friction factors up to
Re” = 3,500. Figures B.l and B.2 illustrate these tv/o sets
of data for interior and edge subchannel friction factors,

respectively



Experimental Data 37 Pin

. , P/D = 1.154
Chiu-Hawley Correlation

H/D = 13.4

Flow Split Assumption:

Extrapolation

Q Constant

Figure B.1 Interior Subchannel Friction Factor versus Interior Subchannel
Reynolds Number



Experimental Data

37 Pin
Chiu-Hawley Correlation P/D = 1.154
H/D = 13.4

Flow Split Assumption:

A Extrapolation

© Constant

Figure B.2 Edge Subchannel Friction Factor versus Edge Subchannel
Reynolds Number



226
340
452
565
678
791
904
866
1,080
1,300
1,520
1,730
1,960
2,170
2,390
2,600
3,030
3,470

. =2

¥-* and f* from
in Flow
X1 Re”
0.600 125
0.600 138
0.610 254
0.615 320
0.620 387
0.630 459
0.640 533
0.635 507
0.650 647
0.665 796
0.675 945
0.685 1,090
0.695 1,255
0.705 1,410
0.715 1,570
0.725 1,740
0.745 2,080
0.760 2,430
x10

Table B.1

Extrapolation Assumption

Split Parameter

O O O O O O O O O O O o o o o o o B

B4

fl

.0021
.6630
.4848
.3798
.3643
.3320
.3017
.3035
.2409
.2213
.1913
.1824
.1640
.1535
.1448
.1344
.1187
.1085

e e T e S o S S e e T = T = S Sy S

X2

.520
.520
.508
.502
.495
.482
.469
.476
.456
.436
.424
.410
.397
.384
.371
.358
.332
.310

Re?2

402

605

797

992
1,190
1,370
1,550
1,490
1,840
2,180
2,530
2,850
3,200
3,510
3,830
4,130
4,720
5,330

S o o O o1 U1 oy O 1 0w L LWL LW O O O

£2

.1973

.1752

.1255

.68
.07 22
.31 -2
.59 -2
.54 22
.03 2!
.68 2!
.20 2!
.85 2!
.46 22
.18 -2
.00 2!
.05 2!
.78 2!
.61 21
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APPENDIX C

REVISED SUPERENERGY-DRV CODE LISTING



c
c sup

310
300

1234

10

C2

program supdrv
drv for a 78 channel, 37 pin bundle

real length,lead

integer cal lb
common/mixln/npln,pod, hod,a (3),ncal,salt (10),callb(10,78),length(
11) ,nlnj,ncoe

common/mlxout/vlr( 1),v2r(l),v3r(l),flow(l),ree,saltc(78)
common/prop 1/rho,cp,cond, condw,a lpha

common/geo /dr(l),dw(l),lead(1l),p(l),dflat(l),gap(l),al(l),
la2(1),a3(1l),atotal(l),del (1),

2de2 (1) ,de3 (1) ,hpl(1l),hp2(l).hp3(1l),hptotl(l),

3etal (l),eta2(l),etal3(l),etad (1l),eta6(l),etad(l),x1(1l),x2(1),x3(3),
4s1(1),s2(1)

common/num /nrod(1l),nr Ing(l),nchanl(1l),nl(1),n2(1),n3(1),n4(1),
In5(1l),n6(1),n7 (1), n8(1l),1lc(1,550,4),mrod(1,440,3)
common/wend/y11 (500)

dlmens Ion vavg(l),v1(l),v2(1l),v3(l),vswlrl(l),clndl (50)
dlmens ion ehl (01),eh2(01),eh3(01),eh4(01),y(500)
dimension t1(550,01),t2(550,01),t3(550,01)

read(5,100) nrod(l),pod,hod, (a(i),1=1,3)

format (13,5£10.0)

npln=nrod (l)

read (5, 101) dr( 1l),dw(l),ddwl,lead(1l),p(1l),dflat( 1)
format (6£10.0)

read (5,200) ncal, (sall(l),1=1,ncal

format (12,10£6.0)

do 300 J=1,ncal

read(5,310) (cal lb(j,n) ,n=1,78)

format (1615)

continue

k=1

=1

tln=0.0

S1(1)=0

s2(1)=0

11=60.0

call prop(l1l

no lncr=500

call numb (k)

call geom (k|

mi=n1(k)

continue

read(5,10,end=1235) nlnj,ncoe,nset,length (1), chlua,chluc
format (315, 3£10.3)

call mlxdata

wrlte (6,17)

vavg (l)=(flow(1l)*500.57/atotal (k))*144.0/rho
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vl (1l)=vavg (1l)*vlr (k)
v2 (1l)=vavg (1l)*v2r (k)
v3 (1l)=vavg (l)*v3r (k)
if(ncoe.eq. 1] go to 9999
ehstal=chiuc
ehsta2=chiuc
ehsta3=chiuc
ehsta4=chiuc
cl=chiua
go to 9998

9999 continue
cl=chiuc
ehstal=chiua
ehsta2=chiua
ehsta3=chiua
ehstad4=chlua

9998 continue
j xs=0
do 502 nexp=2,nset
nxs=0
adj =10.** (- 1.*nexp)

1001 continue
j xs=] xs+!
nxs=nxs+ !
if(jxs.eqg.i) go to 998
if(jxs.gt.30) go to 1005
if(ncoe.eqg.l) go to 999
cl=cl-adj
go to 998

999 ehstal=ehstal-adj
ehsta2=ehstal
ehsta3=ehstal
ehstad4=ehstal

998 continue
conver=vavg (1) «dei (k) /12.
ehi (1)=ehstai*conver
eh2 (1)=ehsta2*conver
eh3 (1)=ehsta3*conver
eh4 (1)=ehstad*conver
vswir) (1)=ci*vavg (1)
dz=length (1) /noincr

z=dz/2.
do 110 i=1,m4
t2(i,1)=tin

110 continue
t2(ninj,1)=700.0
1000 continue
do 150 i=1,m!
mml=1lc(k,1,1)
mm2=1c (k,1,2)
mm3=1c (k, i,3)
£3(1,1)=t2(i,1)+ ((p(k)-dr(k))*dz/
lal(k))*((alpha+ehl (1)) /v1(1))*(t2(mml,1) +t2 (mm2,1)+t2 (mm3,1 )-
23*£2(i.1))/etal(k)*12
150 continue
do 160 i=mkl,m2
mml =1c(k,1, 1)
mm2=1c (k,1,2)
mm3=1c (k,i,3]
r=(i-1)/6,
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n=sqgrt (r)+1.0001
1g=(1-6*(n-1)*(n-1)-1)/(2*n-1)+0.0001
lr=i-6* (n-1) * (n-1)-1g* (2*n-1)+0.0001
j=1r/2
1f(lr.eqg.2*j) go to 1160
eha=ehl (1)
ehb=eh?2 ()
etaa=etal (k|
etab=eta2 (k)
go to 2160
1160 continue
eha=ehl (1)
etaa=etal (k]|
ehb=ehl (1)
etab=etal (k)
2160 continue
t3(1,1)=t2 (1,1 )+ ((p(k)-dr(k))*dz)/
1(al(k)*vl(1l))*((alpha+eha)* (t2 (mml,1)+t2 (mm2,1)-2*t2(1,1))/etaa+
2 (a lpha+ehb) * (t2 (mm3, 1)-t2(1, 1)) /etab)*12
160 continue
do 170 1=mk2,m3
mml=1c(k,1,1)
mm2:!1c(k.1,2)
mm3=1c (k,1,3)
1f (mm2.gt.m3) go to 1170
etaa=eta3 (k]
eha=eh3 (1)
go to 2170
1170 contlnue
etaa=eta4 (k)
eha=eh4 (1)
2170 continue
1f (mm3.gt.m3) go to 3170
etab=eta3 (k|
ehb=eh3 (1)
go to 4170
3170 contlnue
etab=eta4 (k|
ehb=eh4 (1 |
4170 continue
t3(1,1)=t2(i,1)+( ddwl*dz/a2(k))*
1(vswirl (1) /v2 () )*(t2(mm2,1)-t2( I ,1))+12*(p(k)-dr(k))*dz/a2(k)*
2 ((alpha+eh2 (1)) /v2 (1) )*(t2(mml,1)-t2(1,1))/eta2(k)+12*( ddwl*dz/
3(v2(1l)*a2(k)))*((alpha+teha)* (t2 (mm2,1)-12(1.1)) /etaa+ (a lpha+ehb)*
4 (t2(mm3,1)-t2(1,1))/etab)
170 continue
do 180 1=mk3,m4
mml=1lc(k,i,1)
mm2=1c (k,1.2)
mm3=1c (k,1,3)
t3(1,1)=t2(f,1)+(gap (k) *dz/a3 (k) )«
1(vswlrl (1) /v3())»(£2 (mml,1)-t2( I ,1))+ (gap (k) *dz/a3 (k))* 12*
2 ((alpha+eh4 (1)) /v3(1l))* (t2 (mml,1)+t2 (mm2,1)-2*t2(1,1))/etad (k)
180 continue
do 240 1=1,m4
t2(1.1)=t3(1,1)
240 continue
z=z+dz
dlff=1length(l)-z
1f(dlff gt.dz) go to 1000
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do 265 1=1,m4
y(1l)=((t2(£,1)-tin)/(700.0-t1ln))* 100.0
265 continue
clndl (j xs)=0.0
do 9995 i=1,m4
clndi (jxs)=cindl (jxs)+(y(l)-saltc(l))**2
9995 continue
cindi (jxs)=cindi (jxs)**0.5
write(6,40) ehstal,ci,cindl(jxs
40 format(Sxehstal= '£f6.3," ci= ',£6.3,
1! mean square indicator3 '£7.3)
if(jxs.eqg.i) go to 9990
if(cindi(jxs).gt.reind) go to 7777
9990 reind=cindi (jxs
ehwcl=ehstal
cccl=cl
do 7776 1=1,md
v11l(i)=y(1l]
7776 continue
go to 1001
7777 continue
ehstal=ehwcl
cl=ccd
if (nxs-2) 501,501,502
501 adj =-1.*adj
go to 1001
502 continue
1005 continue
wrlte(6,17)
17 format(1hl///////)
write (6,401)
401 format (5x,'sup/drv results at minimum mean square indicator')
wrlte (6,402) ehwd
402 format(5x,'effeet lve eddy diffusivity E*1 = ',£6.3)
wrlte(6,403)cccl
403 format (5x,'swlr!l velocity ratio Cl
write (6,404) reind
404 format(5x,'min. mean square indicator = ',f6.2)
wrlte (6,405)
405 format (5xdlimensioniess ratios of salt concentratIon*100.0: '//)
call prin (k)
go to 1234
1235 continue
stop

end
C n****************************************************

',£6.3)

subroutine prop(tt)

common/prop 1/rho,cp,cond, condw,a lpha
rho=62.40

cp=1.00

cond=0.000!

a lpha=cond/ (rho*cp

condw=12.1

return

end
c *****((**********A**A**##************((*****************

subroutine prin (k)

common/wend/m (500)

write (6,Sl) m(75),m(60),m(59),m(58),m(74)
wrlte (6,3001
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write(6.82) m(61l),m(34) . .m(32),m(30) .m(57)
write (6,3001)
write(6.83) m(35),m(33),m(31),m(29)
write (6,3001)
wrlte(6,84) m(62),m(36),m(12),m(10),m(28),m(56)
write (6,3001)
write (6,85) m(37),m(13), m(11),m(9),m(27)
wrlte (6,3001)
write (6,86) m(63),m(38),m(1l4),m(2),m(8),ra(26),m(55)
write (6,3001)
wrlte(6.87) m(39),m(15),m(3),m(1l),m(7),m(25)
write (6,3001)
write (6,90) m(76) .m (73]
wrlte (6,3001)
write (6,87) m(40),m(16),m(4),m(6),m(24) ,m (54|
write (6,3001)
write (6,86) m(64),m(41), m(17),m(5).m(23),m(53),m(72)
write (6.3001)
write(6,85) -m(42),m(18),m(20),ra(22),m(52)
write (6,3001)
write (6,84) m(65),m(43),m(19) .m(21),m(51),m(71)
write (6,3001)
write(6,83) m(44),m(46),m(48),m(50)
write (6,3001 )
write (6,82) m(66),m(45),m(47),m(49),m(70)
write (6,3001)
write (6,81) ra(77),m(67),m(68),m(69),m(78)
write (6,3001 )
3001 format(' ")

31 format (1h, 12x,5f6. 1)

82 format (1h, 12x,5f6.1

83 format ( 1h, 15x,4f6.1

84 format( 1h, 9x%,6£6. 1)

85 format (1h,12x,5f6.1)

86 format (1h, 6x,7£6.1)

87 format (1h,9x.6f6.1)

90 format (1h,3x,£6.1,36x,£6.1)
return
end

subroutine numb (1)

common/num /nrod(l),nring(l),nchanl(l),nl(l),n2(1l),n3(1),n4 (1),
In5( ) ,n6(),n7(1),n8(1),1lc(1,550,4),mrod(1,440,3)
nwalls=

norod=nrod (1)

xnorin=(norod-1)/3.

nring (1l)=sgrt (xnorin)

noring=nring (l)

notrg=6*noring*noring

notrgl=notrg+!

notgl=6* (noring-1) * (noring-1)

nog01l=3* (noring-1) *noring

noincr=6* (nor lng+1l)

lstch=notrg+noincr

lstchl=1lstch+!

lstw=1lstch-6

lstchg=1lstch+noincr

lstwg=1lstchg-6

nl (1)=notgl

n2 (1)=notrg



905

904

908

906

903

902

oy

n3(l)=1stw

n4 (l)=1stch
n5(1l)=1stch+6*noring

ne6 (1)=n5(1)+6

n7(l)=n6(l )+6*norlng

n8 (1)=n7(1)+6

nchan! (1 )=n4 (1)

do 7 i=1,notrg

z=(1-1)/6.

n=sqgrt (z)+1.0001

notr0=6*n*n

notrl=6*(n-1)* (n-1)
notr2=6* (n-2) * (n-2)

not01l=3*n* (n-1)

notl2=3* (n-1)* (n-2)
lg=(f-notri-1)/(2*n-1)+0.0001
fr=1-notrl-ig»(2*n-1)+0.0001
ly=1.6-1/n

lc(l .1,4)=1
If(l-notrl-1)901.902,901
1f(l.eg.notr0)go to 903

j=1r/2

If(1r-3*2)905.905,904
1z*1.0001/ (notrO- 1)
lc(!,1,1)=notr2+1lg* (2*n-3)+ir-1
lc(l, 1 .2)=1-1

'c(1,1,3)=1+1
mrod(1l,1,1)=1+notl2+1g* (n-1)+1r/2
mrod(l,1,2)=mrod(1l,1,1)+1-6*1z*(n-1)
mrod(1l,1,3)=notOl+lg*n+lr/2+2

go to 6

ITcO.I.0=1-1

te(l,1,2)*1+1

mrod(1l,1,1)= notl2+lg*(n-1)+ (lr+1)/2+1y
ntrod(!.1,2) =1+not0l+ 1g*n+(lr+1)/2

mrod (1, 1,3)=mrod(1,1,2)+1
1f(n.eqg.nor lng)go to 906
lc(1,1,3)=notrO+ig* (2*n+1)+1r+1
go to 6

lc(1l, 1,3 ) =notrO+lg*n+ (1r+l)/2
go to 6

lc (1,1, | )=notzrl+l
lc(1,1,2)=notrO-!
mrod(1l,1,1)=1+iy+notl2

rarod(l , ! ,2)=2+not01
mrod(!,1,3)=1+3*n* (n+1)
go to 908

lc(1l,1,1)=notrl+2
'e(!,1,2)=notr0O
mrod(l,1,1)=1+1ly+notl2
mrod(1l,1,2)=2+not01
mrod(l,1,3)=mrod(1l,1,2)+1
go to 908

continue

continue

do 9 1=notrgl,lstch

mrod (1,1, 3)=norod+!
1f(l.le.1stw) go to 801
lg=l-1stch+5
lc(1l,1,2)=notrg+lg*norlng+l
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lc(1,1,3) =1lstchg-5+ig
lc(1,1,4)=1
mrod (1. 1. 1 )=2+nog01 + lg*noring
mrod(1l,1,2)=norod+!
If(ig.eqg.0) go to 802
lc(1l,1,1)=notrg+ig*noring
go to 8

802 lc(l,1,1)=1-1
go to 8

801 1z=1.0001/(lstch-5-1)
ig=(i-notrg-1) /noring+0.0001
lr=i{-notrg-lg*norlng+0.0001
lc(1,1.1)=notgl+lg* (2*norlng-1)+2*1r-I
lc(1,1.4)=1stch+lg*noring+lr
mrod(1l,1,1)=1+nog0l+lg*noring+lr
mrod(l,1,2)=mrod(l,1,1)+1-6*1lz*norlng
if(ir.eqg.l) go to 803
1f (lr.eg.nor 1ng) go to 804
lc(l,1,2)=1-!
le(1,1,3) =1+1
go to 8

803 1lc(1l,1,2)=lstw+ig+l
lc(1,1,3)=1+1
go to 8

804 1lc(1,1,2)=i-1
lc(l,i,3)=(1l-iz)* (lstw+lqg+2)+1lz* (i+1)
go to 8

8 continue

9 continue
do 13 j=1,nwalls
do 11 1=1lstehl.lstchg
I1f(l.le.1lstwg)] go to 701
lg=l-1lstwg-I
lc (1,1, 1)=1stw+!l+1lqg
lc (1,1, 3)=1lstch+ig«noring+!
lf{j egqnwalls) go to 12
lc(1,1,4)=1stwg+tnolncr+lg+l
go to 14

12 continue
lc(1,1,4)=1

14 continue
if(ig.eq.0) go to 702
lc(1,1,2)=1stch+ig*noring
go to 10

702 1lc(l,1 ,2)=1-1
go to 10

701 1x=1.0001/ (lstwg+1l-1)
ig=(l-lstch-1) /norlng+0.0001
lr=i-lstch-1g*norlng+0.0001
lc(1l,1,1)=notrg+ig*norlng+lr
1f(j.eqg.nwalls) go to 16
lc(l,1,4) =l stchgtlg»norlng+lr
go to 18

16 continue
lc(1,1,4)=i

18 continue
if(ir.eqg.l) go to 703
if (ir.eqg.noring) go to 704
lc(1,1,2) =1i-1
lc(l,1i,3)=i+1



704

703

10
11

13
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go to 10
lc(1l,1,2)=1-1
1c(1,1,3)=(1-1x)* (1lstwg+lg+2) +ix* (i+1)
go to 10
lc(1,1,2)=1lstwg+ig+l
le(1.1,3)=H-1

go to 10

continue

continue
notrg=notrg+nolncr
lstch=1lstch+nolncr
lstchl=1lstchl+noincr
lstw=1lstw+noincr
lstwg=lstwg+nolncr
lstchg=lstchg+noincr
continue

return

end

ER R i e b b b i b b b e e b I i e b b b g b b b b e b b g i b b g g i

subroutine geom (! )

common/geo /dr(l),dw(l),lead(l),p(1l),dflat(1l),gap(l),al(l),
la2(1),a3(l),atotal(l),del (1),
2de2(1),de3(1),hpl (1) ,hp2(1l),hp3(1l),hptotl(l),
3etal(l),eta2(l),eta3(1l),etad(1l),eta6(l),eta8(l),x1(1),x2(1),x3(3),
4s1 (1) .s2(1)

common/num /nrod(l) ,nring(l),nchanl(1),nl(1l),n2(1),n3(1),n4 (1),
In5(1),n6(1),n7(l),n8(1),1lc(1,550,4),mrod(1,440,3)
nll=n2 (1)

n22=n3 (1) -n2 (!

n33=n4 (1) -n3 (1)

gap (1) = (dflat(l )- 1.732* nring(l)*p(l)-dr(1l))/2
dface=dflat (1) /1.732

P1=3.141592

x1(i)=(dr (1) +2*gap(1))/1.732

x2 (1)=x1 (1)+2*si (1 )/1.732

x3 (1 )=x2(1)+s2(1)/1.732

etal(l)=p(l)/1.732
eta2(1)=(etal(l)+gap(l)+dr(1l)/2)/2.

eta3(l )=p(l]

etad(l )=eta3 (l)/2.+x1 (1) /4

etab (i )=eta3 (1) /2.+(x1(1)+x2(1))/4.

eta8 (l)=eta3 (1) /2.+(x2(1)+x3 (1)) /4.
ai(1l)=1.732*p (1) **2/4.-(dr (1) **2+dw (1) **2) *pi/8.

a2 (1)=p (1) * (dr (1) /2+gap (1)) - (dr (1) **2+dw (1) **2) *pi/8.
a3 (l)=(dr (i) /4+gap (1) /2)* (dface-p (1) * nring(!))-(dr (1) **2+dw (1) **2
1) *pi/24

atotal(I)=nll*al(l )+n22*a2(1l)+n33*a3 (1)
wpi=(dr (1) +dw (1)) *pi/2.

wp2=p (1) +wpl

wp3=(dr (1) +dw (1)) *pi/6+dface-p (1)* nring (1)
wpb=etal (I

wp7=x2 (1)

del (1)=4.0*al (1) /wpl

de2 (1)=4.0%a2 (1) /wp2

de3(1)=4,0*a3 (1) /wp3

hpl (1)=dr (1)*pi/2

hp?2 (1) =dr (1) *pi/2

hp3 (1)=dr (1) *pi/6

hptotl (l)=nll*hpl (! )+n22*hp2(1)+n33*hp3 (1)

return
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600

700

310

3701

3700
3710

3720

3800

3940

3950

3960

4000

subroutine mixdata
dimension con (78)

integer mxdata(78),calcor(78),calib

real isaltf,isal tc,masbal, netsll m
common/mixin/ npin,pod,hod,a(3),ncal,salt (10),calib(10,78),depth
isubch,ncoe

common/mixout/ fsp(3),gpm,ire,m(78)
read(5,600) gpm,ire , (fsp(i),i=1,3)

format (£6.2,17,3£10.0)

read in inj. salt con. (gm/100lbm) and flow rate (gpm*10e5
read (5,700) isaltc,isaltf

format (2£10.0)

read in calcorrect ion data and mixing data
read(5,310) (calcor(i),i=1,78)

read(5,310) (mxdata(l),1=1,78)

format (161i5)

do 3800 j=1,78
mxdata (j)=mxdata (j)+calib (1,j )-calcor(j )
110=0

1ihi=20000

do 3700 n=1,ncal

if(callb(n,j).le.mxdata(j)) go to 3701
if(calib(n,j).ge.ithi) go to 3700
ihl=calib(n,Jj)

zi=sall (n)

go to 3700

1f(calib(n,Jj).le.ilo) go to 3700

ilo=cal ib(n,j |

hi=salt (n)

continue

if(ihi.ne.20000) go to 3720

con (j)=0.

go to 3800

if (ilo.eqg.ihi) con(j)=zi

if({ilo.eqg ithi) go to 3800

con (j)=(zi-hi)* (mxdata(j)-ilo)/ (ihi-11lo0)+hi
continue

put average value of neighboring probe reading for bad probe 13,78,57,58
con (13) = (coni36)+con (12)+con( 14))/3.0
coni78)=(con(69)+con(70)) /2.0
coni57)=(con(56)+con(74)) /2.0

con (58)=(con (59)+con(74)) /2.0

if (ncoe.ne.l) coni 73) = (con(72)+con(55]))/2.0
vavg=gpm/5.856 |

outs 1t=0.0

do 3940 n=1.54
outslt=outslt+fsp(l)*a(l)*con (n)*vavg

do 3950 n=55,72
outslt=outslt+fsp (2) *a(2) *con (n) *vavg

do 3960 n=73,78
outslt=outslt+fsp(3)*a(3) *con (n) *vavg
netslt=isaltf*lsaltc
masbal=outs 11* 100000.0/netsll

if (isubch.le.54) cmi=1saltf*0.00001 +vavg*fsp (1l)*a(l
1f (isubch.gt.54) cmi=isaltf*0.00001l+vavg*fsp(2)*a(2)
do 4000 n=1,78
m(n)=con (n)/ (outslt/cmi)*100.0

write (6,80)
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write (6,70) npin,pod,hod

write (6,71) isubch

write (6,72) depth

write (6,73) 1ire

write (6,74) masbal

write (6,75)

write (6,81) m(75) .m(60),m(59),m(58),m(74)
write (6,81 ) m(61),m(34),m(32),m(30),m(57)
write (6,83) m(35),m(33),m(31),m(29)

write(6,84) m(62) m(36),m(12),m(10),m(28),m(56)
write(6,81) m(37),m(13),m(11),m(9),m(27)

write (6,86) m(63),m(38),m(14),m(2),m(8),m(26),m(55)
write(6,84) m(39),m(15),m(3),ni(l),m(7),m(25)
write (6,90) m(76),m(73)

write(6,84) m(40),m(16),m(4),m(6),m(24),m(54)
write(6,86) m(64),n) (41),m(17),m(5),m(23),m(53) .ni(72)
write(6,81) m(42),m(18),m(20) .m(22),m(52)
write (6,84) m(65),m(43),m(19),m(21),m(51),m(71)
write (6,83) m(44) ,m(46),m(48),m(50)

write(6,8!) m(66),m(45),m(47),m(49),m(70)
write(6,81) m(77) ,ra(67),m(68),m(69),m(78)

format (5x%,1i2, ' pin p/d= ',£6.3,' h/d= (6.2
format (4x,"' 1inj. subchannel = 'i5)
format (4x,' inj. depth (in) = 'f5.1)
format (4x,' bundle reynolds no.l 'l5)
format (4x,"' mass balance ratio = '£f5.3)

Al

format (4x, dimensionless ratios of salt concentration»lO0.0:V)
format (IhO, 12x,5f6.1)

format (1hi//////)

format (1h0, 15x%x,4f6.1)

format(1hO, 9x,6f6..)

format (1hO, 6x,7£6.1)

format (1h0,3x,£f6.1,36x%x,£f6.1)

return

end



37 pin p/d= 1.154 h/d= 13.40
in), subchannel = 1

in), depth (In) = 32.0
bundle reynolds no.= 220
mass balance ratio = 1.702

dimensionless ratios of salt concentration*100.0:

0 0.0 [eNe} 2 5.7 2.0
0.0 0.0 0. 0.7 0.4
» < o= 0.1 0.5 0.9 0.2
0.0 0.1 0.1 0.2
0.0 0.0 0.0 0.1 0.0

sup/drv results at minimum me

an square Indicator

effective eddy diffusivity E*1 = 0.049

swirl velocity ratio Cl
min. mean square indicator
dimensionless ratios of salt

= 0.100
= 11.92
concentratlontl100.0:



37 pin p/d= 1.154 h/d= 13.40

Inj. subchannel = 1 sup/drv results at minimum mean square indicator

inj. depth (In) = 32.0 effective eddy diffusivity E*1 = 0.058
bundle reynolds no.= 430 swirl velocity ratio Cl = 0.100
mass balance ratio = 1.805 min. mean square indicator = 8.19

dimensionless ratios of salt concentratlon*100.0 dimensionless ratios of salt concentrat ion*I0O0.0:

0.2 0.4 0.4 1.8 0.3 0.0 0.3 0.7 0.7 0.2
o O 1.3 1.7 0.4 0.2 0 9 1.4 0.9
Qo0 0.4 1.4 6.7 6.4 0.3 0.0 0.5 2.1 3.3 2 0.3
0.2 1.0 4 0 5.4 0.2 4 4.1 4. 4
0.2 oo 1 6.2 7.0 1.7 0.0 0.0 0.3 2 6 0 6.0 2.1 0.2
0.1 o1 o9 4.1 ( 4 0.9
0.9 0.0 0 0
0.1 0.7 3.3 6 0 3.3 0.7
a o 0.2 0.5 1.9 4.5 2.4 0.0 0.2 1.5 4, 4, 1 1.4 0
0.0 0.3 0.8 0.7 0.6 0 0.7 2.1 2 0. 17
0.1 0 o.Q 0.4 0.4 0 0.0 0.2 0.9 4 0.9 0
0.0 0.2 0.2 0.2 6 0.3 0.5 0.3
0.0 o0 0.2 0.2 0.0



37 pin p/d= 1.154 h/d= 13. '10

inj. subchannel = 1 sup/drv results at minimum mean square indicator
Inj. depth (in) = 32.0 effective eddy diffusivity E*1 = 0.058
bundle reynolds no.= 860 swirl wveloctty ratlo CI = 0.100
mass balance ratio = 1.348 min. mean square indicator = 5.64
dimensionless ratios of salt concentratIon*100.0 dimensionless ratios of salt concentration*100.0:
(o | 0.2 0.4 0.2 0.0 O. 1 O. 1 O. 1 O. 1 0.2
0.0 0.4 0.6 0.6 O. 1 0.0 0.3 0.7 0.7 0.2
0.0 0.2 0.9 0.8 0.2 0.9 1.4 0.9
O 1 0.2 2.2 4.9 2.2 0.2 0.0 0.5 2.1 3.3 2.1 0.3
0.7 1.8 3.4 3.9 1.2 0:2 1.4 4 1 4 .1 1.4
o o 0.5 3.0 7.4 6.4 1.8 0.4 0.0 0.3 2.1 6.0 6.0 2.1
1.2 0.1 0.9 a1 @ 4.1 0.9
0 0.2 0.0 0.1
0.0 1.9 4.8 5.7 1.7 0.4 0.1 0.7 3.3 6.0 3.3 0.7
o R 0.2 1.5 6.0 4.3 o 8 0.0 0.2 1.5 4.1 4.1 1.4 0.1
0.2 0.7 0.6 0.9 0.4 0.1 0.7 21 21 0.7
0.3 O 0 O 5 O. 1 O. 6 0.0 0.0 0.2 0.9 1.4 0.9 O. 1
O 1 O 4 o 1 O 1 o. 1 0.3 0.5 0.3
0.0 0.0 O 0 0.0 0.2 0.0 0.1 0.2 0.2 0.0



37 pin p/d= 1.154 h/d= 13.40
inj. subchannel = 1

inj. depth (in) = 32.0
bundle reynolds no.= 1500
mass balance ratio = 1.393

dimensionless ratios of salt concentratIon*100.

sup/drv results at minimum mean square Indicator

effective eddy diffusivity E*1 = 0.071
swirl velocity ratio Cl = 0.100
min. mean square indicator = 5.63

dimensionless ratios of salt concentration*100.0:



3V pin p/d= 1.154

Inj. subchannel =
in), depth (In) =
bundle reynolds no.
mass balance ratio =
dimensionless ratios

h/d=  13.40
1
32.0
2200
1.151
of salt concentratIon*IO0.0

sup/drv results at minimum mean square indicator

effective eddy diffusivity E*1 = 0.082
swirl wvelocity ratio C1l = 0.200
min. mean square Indicator = 5.23

dimensionless ratios of salt concentration*100.0:

i



37 pin p/d= 1.154

inj.
inj

subchannel
depth (In)

bundle reynolds no.=
mass balance ratio =

dimensionless ratios of salt concentrallon*100.0:

h/d=
32.0

3200
1.360

0.2

13.40

0.2

0.1

sup/drv results at minimum mean square Indicator

effective eddy dlffuslvlty E*1 = 0.085
swirl velocity ratio Cl = 0.200
min. mean square indicator = 5.54

dimensionless ratios of salt concentratton*100.0:

no 0.2
0.2 0.6 1.6 1.4 0.2

o
W
N
o0
cy
fe<}
N
)]
00

A



37 pin p/<3= 1.154 h/d= 13.40
Inj. subchannel = 1
Inj. depth (In) = 32.0

bundle I'eynolds no.= 4300
mass balance ratio = 1.126

dimensionless ratios of salt concentrat lon»100.0

o o8 0.2 0.3 0.3
oo 0.7 1.9 1.8 0.4
QR 1.5 25 0.9
oo 1.4 3. 3.9 1.5 0.6
05 27 3.9 44 1.4
0.3 1.2 35 4.8 35 1.0
0.1 0

sup/drv results at minimum mean square Indicator-

effective eddy dlffuslvlty E*1 = 0.695
swirl velocity ratio Cl = 0.300
min. mean square Indicator = 5.27

dimensionless ratios of salt concentratlon+100.0:

0.5 1.6 3.2 3 5
0 0.6 2.1 4.0 4.0 9 0.3
4
0.3 2 3.2 301 1.t
0.1 0
a
0.2 2.8 4.0 2.8 0.9 0o
0.1 0.5 1.6 3.2 3.2 1.6 0.3
0.3 1.1 2.0 2.0 0.9
0 0.5 1.2 1.6 1.1 O 2



37 pin p/d= 1.154 h/d= 13.40

Inj. subchannel = 1 sup/drv results at minimum mean square Indicator
inj. depth (in) = 32.0 effective eddy dlffuslvlty E*1 = 0.087
bundle reynolds no.= 5400 swirl velocity ratio Cl = 0.300
mass balance ratio = 1.307 min. mean square indicator = 5.88
dimensionless ratios of salt concentrat Ion*100.0 dimensionless ratios of salt concentration*100.0:
0.1 0.2 0.3 0.2 0 0.2 0.3 0.3 0.4 0.4
0.0 0.7 8 L.6 0.2 0.2 0.5 0.9 0.9 0.4
0.4 2.3 0.8 0.4 1.1 1.6 1.1
0.2 1 2.9 4.2 5 0.3 0.1 0.7 2.1 3.0 2.0 0.4
0.5 2.6 4.0 4.3 2 0.4 1.6 3.5 3.4 1.5
0 1.1 39 5.8 4.0 0 0 o1 0.5 2.1 4.5 4.5 2.0
o4 2.3 4 S 3 0 0.9 0.2 1.1 3.5 5.2) 3.4 1.0
0.0 0.0 0. 0.2
o 3 3..0 3.7 4 L 0.2 0.2 1.0 3.0 4.5 3.0 0.9
2 0.3 2.2 5.3 2.6 1.0 0 0. 0.4 1.6 3.5 3.5 1.6
0.2 1.3 2 0.8 0 0.2 1.0 2.1 2 0.9
0.0 0.3 1.9 2.6 1.1 0.0 0.1 0.4 | 1.6 1.1 0.2
0.5 0.5 0 0 0.2 0.5 0.7 0.5
0.0 0.3 0.3 0.2 0.0 0.0 0.2 0.4 0.4 0.1



37 pin p/d= 1.154 h/d= 13.40
inj. subchannel = 1

inj. depth (In) = 32.0
bundle reynolds no.= 6500
mass balance ratio = 1.444

dimensionless ratios of salt concentratIon*100.0

sup/drv results at minimum mean square Indicator

effective eddy dlffuslvlty E*1 = 0.094
swirl velocity ratio Cl = 0.300
min. mean square Indicator = 5.93

dimensionless ratios of salt concentrat Ion*100.0:

0 0.5 2 4.3 4.3 2.0 0.3
1.0
0.1 0.2
o
|_|
O
0.1 0.4 1.6 3.3 3.3 1.6
0.3 1.0 2.1 2 0.9
0] 0.4 1.2 1.6 1.1 0.2



37 pin p/d= 1.154 h/d= 13.40

Inj. subchannel = 1 sup/drv results at minimum mean square Indicator
Inj. depth (In) = 32.0 effective eddy dlffuslvlty E*1 = 0.095
bundle reynolds no.= 9400 swirl wvelocity ratio C1 = 0.300
mass balance ratio = 1.584 min. mean square Indicator = 5.89
dimensionless ratios of salt concentratlion*100.0 dimensionless ratios of salt concentration*100.0:
0 0.1 0.6 0.5 0.4 0.3 0.3 0.4 0.4 0.4
0.1 0.6 2.4 1.4 0.2 0.2 0.5 0 1.0 0.4
0.2 1.2 2.0 1.9 0.4 1.1 1.6 1.1
0 0.7 3.6 3.8 0.9 0 0.2 0.7 2.1 3.0 2.1 0.4
0.9 2.7 4.4 3.7 1.2 0.4 1.6 3.4 3.4 1.5
0.2 1.2 3.9 5.6 4.0 1.3 0.1 0 0.5 2.1 4.5 4.5 2.0 0.3
0.2 2.1 4.4 (4.9 3.0 1.0 1.0
0.0 0.0 0.1 0.2

0. 1 0.2 2 4.6 2.6 1.2 0.1 0.4 1.6 3.4 3.4 1.6
0.3 i 1 0.9 0.2 0.2 1.0 2 2 0.9
0.1 0.2 1.6 1.3 0.9 0.0 0 0.4 1 1.6 1 0.2
0.3 0.2 0.1 0.0 0.2 0.5 0.7 0.5
0.0 0.4 0.0 0.0 0.0 0.1 0.2 0.4 0.4 0.1

TTd



37 pin p/d= 1.154 h/d=  13.40

In), subchannel = 1 sup/drv results at minimum mean square Indicator
in), depth (in) =  32.0 effective eddy dlffuslvlty E*1 = 0.107
blindle reynolds no.= 12200 swirl velocity ratio 01 = 0.300
mass balance ratio = 1.566 min. mean square indicator = 6.13
dimensionless ratios of salt concentratIon*100.0 dimensionless ratios of salt concentratIon*100.0:
Q9 0.4 Qg 0.7 0.6 0.4 0.4 0.5 0.5 0.5
0.1 o § 2.9 1.6 0.4 0.3 0.6 1.0 0 0.5
0.2 1.3 2.1 2.4 0.5 1.2 6 1
0 1.0 3.7 4.2 0.9 0. 0. # 0.8 2 2.9 2.0 0.5
1.0 2.8 4.4 4.1 1.2 0.5 6 3.3 3.2 5
0.2 1.2 3.6 5.4 4.1 5 0.2 0.2 0.6 2 4.1 4 2.0 0.4
0.2 1.2 3.6 2.9 o8 0.3 2 3.3 (3 3.2
0. 4 0.1 0
0.2 2.9 3.2 3.3 1.1 0.5 0. 2 ) 2.9 4.1 2.8 0.9
0.3 1.9 4.2 2.3 0.1 0 0.5 6 3.3 3.2 1.6 0.3
0.2 0 0.3 0.9 0. 2 0.3 0 2 2.1 0.9
0.2 0.2 1.3 0.8 0.8 Qo 0 0. 4 2 6 1.1 0.2
0 0.3 0. 4 0. 1 0.2 0. 6 0.8 0.5
0.0 0.3 0.3 0 0.1 0.1 0. 2 0.4 0.4 0

c1a



37 pin p/d= 1.154 h/d= 13.40

Inj. subchannel = ! sup/drv results at minimum mean square Indicator
Inj. depth (in) = 32.0 effective eddy dlffuslvlty E*1 = 0.109
bundle reynolds no.= 14800 swirl velocity ratio 01 = 0.300
mass balance ratio = 1.672 min. mean square indicator = 5.71
dimensionless ratios of salt concentratIon*100.0 dimensionless ratios of salt concentration*100.0:

o O 0.3 0.5 0.5 0.5 0.4 0.4 0.5 0.5 0.5

0.1 0.7 1.7 1.1 0.3 0.3 0.6 1.0 1.0 0.5

o P 1.2 8 1.5 0.5 1 2 1.6 1.2
o 1 0.9 3.2 3.7 0.9 0.1 0.2 0.8 2.1 2.9 2.0 0.5
0.9 2.6 4.4 3.4 1.3 0.5 1.6 3.3 3.2 1.5
0.3 1.3 3.7 5.6 3.8 1.6 0.3 0.2 0.6 2.1 4.2 4.1 2.0 0.4

0 0.2 0.2 0.3
0.7 3.0 3.9 3.4 1.1 0.5 0.2 1.0 2.9 4.1 2.9 0.9
0.4 2.2 4.4 2.2 1.3 0.0 0 0.4 1.6 3.3 3.3 1.6
0.5 1.2 0.8 0.8 0. 0.3 1.0 2 2 0.9
0.1 0.3 1.9 1.6 1.1 0 Oo. 1 0.4 1.2 1.6 1.1 0.2
0.4 0.3 0.0 0.1 0.2 0.6 0.8 0.5
0.2 0.4 0.5 0.3 0.0 o1 0.2 0.4 0.4 [c7ge

€1d



37 pin p/d= 1.154 h/d= 13.40

Inj. subchannel = ! sup/drv results at minimum mean square Indicator
Inj. depth (in) = 32.0 effective eddy dlffuslvlty E*1 = 0.115
bundle reynolds no.= 18600 swirl velocity ratio Cl = 0.300
mass balance ratio = 1.583 min. mean square Indicator = 6.39
dimensionless ratios of salt concentratIon*100.0 dimensionless ratios of salt concentrall on*100.0:
0.4 0.7 0.6 0.6 0.5 0.4 0.5 0.5 0.5 0.5
0.2 0.7 2.5 1.8 0.3 0.3 0.7 1 1 0.6
0.7 1.5 2.3 1.9 0.5 1.2 1.6 1.2
0.1 1.5 3.7 4.6 0.9 0.1 0.3 0.8 2 2.8 2.0 0.5
1.0 3.0 5.2 3.9 1.4 0.5 1.6 3 3.1 1.5
0.0 1.3 3.7 5.2 4.0 1.7 0.1 0.2 0.6 2.0 3.9 3.9 2.0 0.4
0.5 1.7 3.6 3.0 0.6 0.3
0.3 0.0 0.2 0.3
@)
0.9 2.5 3.2 3.1 0.9 0.3 0.3 1.1 2.8 3.9 2.8 1.0 .
0 0.3 2.0 3.8 1.9 0.9 0.1 o & 1.6 3 3 1.6
0.4 0.9 0.7 0.8 0.2 0.3 1 2.0 2.0 1.0
0.2 0.3 1.4 1.2 0.7 0.2 0 0.5 1.2 6 1.2 0.3
0.2 0.4 0.2 0.0 0. 2 0.6 0. B 0.5
0. 1 o 8 o 0.0 0.0 0. ! 0.3 0. 4 0. 4 0.2



37 pin p/d= 1.154 h/d= 13.40
1 sup/drv results at minimum mean square Indicator

Inj. subchannel = 1

inj. depth (in) = 32.0 effective eddy diffuslvity E*1 = 0.111
bundle reynolds no.= 22100 swirl velocity ratio Cl = 0.300
mass balance ratio = 1.423 min. mean square Indicator = 6.44

dimensionless ratios of salt concentrat !lon*100.0 dimensionless ratios of salt concentration*100.0:

1.0 3 4.4 4.0 1.5
0.1 1.3 4.2 5.5 3.7 1.3 0.6 2 4 4.1 2.0 0.4
0.4 0.3 1.2 3.2 3.2 1
0.2 0.0
0.5 2.1 4 32 0.9 0 0.2 1.0 2.8 4.1 2.8 1.0
Q o 0. 1 2.1 4.0 2.2 0 9 0.0 0 0.5 1.6 3.2 3.2 1.6
0.6 3 o 9 0,.7 0.0 0.3 1.0 2.1 2 1.0
0.0 03 1,5 1.2 0.5 0.1 0 0.5 1.2 1.6 1.2 0.3
0.0 0.2 0.3 0.2 0.2 0.6 0.8 0.5
0 0.1 0.4 0..0 0.0 0 0.2 0.4 0.4 0.2
0 0.1 0. 0 0.1

GTd



37 pin p/d= 1.154 h/d= 13.40
Inj. subchannel = 1

inj. depth (In) = 32.0
bundle reynolds no.= 26000
mass balance ratio = 1.4 15

dimensionless ratios of salt concentration*100.0

sup/drv results at minimum mean square Indicator

effective eddy dlffuslvlty E*1 = 0.114
swirl wvelocity ratio C1 = 0.300
min. mean square indicator = 6.28

dimensionless ratios of salt concentrallon*100.0:

9Td



37 pin p/d= 1.154 h/d= 13.40
Inj. subchannel = |
inj. depth (in) = 32.0

bundle reynolds no.= 29600
mass balance ratio = 1.430

dimensionless ratios of salt concentratIon* 100.

sup/drv results at minimum mean square Indicator

effective eddy diffuslvity E*1 = 0.108
swirl wveloclty rallo Cl = 0.300
min. mean square Indicator = 6.44

dimensionless ratios of salt concentration*100.0:

LTd



37 pin p/d=
Inj. subchannel
Inj. depth (In)

bundle reynolds no.
mass balance ratio
dimensionless ratios

1.154

h/d=
= 11
= 32.0
= 430
= 2.007

13.40

of salt concentratIon*100.0

sup/drv results at minimum mean square Indicator

effective eddy diffuslvity E*1 = 0.060
swirl velocity ratio Cl = 0.225
min. mean square indicator = 18.69

dimensionless ratios of salt concentratIon*100.0:

0.3 0.1 0 0.6 4.0 14.1
0.1 0.0 0.2 4 7.8
0 0.0 0.0 0.2 4 6.7 12.7
0.0 0.0 0 0.6 3.5 10.5
a
0.0 0.0 0 0.8 4.0 9.4
0.0 0.0 0.0 0.3 2.1 6.9 7.0

8Td



37 pin p/d" |.154 h/d= 13.40

Inj. subchannel = 71
inj. depth (In) = 32.0
bundle reynolds no.= 860
mass balance ratio = 1.532

dimensionless ratios of salt concentratlon*100.0

6.3

sup/drv results at minimum mean square Indicator

effective eddy dlffuslvlty E*1 = 0.060
swirl wvelocity ratio Cl = 0.248
min. mean square Indicator = 13.36

dimensionless ratios of salt concentrallon*100.0:

o.! 0.0 0.2 6 7.8
0.2 0.0 0.0 0.2 4 6.7 1
0 o 0.0 0.1 o 6 3.5 9..9
o0 0..0 0 0..8 3.8 8.6
0 o o 0..0 o.3 2.0 6 4 5

0..0 0..0 0.4 2 4.9
0.o 0.0 o 0.0 3.3 £°

0.0 [) 0.6 1.8
0.0 0.0 0.2 0 8 0. 6
0.0 0.0 o. o o] 0.2

6Td



37 pin p/d= 1.154 h/d= 13.40
sup/drv results at minimum mean square Indicator

Inj. subchannel = 71

'nj. depth (In) - 32.0 effective eddy dlffuslvlty E*1 = 0.070
bundle reynolds no.= 1500 swirl wvelocity ratio 01 = 0.258
mass balance ratio = 1.051 min. mean square Indicator = 13.51

dimensionless ratios of salt concentrallon*100.0 dimensionless ratios of salt concentratIon*100.0:

0.« ¢.9 119 10.3 8.7 3 3.9 6.5 9.7 12.2
0.0 0.0 0.0 4.9 9.2 e 1.2 2.2 5.0 12.4
0.3 0.6 0.3 6.7 0.6 0,8 2.0 6.6
0.0 0.0 0.0 0.0 8.8 9.7 0,,7 0.2 0.2 0 4.8 12.4
0.0 0.3 0.0 1.3 7.6 0.2 0 0.3 2.0 8.0
o 00 1.0 0.0 1,2 8.9 7 30.0 0.0 0.3 8 7.1 10
0.3 0o 0.0 0.3 l.9o Il.7 0 o0 0.1 0.8 40 95
0.0 0.0 0.0 0.2 3.5 11.0 0.0 0.0 0.1 1.0 4.1 8.2
o 0.7 o0 0.0 0.8 7.0 5 0,.0 0.0 0.4 2.3 63 5
0.3 0.0 0.0 4.5 9.3 0,.0 0 0.5 2.2 4.6
0.3 0.o 0.7 0.4 5.8 ) 0.0 0.0 0.2 1.1 33 =9
Lz 0.9 1.3 4.8 0.0 0 0.7 1.8
0.0 1.5 1.9 e 1.1 0.0 0.0 0.2 0.9 0.7

0cd



37 pin

inj. subchannel

p/d=

inj. depth (in)

bundle reynolds no.

t.154

mass balance ratio =

dimensionless ratios of salt concentration*100.0

2.2 7.3 11.2
0.0 0.5 2.
0.9 .5
0.0 0.0 .0
0.0 0.0 0.0
0. 0.0 0.0 0.5
0.0 OO 0.3 1
0.0
0.0 0.0 0
0.0 0.0 0.0 0.0
0.0 0.0 0.3
0.0 0.0 o 3
0.0 o 5
0.3 0.0 0.0
0.0 0.0 0.3

h/d=
71
32.0
2200
1.265

(3.40

sup/drv results at minimum mean square indicator

effective eddy diffuslvity E*1 = 0.080
swirl velocity ratio Cl = 0.278
min. mean square indicator = 11.51

dimensionless ratios of salt concentratI on*100.0

2.1 6 2.8 5.7 11.8
0.9 1.1 2.6 7.1
1.0 0.3 0.4 1.4 5.4 11.1
0.3 0 0.5 2.5 8.1
0.1 0 0.4 2.2 7.2 8.7

Tcd



37 pin p/d= 1.154 h/d= 13.40

Inj. subchannel = 71 sup/drv results at minimum mean square Indicator
inj. depth (In) = 32.0 effective eddy dlffuslvlty E*1 = 0.090
bundle reynolds no.= 3200 swirl wvelocity ratio Cl = 0.311
mass balance ratio = 1.335 min. mean square indicator = 11.38
dimensionless ratios of salt concentratlon*100.0 dimensionless ratios of salt concentratIon*100.0:
4.5 10.6 9.1 9.8 10.5 5.0 5.8 8.2 10.3 11.1
2.1 0.8 2.7 7.6 8.7 3 2.3 3.6 6.4 10.7
0.8 1.5 2.0 7.9 1.4 1.6 3.3 7.5
0.5 0.3 0.0 1.0 3.4 1.7 0.5 0.6 1.9 5.8 9.4
0.0 0.1 0.0 1.9 6.8 0.5 0.3 o 8 3.0 7.8
0.3 0.0 0.0 0.2 1.7 8.4 Qg 0.2 0 0.6 2.6 7.0
0.0 0.0 0.3 0.0 0.6 8.2 0.2 0.1 0.3 1.3 4.5 7.8
0.5 5.5 0.6 4.3
0.7 0.0 0.0 2.6 3.0 8.3 0.1 0.0 0.3 1.4 4.2 6.4
¢} 0.0 0.0 0.0 1.0 9.4 5.4 0.3 0.0 0 0.7 2.6 5.3
0.3 0.0 1.9 3 5.4 0.0 0. ! 0.7 2.3 3.7
0.5 0.3 5
1.0 0.0 2.1 3.6 0.0 0.2 0.8 1.6
0.0 0.3 0.3 1.5 0.0 0.0 0.1 0.3 0.9 0.6

ceca



37 pin p/d= 1.154
inj. subchannel

inj., depth (in) =
bund le reynolds no.=
mass balance ratio =
dimensionless ratios

h/d= 13. 40
71
32.0
4300
0.939
of salt concentratIon*100.0

sup/drv results at minimum mean square Indicator

effective eddy dlffuslvlty E*1 = 0.100

swirl wvelocity ratio Cl
min. mean square Indicator
dimensionless ratios of salt

0.5 0.3 0.8
0.2 0.1 0.7
2 0. 0.3
0 0.3
0.0 o. 0.7
0.0 0. 0.7
0. ! 0.3

= 0.287
= 12.66

concentrat ITon*100.0:

£cd



37 pin p/d- 1.154 h/d= 13.40

inj. subchannel = 71 sup/drv results at minimum mean square Indicator
Inj. depth (In) = 32.0 effect lve eddy dlffuslvlty E*1 = 0. 100
bundle reynolds no.= 5400 swirl wveloclty ratlo Cl = 0.297
mass balance ratio = 1.383 mtn. mean square Indicator = 10.57
dimensionless ratios of salt concentratlon*100.0 dimensionless ratios of salt concentrat!lon*100.0:
4.5 7.4 g 8 7.8 7.4 4.9 5.6 7.7 9.4 10.0
1.6 0.7 2.4 6.5 6.7 3.2 2.3 3.6 6.1 9.6
1.0 2.7 2.4 5.9 y 1.7 3.2 7.0
0.2 15 o0 2.2 7.1 6,0 8 0.5 0.7 1.9 5.5 8
1.4 0.5 0.6 1.9 4.9 0.6 0.3 0.8 2.9 7.2
0.5 0.5 0.0 0.2 2.3 8.3 0.9 0.2 0 0.6 2.5 6.5
0.4 0.4 2.0 1.1 2.5 7.2 0.3 0.1 0.3 1.3 4.3 7.2
0.2 4.8 0.7 4.0
0.0 2.6 0.2 1.2 2.9 7.1 0.1 0.1 0.3 1.3 4.0 6.0
0.2 0.7 0.0 0.0 1.8 7.6 0.3 0.0 0 0.7 2.5 5.0
1.2 0.2 0.4 2.7 4.1 0.0 0 0.6 2.2 3.5
0.5 0.7 0.9 2.8 0. o .Q 0.3 1.2 2.7
0.2 0.9 2.3 0.0 0.2 0.8 1.5
0.2 1.3 0.0 3.0 0. 0 0.3 0.9 0.6

rca



37 pin p/d= 1.154 h/d= 13.40

Inj. subchannel = 71
Inj. depth (In) = 32.0
bundle reynolds no.= 6500
mass balance ratio = 1.112

dimensionless ratios of salt concentratIon*100.0

sup/drv results at minimum mean square Indicator

effective eddy dlffuslvlty E*1 = 0.100
swirl velocity ratio Cl = 0.281
min. mean square Indicator = 9.31

dimensionless ratios of salt concentrallon*100.0:

0.3 0.0 (o 0.6 2.5 5.1 3
0.0 O. 1 0.6 2.2 3.6
O. 1 0 o 0o .3 12 27 O
oo 0.2 0 8 1.6
0.0 O. 1 0.3 0.9 0.7
0.0 .Q 0.1 0.2 0.3

Gca



37 pin p/d= 1.154
Inj. subchannel *
Inj. depth (in) =
bundle reynolds no.=
mass balance ratio =
dimensionless ratios

h/d- 13.40
71
32.0
9400
1. 197
of salt concentration*100.

sup/drv results at minimum mean square Indicator

effective eddy dlffuslvlty E*1 = 0.100
swirl velocity ratio C1 = 0.284
min. mean square indicator = 9.41

dimensionless ratios of salt concentrat Ion*100.0:

1.0 0..2 0 0.5 2.2 6.0 5.7
0.3 0.1 0.2 3.9 6.7
8 3
0 00 0.2 2 3.7 5.,7
0.4 0.0 0 0.6 2.3 4..8 3.0
0.0 0 0.6 2.0 3.4
0.2 0.0 0.2 2.5 (5
0.0 0.2 0.7 1.5
0.1 0.1 0.3 0.8 0.6
0.1 0.0 0. 0.2 0.2

9ca



37 pin p/d= 1.154

inj. subchannel =
inj, depth (in) =
bundle reynolds no.
mass balance ratio =
dimensionless ratios

6.4 7.5
2.4 0..7

.0

0 O 0.0
0.2 0..0

h/d= 13.40
71
32.0
9400
1.197
of salt concentrall on*100.0

sup/drv results at minimum mean square Indicator

effective eddy dlffuslvlty E*1 = 0.100
swirl wvelocity ratio C! = 0. 284
min. mean square indicator = 9 .41

dimensionless ratios of salt concentratIon*100

t.o 0.2 0.1 0.5 2.2 6.0 5.7
0.3 0 0.2 1 3.9 6.7
o 3.7
o}
0 0.0 0.2 1.2 3.7 57 N
~J
0.4 0.0 0 0.6 2.3 4.8 3.0
0.0 0 0.6 2.0 3.4
0.2 0.0 0.2 I 2.5 >
0.0 0.2 0.7 1.5
0 0 0.3 0.8 0.6
0.1 0.0 O. 0.2 0.2



37 pin

p/d=

1.154

Inj. subchannel
Inj. depth (In)

bundle reynolds no.

mass balance ratio

dimensionless ratios of salt concentrall on*100.0

h/d=
71
32.0
12200
1.620

13.40

6.7
6.4

.8

L7
2.3
2.2

.1

1.0
1.4
3 .8

.1

.0
0.0

sup/drv results at minimum mean square Indicator
effective eddy dlffuslvlty E*1 = 0.110

swirl wvelocity ratio 01
min. mean square Indicator
dimensionless ratios of salt

= 0.289
= 9.43

concentratIon*100.0:

8¢d



37 pin p/d= 1.154 h/d= 13.40

inj. subchannel = 71
inj. depth (in) = 32.0
bundle reynolds no.= 14800
mass balance ratio = 1.402

dimensionless ratios of salt concentratIon*100.0

sup/drv results at minimum mean square indicator

effective eddy diffuslvity E*1 = 0.110
swirl velocity ratio Cl * 0.285
min. mean square indicator = 8.96

dimensionless ratios of salt concentration*100.0O:

1.3 0.2 o 0..5 2 3 5.7 5.0
0.4 0.1 0.2 [ 3.8 6. 1
0 3
0O 2 0.1 o 2 1.2 3.6 5.2
0.5 (O 0.1 0.6 2.2 4.4 2.7
(O o 1 0.6 1.9 3
0.2 0..0 0.2 0 2..4 (j
o o 0.2 o 1 1.4
0. 1 o 1 0.3 0o 8 O 6
o | o o 0. 1 0..2 0.3

6c¢d



37 pin p/d= 1.154 h/d= 13.40

inj. subchannel = 71 sup/drv results at minimum mean square Indicator
inj. depth (in) = 32.0 effective eddy diffuslvity E*1 = 0.110
bundle reynolds no.= 18600 swirl wvelocity ratio Cl = 0.291
mass balance ratio = 1.502 min. mean square indicator = 9.22
dimensionless ratios of salt concentration*100.0 dimensionless ratios of salt concentratlon*100.0:
7.9 6.7 7.3 6.7 [SHN 5.3 5.8 7 2 8.2 8.1
3.7 1.3 1.3 7.1 5.7 3.7 2.5 3 6 5.6 7.7
2.1 1.9 2 1 g 1.8 1.8 3.2 6.1
0 0.2 Qo 0.9 6.4 5.4 2.4 0.7 0.7 1.8 4.9 6.5
1.2 0.3 0.4 2.0 5.3 o 8 0.3 o 8 2.7 6.1
O} 0.0 0.8 1.9 2.0 7.4 1.4 0.3 o. 1 o 6 2.3 5.64.8
0.2 0.2 0.0 0.2 3.1 5.4 0.4 0.1 0.2 1.1 3.8 6.0
0.0 3.6 1 3.1
0.6 0.2 0.2 1.3 3.2 6.1 0.2 0.1 0.2 1.2 3.5 5.0
0.4 0.0 0.0 0.0 1.2 6.9 3.0 0 0 0.6 2.2 4.3 2
02 0.2 0.9 4.0 3.5 0.1 0 0.6 1.9 3
0 ow 04 1.7 5.6 0..0 0.2 0 20 =
02 06 21 3.2 b..0 0.2 0.7 1.4
00 02 06 25 05 0.. 0.1 0.3 0.8 0.6

0.0 0.0 o0.6 1.5 1.0 0.1 0.1 0.1 0.2 0.2

0ed



37 pin p/d= 1.154 h/d= 13.40

in), subchannel = 71 sup/drv results at minimum mean square indicator
Inj. depth (In) = 32.0 effective eddy diffuslvity E*1 = 0.110
bundle reynolds no.= 22100 swirl wvelocity ratio Cl = 0.291
mass balance ratio = 1.222 min. mean square indicator = 9.29
dimensionless ratios of salt concentration*100J dimensionless ratios of salt concentration*100.0:
7.6 7.8 6.8 7.4 8.0 5.3 58 7.2 8 8 8
3.6 1.1 1.5 6.2 6.2 3.7 2.5 3.6 5.6 7.7
1.7 3 0.9 5.8 1.8 1.8 3.2 6.1
1.6 1.0 0.2 3.2 7.4 4.4 2.4 0.7 0.7 1.8 4.9 6.5
0.0 0.5 0.8 3.0 6.6 o 8§ 0.3 o 8 2.7 6
0.5 0.0 0.2 0.2 3.3 5.8 3.6 1.4 0.3 0.1 0.6 2.3 5.6
0.0 0.4 [OlNe) 0.9 3.0 5.8 0.4 0.1 0.2 1.1 3.8 6.0
0.5 3.0 l 3.1
0.0 0.0 0.6 9 3.4 6.0 0.2 0.1 0.2 1.2 3.5 5.0
0.0 0.0 0.0 0.3 1.7 7.5 2.5 0.6 0 0.1 0.6 2.2 4.3
0.0 0.4 1.3 4.3 4.1 0 0.1 0.6 1.9 3
7 4.5 (H)
0.0 0.0 0.0 0.3 . O 0.2 1.0 2.3
0.0 o.9 8 5.0 0.0 0.2 0.7 1.4
0.0 0.0 0.7 1.9 0.6 O 1 O. 1 0.3 o § 0.6

Ted



37 pin p/d= 1.154 h/d= 13.40
sup/drv results at minimum mean square indicator

InJ. subchannel = 71

Inj. depth (In) * 32.0 effective eddy diffusivity E*1 = 0.110

bundle reynolds no.= 26000 swirl wvelocity ratio Cl = 0.305

mass balance ratio = 1.310 min. mean square indicator = 9.53

dimensionless ratios of salt concentration=100.0 dimensionless ratios of salt concentration*100.0
9.6 7.5 6.9 6.3 57 57 6.1 7.4 8.1 7.7

2.0 2.1 2.4 52 20 2.0 3.3 6.1
2.3 0.5 0.0 1.4 5. 1 52 2.7 0.8 0.8 1.9 4.8 6.0
oo 0.2 1.2 2.6 6.0 0.9 0.4 0.8 2.7 5.9
0.4 0.0 0.0 0.2 3.1 6.8 41 1.7 0.3 0.2 0.6 2.3 54 4.4
0.0 0.2 0.0 2.8 0.5 O 1 0.2 1.1 3.7 5.6
0.4 3.6 1.4 2.8
0.0 0.2 2.1 2.6 0.3 O 1 0.2 1.2 3.4 4.8
f 04 0.0 1.2 0.8 0.1 0.1 0.6 2.1 4.1 2.3
) 02 0.8 3.1 O. 1 0.1 0.5 1.8 2.9
0.0 0.0 3.0 4.6 @ 0.4 O 1 0.2 1.0 2.2
0.2 1.2 2.7 3.7 o 1 0.2 0.7 1.3
0.9 0.0 1.1 1.7 10 0.2 0.1 0.3 0.7 0.5

0.0 0.0 1.4 0.4 0.7 O. 1 0.1 0.1 0.2 0.2

ced
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APPENDIX E

ERROR ANALYSIS OF MIXING PARAMETERS RESULTS

E.1 Overview

The final objective of this appendix is to estimate the
error associated with the results of mixing parameters. The
error analysis of the salt mixing experiments has been dis-
cussed in detail in Chapter 5 of Reference 12. However, some
modification and correction were invoked after careful investi-
gation.

The total error inherent in the determination of the
mixing parameter s*L and ClL is comprised of three parts:
1) the error involved in obtaining the dimensionless salt
concentration, Cf£; 2) the error involved in the code calibra-
tion; and 3) the error involved by using this reduced value

as the sodium heat mixing parameter.
E.2 Error Involved in (jf: Experimental Error

The dimensionless salt concentration is defined by

C.. (E.1)

— | ot mcC. + £ mvcv |
mo Jj=interior . k=edge

where
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nij , = interior and edge subchannel flow rates

m = injection subchannel flow rate

iru for interior injection

for edge injection

c., C., C. = detected subchannel salt concentrations

For interior injection, since almost all the salt tracer is
confined in the interior region at the bundle exit level, Ct

can be expressed as

C.i
* E. 2
cx . . (E. 2)
j=interior 3
Therefore,
5Cx*
_l
C,
i
the error associated with C|, is caused by the uncertainty in

determining Ch only.

For edge injection, approximately half the amount of in-

jected salt diffused into the central region, then since

EC. = EC,
- 3 \Y% k
C..
C* .
* m. X1
—1 €. + E C, —= E C., + £ C
3 >k x2 j 3 k 'k
(E. 3)
X1

(1 + 5T) Z Cn
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Therefore,
)
2
o EEX + 2 Scl + #rJ (E. 4)
= C. C
. * 1+ L
¢
since in general
X.
Eqg. (E.4) shows that the error associated with _E will
X
induce error in C?2. However, since Eq. (E.3) shows that this

error influences all the C; in the same direction, it is

systematic in nature.

E.2.1 Error Caused_ by Misdetermination_of C,
The error associated with C” is caused by two oarts:
the fluctuation in the data and the spatial nonuniformity of
subchannel concentration. Both of these are random errors
and should be combined in a statistical manner.
The standard deviation of the probe resistance after com-
bining calibration and mixing data was estimated to be 12.
The nominal value of the difference between the calibration
correction and mixing data, which were used to reduce to salt
concentration, was about 100 for most subchannels that is
important in this experiment. Therefore, the error associated
with Ch is 12/100 = 12%. Note that in Reference 12, the mean
probe resistance of 1200 was used as the nominal wvalue which
is now not considered to be correct.

The nonuniformity of subchannel concentration would cause

at most 5% error when the detected wvalue was used as the real
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average value [12] . The total error involved in determining
Ci 1is then /(5)2+(12)" = 13%.

To investigate how this error affected the reduced mixing
parameters, the prediction maps by DRV with different mixing
parameters input, e.g., map A calculated by e* = 0.10 and map
B calculated by e* = 0.11, were compared. It was found that
the percentage difference of the dimensionless concentration
in most subchannels between these two maps were about the
same as the percentage difference of the mixing parameters
input, i.e., the difference in most subchannels between map A
and map B is about 10%. The random nature of these experi-
mental errors in different subchannels would mitigate their
effect in reducing mixing parameters. So we can conserva-
tively assume the error of mixing parameters in this part to

be the same as the error associated with salt concentration,

E.2.2 Error Caused by Misdetermination of Flow Split
Parameters

As discussed in the beginning of this section, only in
the edge injection case would the be affected by this flow
split parameters misdetermination. The error associated with

are 5% in the turbulent flow regime and 10% in the transi-

tion/laminar flow regime, as described in Section 3.1. By
Eqg. (E.4), this v/ould give 5% and 10% error in C|, respectively.

Reference 12 had studied this kind of systematic error.

The conclusion is about half the percentage error was induced
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in reducing them to mixing parameters. Hence, 3% and 5%
error were imposed on C”L by this misdetermination, respec-

tively.

E.3 Error Involved in the Code Calibration

The maldistribution of the concentration map caused by
the injection flow disturbance and the strong local sweeping
flow near the injection position will introduce uncertainty
in the determination of e* and as reduced bv the DRV

-LIg -L1s

code

E.3.1 Interior Injection Case:

In this case, all except the two lowest flow rate runs
showed the peak concentration in subchannel 2 instead of
subchannel 1. This implied that the maldistribution was
caused by the strong local sweeping flow at the injection
position rather than the injection disturbance. To investi-
gate this effect, DRV was run with the same sets of data with
injection subchannel set to be 2. Table E.l1 shows the com-
parison of the induced e* and the minimum mean square indi-
cator between injection subchannels set to be 2 and 1.
Appendix F illustrates detail concentration maps predicted
by DRV with the injection subchannel set to be 2 together
with the experimental dimensionless map for all 16 runs of
interior injection.

Table E.l1 shows the differences between these two results

are about 10%. The real wvalue should be between these two
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results; hence, we conclude the error caused by maldistribu-

tion is about 5%.

E.3.2 Edge Injection Case:

In contrast to the e%ﬂ case, since the strong swirl flow
is a characteristic of the edge region, the injection dis-
turbance was expected to be dominant in this case. Since the
injection flow was in the same direction as the swirl flow
direction, it would increase the swirl effect, thereby in-
creasing the reduced value of C. . Reference 17 studied this
effect, and the total error was believed to be less than 5%.

Note that in our work the injection depth was 32" longer
than all the previous similiar works. The longer the injec-
tion depth, the less the data reduction error because the
disturbance effect is mitigated. Hov/ever, the injection
depth should not be too long; otherwise, too flat salt con-
centration distrubution might cause large uncertainty in

data reduction. The 32" length of our choice here is believed

to be near optimum.

E.4 Error Involved by Methodology

In the LMFBR, sodium instead of water is used as a
coolant, and heat mixing instead of salt tracer mixing occurs,
Chapter 2 of Reference 12 had derived and discussed the
validity of the mixing parameters reduced by this method.
The conclusion was that e*L obtained from this salt injection

method can be taken as sodium's heat mixing parameter within
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Since swirl flow is not a property of the specific
coolant, the value of C”L derived from salt tracer experi-
ments 1is directly applicable to heated sodium assemblies.

Note that all the errors that have been discussed are
associated with the local mixing parameters e*L and
rather than s* and C”. This is because DRV calibrates e*L
and C"L, although its outputs are and C”. To make this
point clear, let's investigate the subchannel energy equa-
tions used in the SUPERENERGY code.

For interior subchannel.

PV1A1CP = (P-D) (pCpe + Kk)VT + 01Al (E.5)
For edge subchannel,
PV2A2Cp ar = (pCpt + Kk) [(P-D)VT + DgVT]

+ PCpVTDg (Tj-Ti) + 02A2 (E.6)

In DRV, r- is replaced by a which is very small compared
P
to e, and can be neglected here. The heat source is =zero in

salt injection simulation, hence 0% = 0. Reaarranging these

equations and substituting the e* and Cg by their definitions,

e/Vj*Dej” and ' resPectivelY/ Equations (E.5) and (E.6)

become
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dr (p—D) pei gi
dz A, x, VT (E.7c>)
IP-D) De.
e*1llL VT (E.7b)
and
. De D ]
dT i 721 UP-D)VT + DgVT] + ~  (Tj§-T.)
_ (E.8a)
dz
X De
5 -~ Y-~ [ (P-D) VT + D VT] + C -~ (T -T ) (E.Sb)
1L 2§ Q st /a J o
2
To reduce one parameter (e* or C%) , the other ..parameter
(C* or e*), the flow split parameters (X* and X") and dimen-
sionless salt concentrations are input to DRV. The best fit

mixing parameter (e* or C%) will be output, and it is divided

by the flow split parameter (X or X2) to get the local para-

meter or C-j*) . It is apparent from Equations (E.7) and
%

(E.8) that actually the local parameter (£f% or C, | 1is cali-

brated; the code just separates them into the forms an<3

cl/x2,
The total error for and C”L are then
for e*L.: 13% (experimental) + 5% (maldistribution)

+ 5% (methodology) = 23%
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sor C 13% (experimental) + 5% (maldistribution)

iI,’
(flow split maldetermination
for Rab < 6,000) = 23%

(flov/ split maldetermination,
for Re, > 6,000) = 21%

Since e* and C. are calculated by e* and C,T*X

respectively, the additional error caused by flow split para-

meters misdetermination must be added to e* and C», i.e., 5

o©

for Re, > 6,000 and 10% for Re, < 6,000. However, the errors

associated with the flow split parameters were random in
nature.

Hence, they should be combined into the total error

determination statistically.

Re, < 6,000 c1x /2324102 = 25%
c1 /232+102 25%
Re, > 6,000 fE /232452 245
c /211457 225

Table E.2 summarizes these error estimates.
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Table E.1

Comparison Between Injection Subchannels 1 and 2

Injection Subchannel Injection Subchannel

* 2 £1,2”
Ren, MST et MST 1,2 21
220 11.92 0.049 16.26 0.067 373
430 8.19 0.058 10.99 0.074 -28%
860 5.64 0.058 7.28 0.065 12
1,500 5.63 0.071 5.25 0.072 -1
2,200 5.23 0.082 1.74 0.081
3,200 5.54 0.085 1.41 0.082
4,300 5.27 0.095 3.97 0.090
5,400 5.88 0.087 1.72 0.084
6,500 5.93 0.094 3.97 0.087
9,400 5.89 0.095 1.07 0.089
12,200 6.13 0.107 1.72 0.099
14,800 5.71 0.109 1.08 0.101
18,600 6.39 0.115 1.33 0.102 1
22,100 6.44 0.111 3.92 0.101
26,000 6.28 0.114 4.17 0.099 1
29,600 6.44 0.108 4.45 0.099



Cause
Data
fluctuation
£*1L 12%
ClL 12%

Table E.2

Summarization of Errors Associated

6c*/c*
it i

syc—

Non-
uni formity

o1
o

o1
oe

Total

13%

Maldis-
4 (X1/X2) tribution
2
— 5%
5%
(Re<6,000) .
(Re>6,000)

v;ith Mixing Parameters

Method- Total
ology
5% 23% £
23%
o (Re<6,000)
21% cl
(Re>6,000)

Error
in X

and

10%
(Re<6,000)
5%
(Re>6,000)
10%
(Re<6,000)
5%
(Re>6,000)

Total

SRR
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APPENDIX F

EXPERIMENTAL DIMENSIONLESS SALT CONCENTRATION MAPS
AND DRV PREDICTED MAPS AT MINIMUM MEAN SQUARE INDICATOR
WITH INJECTION SUBCHANNEL SET TO 2



37 pin p/d= 1. 18"l h/d= 13.-10

in), subchnnnel * 1
Inj. depth (In) = 32.0
bundle reynolds no.= 220
moss balance ratio = 1.702

dimensionless ratios of salt concentratIon*100.0

0.1 0.0 0.7 13.6 2.2 0.0
0.0 0.1 2.7 5.3 3.7 2.3
0.0 0.1

0.0 0.2 0.-1 6.4 4.2 0.5

0.0 0.0 2.1 5.7 2 © o

0 O 0..0 0. 1 o. 1 0.4
0.0 0.0 0. 1 0.5 0.9 0.2

0.0 o i o 1 0.2
0..0 o 0 0.0 0.1 0.0

sup/drv results at minimum mean square Indicator

effective eddy diffusivity E*1 = 0.067
swirl wvelocity ratio Cl = 0.100
min. mean square Indicator = 16.26

dimensionless ratios of salt concentratIon*100.0

0.1 1.0 3s 13 38 1.0 O
0.4 2 i 53 53 21 0.4
o. 1 0.0
o3 1.5 38 38 1.5 0.3
0.1 0.6 2 1 32 2 06 0
o3 1.0 1.6 1.0 03
o. 1 04 09 09 04 00
o. 1 03 03 o1
o0 Ot 02 O 0.0

0.0 0.0 o0 0.0 o0

W



37 pin p/d= i.i5-1  h/d= 13.40
sup/drv results at minimum mean square indicator'

inj. subchannel = t

InJ. depth (In) = 32.0 effective eddy diffusivity E*1 = 0.074
hiindie reynolds no.* 430 swirl wvelocity ratio C1l = 0.100
mass balance ratio = 1.805 min. mean square indicator = 10.99

dimensionless ratios of salt concentration*100.0 dimensionless ratios of salt concentration*100.0

0.2 0.4 0.4 1.8 0.3 0.2 1.0 .5 1.0 0.2
Q.0 1.3 1.7 0.4 0.9 2 2. 0.9
o o 0.4 1.4 6.7 6.4 0.3 0 2 1.6 3.6 3.6 6 0..2
0.2 1.0 4.0 5.4 3.8 0.9 3 4 8 3 0..9
62
0.2 0.0 (6"2) 7.0 1.7 1 1.1 3..6 36 1.1 0
0.1 0.4 3.2 7.7 3.5 1.7 os =2 4.8 4.8 2 0.4
0.9 0.0
0.3 1.6 3.6 3.6 1.6 0.3
0.3 0.9 1.3 4.4 2.1 1.0
1 0.7 2.1 3.1 2 0.7 0
0.0 0.2 Q. 1.9 4.5 2.4 0.3
0. 3 1. 6 0.3
o o 0.3 os 0.7 0.6
O 1! 0 5 0.9 0.9 0.5 0.1



37 pin p/d- 1.154 h/d= 13.40
Inj. b5iibchannel = 2
Inj. depth (In) = 32.0
bundle reynolds no.= 860
mass balance ratio - 1.348

sup/drv results at minimum mean square Indicator

effective eddy diffusivity E*1 = 0.065
swirl velocity ratio Cl = 0.100
min. mean square Indicator = 7.28

dimensionless ratios of salt concentratIon*100.0

0 0.2 2.2 4.9 2.2 0.2
0.7 8 3.4 3.9 1.2
7~
2.0 0.5 3.0 6.4 1.8

dimensionless ratios of salt

concentratIon*100.0



31 pin p/d= 1.154 nh/d= 13.40

Inj. subchannel = 1
Inj. depth (In) *32.0
bundle reynolds no.* 1500
mass balance ratio = 1.393

dimensionless ratios of salt concentratIon*100.,0

sup/drv results at minimum mean square Indicator

effective eddy diffusivity E*1 = 0.072
swirl velocity ratio C1l = 0.100
min. mean square Indicator = 5.25

dimensionless ratios of salt concentratIon*100.0



37 pin p/d= i.154 h/da- 13.40

Inj. subchannel = y sup/drv results at minimum mean square Indicator

Inj. depth (In) = 32.0 effective eddy diffusivity E*1 = 0.081
bundle reynolds no.= 2200 swirl velocity ratio Cl = 0.200
min. mean square Indicator = 4.74

mass balance ratio = 1.151

dimensionless ratios of salt concentratIon*100.0 dlimens.lonless ratios of salt concentrat Ion* 100.0

0.0 0.1 0.0 0.0 0.1
0.6 0.4 1.2 1.3 0.1 0.3 1.1 1.5 1.0 0.2
0.8 1.0 1.7 11 0.9 2.0 2.0 0.9
0.4 0.8 2.8 4.0 1.4 0.2 1 1.6 3.4 3.4 1.6 i
0.4 2.3 4.0 4.5 19 0.9 2.9 4.4 2.9 0.9
0.2 0.4 3. 4.0 0.6 0.4 [ 3.4 fe.o 3.4 11
0. 1 2.0 ) 3.7 2.9 0.7 0.5 2.1 4.4 4.4 2.1 0.5
[¢) 0 0.2 0. 1
1.0 2.5 3.1 3.7 1.4 0.7 0.4 1.6 3.4 3.4 1.6 0.4
0.0 0.7 1.4 5.1 30 0.5 0.2 o 0.7 2 3.0 2.1 0.7
o 0 1,1 1,0 1.1 o. 2 0.4 1.2 1.6 1.1 0.4
0.3 0.4 1.2 1.0 0.8 0.3 0.1 =8 1.0 1.0 0.5 0

o0 0.0 O. 3 0.1 O. 1



37 pin p/d= 1.154 h/d= 13.40
Inj. subchannel '1

sup/drv results at minimum mean square Indicator

bi&j(‘jl:eig;no(fg; no.; g;(')g effective eddy diffusivity E*1 = 0.082
mass balance ratio = 1.360 s‘.ﬂrl veloclty rath'C1 - 0,200
i min. mean square Indicator = 4.41
dimensionless ratios of salt concentratlon*100.0 dimensionless ratios of salt concentratIon*100.0
0.0 0.2 0.2 0.2 O.1 0.3 0.4 0. 4 0.3 0.2
0.2 0.6 6 1.4 0.2 0.3 11 1.5 0 0.2
0.5 1.1 9 0.7 0..9 20 2.0 0.9
0.2 1.3 2.8 3.9 5 0 3 0.3 3 3.3 3,3 1.6 0.2
0.3 2.6 3 4.6 8 0.9 2.9 3 2.9 0.9
o a 0.8 3.8 3.6 0.8 0.2 0.2 3.4 3.4 1.1 0
o 1.9 4.5 3.7 2.k 1.0 0.5 2.1 4.4 4.4 2 o
o 0 0.2 0.1
o. 3 2.1 3 2 3.5 1.4 0.1 (_i%[
Qs 0.8 8 5 21 0.9 0.2 0.7 2 2.9 2 0.7 0.1
0 1.0 0.9 0. 2 0.4 1.2 1.6 1.2 0.4
ool 0.6 1.5 1.1 0.7 0.1l 0. 0.5 1.0 1.0 0.5 0.1
0.3 0.5 0.0 0.0 0.2 0.4 0.4 0.2
0.2 0.4 0.4 0.4 0.0 0.1 0.2 0.2 0.2 0.0



37 [tin p/d= t.154 h/d= 13.40

In), subchannel * 1 sup/drv results at minimum mean square Indicator
In) depth (In) = 32.0 effective eddy diffusivity E*1 = 0.090
bundle reynolds no.= 4300 swirl wvelocity rat lo Cl = 0. 200
mass balance ratio = 1.126 min. mean square Indicator = 3.97
dimensionless ratios of salt concentratI on*100.0: dimensionless ratios of salt concentratIon*100
O i Qg Q.2 0.3 0.3 0.4 0.5 0.4 0.3 0.3
a. o 0.7 1.9 1.8 0.4 0.4 1 1.5 1 0.3
0.2 1.5 2.5 0.9 0 2.0 2.0 0.9
0.0 1.4 3.1 3.9 1.5 0.6 0.4 1.6 3.3 3.3 1.6 0.2
0.5 2.7 3.9 4.4 1.4 1.0 2.9 2 2.9 0.9
0.3 12 3.5 T 35 1.0 0.2 0:3 1.2 3.3 J) 3.3 1.1 0.1
0.! 1.9 4.0 1 3.0 1.1 0.6 2.1 4.2 4.2 2.1 0.5
0.1 0.1 0.2 0
0.4 2.7 2.7 3.3 1.2 0.3 0.4 6 3.3 33 1.6 0.4
[s o] 0.3 1.4 4.3 2.2 1.0 0.2 0.8 2.1 2.9 2 0..8 0.1
Qg 1.2 0.9 1.0 0.2 0.4 1.2 1.6 1.2 0.4
0. 1 0.6 1.3 1.5 0.9 0.0 0.1 0.6 0 1.0 0.5 0



37 pin p/d- I.IB-I

Inj. subchannel =
Inj. depth (In) =
bundle reynolds no.
mass balance ratio =
dimensionless ratios

h/d= 13.40
1
32.0
5400
1.307
of salt concentratIon*100.0

8 1.6 0.2
2.3 0.8
9 4.2 5 0
0 4.3 2
4.0 1.0

sup/drv results at minimum mean square Indicator

effective eddy diffusivity E*1 = 0.084
swirl velocity ratio C1l = 0.200
min. mean square Indicator = 4.72

dimensionless ratios of salt concentratIon*100.0

hi
to



37 pin p/d= I.154 h/d=

Inj. snbchannel = 1
Inj. doplh (In) - 32.0
bundle reynolds no.= 6500
mass balance ratio = 1.444

dimensionless ratios of salt concentratIon*100.0

13.<10

sup/drv results at minimum mean square Indicator

effective eddy diffusivity E*1
swirl velocity ratio 01
min. mean square Indicator

= 0.087
= 0.200
= 3.97

dimensionless ratios of salt concentration*100.0

0Td



37 pin p/d- 1.154 h/d

Inj. subchannel
Inj. depth (In)
bundle reynolds no.
mass balance ratio

*

.
32.0

9400
1.584

13.40

sup/drv results at minimum mean square Indicator

effective eddy diffusivity E*1
swirl velocity ratio C1l
min. mean square Indicator

0.089
0.200
4.07

dimensionless ratios of salt cbncentratIon*100.0:

0.9 2.7 4.4 3.7 1.2
(5~6)

0.0 0.0
0.1 2.9 4.0 3.6 1 0.5
0 0.2 2.4 4.6 2.6 1.2
0.3 1 0.9 0.2
0 0.2 1.6 1.3 0.9 0.0
0.3 0.2 0 0.0

dimensionless ratios of salt concentratIon*100.0

0.4 0.4 0.4 0.3 0.2
0.4 1.1 1.5 1.0 0.2
0.9 2 2 .9
0.3 1.6 3.6 3.6 6 0.2
0.9 3.1 4.8 3.0 0.9
R 0.1
0.5 2.1 4.8 4.8 1 0.4
0.2 0.
0.7 2. 3.1 2 0.7 0.1
0.4 1. 1.6 1 0.3
0.1 0.5 0.9 0.9 .5 0
0.2 0.4 0 4 .2
0.1 0.2 0.2 0.2 0.0
0.1 0.0 0.0 0.0 0.0

T4



37 pin p/d= 1.154 h/d- 13.40

In), subchannel = 1 sup/drv results at minimum mean square Indicator
In j. depth (In) = 32.0 effective eddy diffusivity E*1 = 0.099
bundle reynolds no.= 12200 swirl velocity ratio Cl = 0.200
mass balance ratio = 1.566 min. mean square Indicator = 4.72
dimensionless ratios of salt concentratIon*100.0 dimensionless ratios of salt concentrat Ion*100.0
0.- 0.4 o8 0.7 0.6 0.5 0.5 0.5 0.4 0.3
0.1 =g 2.9 1.6 0.4 0.4 L1 l.s L1 0.3
0.2 1.3 2.1 2.4 L0 2.1 2.0 o.9
0.1 .o 3.7 4.2 0.9 O 0.4 6 3.4 3.4 L. 02
1.0 R 8 4.4 4.1 1.2 0 3.0 4.4 3.0 0.9
0.2 1.2 3.6 (5 l.s 0.3 3. 4 O 3. 4 .1 o.1
0.2 1.2 3.6 4.0 2.9 0.8 0.5 2.1 4 .5 4.5 2 0.5
0.4 0.2 0.3 0.1
0.2 29 3.2 3.3 L1 0.5 0.4 .6 3.4 3.4 .6 04
0.3 Lo 4.2 2.3 .1 0.1 0.2 07 21 3.0 2.1 0.7 0.1
0.2 10 0.3 0.9 0.2 0.4 t. 0 Il o.4
02 02 13 o.8 08 00 02 0s 1.0 1.0 0s O
0 03 04 01 0.2 0.4 04 0.2
0.0 03 03 o ! 0 0l 02 02 02 01

06 o.0 01 00 00 ot ol ob 0> 00

¢T4d



37 pin p/d= 1.154 h/d=

inj. subchannel [ 3 1
inj. depth (in) = 32.0
bundle reynolds no.= 14800
mass balance ratio * 1.672

dimensionless ratios of salt concentratIon*100.0

13.40

sup/drv results at minimum mean square

effective eddy diffusivity E*1
swirl wvelocity ratio C1l
min. mean square Indicator

0.101
0.200
4.08

indicator

dimensionless ratios of salt concentration*100.0

0.5 2.1 4.5 4.5
0.3
0.4 1.6 3..4 3.4
0.2 0.7 2.t 3.0 2
0.4 1 1.6
0.2 0.5 0 1.0

eTd



37 pin p/d- 1.154 h/d- 13.40

Inj. subchannel b | 1 L .
. h (In) _ 32.0 sup/drv results at minimum mean square Indicator
Inj. dept - . effective eddy dlffuslvlty E*1 = 0.102
bundle reynolds no.= 18G00 swirl velocity ratio Cl = 0.200
mass balance ratio = 1.583 N min. mean square Indicator = 4.33
dimensionless ratios of salt concentratIon*100.0 dimensionless ratios of salt concentratTIon*100.0
0.4 0.7 0.6 0.6 0.5 0.5 0.5 0.5 0.4 0.3
0.2 0.7 2.5 1.8 0.3 0.5 1.1 1.5 1 0.3
0.7 1.5 2.3 1.9 1.0 2.1 2.0 0.9
0 1.5 3.7 4.6 0.9 0 0.4 1.6 3.4 3.4 1.6 0.2
3.0 5.2 3.9 1.4 1.0 3.0 4.4 2.9 0.9
0.0 3 3.7 o)
4.0 1.7 0.1 0.3 1.2 3.2 (W) 54 1
05 1.7 3.6 3.2 3.0 0.6 0.6 2.1 4.4 4.4 2.1 0.5
0.3 0.0 0.3 0.1
0.9 2.5 3.2 3.1 0.9 0.3 0.4 1.6 3.4 3.4 1.6 0.4
0 0.3 2.0 3.8 1.9 0.9 o 8 2 3.0 2 0.7 o
0.4 0.9 0.7 0.8 0.2 0.4 1.2 1.6 1 0.4
0.2 0.3 1.4 1.2 0.7 0.2 0.2 0.5 1.0 1.0 0.5 0.1
0.2 0.4 0.2 0.0 0.2 0.4 0.4 0.2
0 0.8 0.1 0.0 0.0 0.1 0.2 0.2 0.2 0.1

714



37 ptn p/d= 1.154
Inj. subchannel
Inj. depth (In)

bundle reynolds no.
mass balance ratio

h/d=

o
S

32.0
22100
1.423

13.40

sup/drv results at minimum mean square Indicator

effective eddy diffusivity E*1
swirl velocity ratio 01
min. mean square indicator

0.099
0.200
4.17

dimensionless ratios of salt concentratIon*100.0

dimensionless ratios of salt concentration*100.0

0.1 0.8 2.8 1.4 0.2
Q. y 1.3 2.3 1.7
0.3 1.3 3.8 4.2 1.0 0.0
1.0 3 4.4 4.0 1.5
o] 1.3 4.2 (e7e) 3.7 1.3
0.4 1.6 3.6 3.9 2.8 0.7
1
0.5 2.7 4 3.2 0..9 0.1
Q0 0 2 4.0 2.2 0..9 0.0
0. 6 3 0.9 0.7 0.0
0.0 0.3 1.5 1.2 0.5 0

0.5 0.5 0.5 0.4 0.3
0.4 1. 1.5 1 0.3
0 2.1 2 .9
0.4 1.6 3.5 3.5 6 0.2
1.0 3.0 4.5 3.0 0.9
3.5 1.1 0.1
0.5 2.1 4.5 4.5 2. 0.5
0.3 0.1
=
0.4 1.6 3.5 3.5 1. 0.4 t‘ﬂ
0.7 2 3.0 2.1 0.7 o.1
0.4 1.6 1 0.4
0.2 0.5 1.0 1.0 0.5 0.1
0.2 0.4 0.4 0.2
0.1 0.2 0.2 0.2 0.1
0.1 0.1 0.1 0.1 0.0



37 pIn p/d= 1.154 h/d= 13.40
sup/drv results at minimum mean square Indicator

Inj. subchonnel = X X

In|. depth (In) * 32.0 effective eddy dlffuslvlty E*1 = 0.101
pundle reynolds no.= 26000 swirl velocity ratio Cl = 0.200
mess balance ratio = 1.415 min. mean square Indicator = 3.92

1 1 1 *
dimensionless ratios of salt concentratIon*100.0 dimensionless ratios of salt concentratIon*100.0

9T4



37 pin p/d- 1.154
Inj subchannel
In), depth (In)
bundle reynolds no.
mass balance ratio =
dimensionless ratios

ol

h/d= 13.40
1
32.0
29600
1.430
of salt concentratlon»100.0

sup/drv results at minimum mean square Indicator

effective eddy dlffuslvlty E*1 = 0.099
swirl velocity ratio Cl = 0.200
min. mean square Indicator = 4.45

dimensionless ratios of salt concentratlon*100.0

LT4d



