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ABSTRACT

Extensive subchannel test data have been taken in an electrically heated nine-rod bundle
under conditions typical of BWR operating conditions. Uniform and peaked local (radial)
power distributions were run in order to determine the effect of the rod-peaking pattern
on subchannel conditions. Analysis of the isokinetic and non-isokinetic subchannel data
indicate that: (1) variation of flow and enthalpy within a rod bundle is quite pronounced;
(2) current ventilated-subchannel codes, such as COBRA, do not accurately predict the
trends in the data for two-phase conditions, (3) The crossflow enthalpy transferred during
flow diversion is, in general, greater than the enthalpy of the donor subchannel and
appears to be a strong function of flow regime, {4) The present data agree in general with
previous adiabatic and diabatic subchannel data.

In addition to subchannel data, pressure-drop measurements were made for single-phase
and two-phase conditions. Analysis indicates that the single-phase friction factor is higher
than the friction factor for a smooth tube and that the classical Martinelli-Nelson,
two-phase friction multiplier ¢ L 02 correlates the data quite well.

1. INTRODUCTION

to achieve improvement in the

studied. Results for both uniformly heated and

thermal-hydraulic characteristics of nuclear reactor cores, it
is necessary to gain a better understanding of the coolant
flow and enthalpy distribution in the complex geometries
found there. [n many reactors, a liquid coolant is employed
to remove heat from the reactor core. The coolant exits
from the coolant channel as a two-phase mixture of liquid
and vapor. Knowing the flow rate of coolant in different
parts of the channel and the manner in which the two
phases are distributed around the channel provides a more
realistic localized basis for the evaluation of thermal
performance parameters, such as the critical heat flux
(CHF).

The primary purpose of this investigation was to
obtain the mass flux and enthalpy distribution in a
simulated rod-bundle geometry for a nuclear reactor. Test
conditions typical of operating BWR conditions have been

radially-peaked nine-rod arrays are reported.

Detailed pressure-drop measurements have also been
taken in the subchannel under both single-phase and
two-phase exit conditions, since this information is of great
value both for the designer and in the analysis and
prediction of the detailed flow distribution.

At the time these tests were planned, no data of this
nature had been reported. Since then, some results of
subchannel sampling in slightly different geometries have
appeared in the literature. Comparisons have been made
with these data as well as theoretical predictions. It is
significant that this report gives the only data yet published
for true multirod geometries in which all the representative
subchanneis have been sampled. Hence it is the only
multirod data that can be checked for validity from the
point of view of conservation of mass and energy.

2. DESCRIPTION OF NINE-ROD TEST SECTION

The test section described here was built specially for
subchannel and flow-structure measurements. The salient
geometrica! features are:

Number of Rods 9

Rod Diameter 0570 inch
Radius of Channel Corner 0.400 inch
Rod-Rod Clearance 0.168 inch
Rod-Wall Clearance 0.135 inch
Hydraulic Diameter 0.474 inch

72 inches

Heated Length

The rods are of a new type developed by General
Electric. Each rod is clad with a nickel tube, insulated from
the electrical heater element so that the exterior of the rod
is at ground potential thereby eliminating any shorting
problems. The rods pass out the bottom end of the test
section through watercooled O-ring glands, permitting
differential expansion and access to electrical power leads.
The power supplied is three-phase a-c power.

Tests were run with all nine rods heated. The local
(radial} peaking was either uniform or a peaking pattern
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typical of BWR conditions. The peaking of the rods was
accomplished with peaking transformers rather than using
different cal-rods.

A sectional view of the test section is shown in
Figure 1. Subcooled water enters the channel at the
bottom. A mixture of steam and water, generally at a bulk
flow quality greater than zero, leaves the channel at the
top. Rod-rod and rod-wall clearances are maintained in
these "‘clean’” channel configurations™ by means of 1/8-inch
diameter stainless steel pins. Each pin is cut to the length
corresponding to the clearance to be maintained, then
lightty fusion-welded {“’zapped”), and finally secured by
silver soldering into place on one of the two surfaces. A set
of pins is installed at each of several positions along the
channel. These are located on 12-inch centers so that the
last set is 10 inches before the top end of the test length.

Provision is made for bringing static pressure lines out
through glands in a blind flange located at the same
elevation as the inlet flange (Figure2). These are for
measuring the static pressure drop along the channel and
for setting the isokinetic condition for subchannel
measurements. The lines, shown in Figure 2, run
horizontally from the blind flange to seal-pots. It is the
static pressures in the seal-pots which are actually measured
by means of transducers (Figure 3).

To measure the flow in any given subchannel, that
subchannel must be isolated at some point from the rest of
the channel. The subchannel flow, also referred to as
sample flow (see Figure 3}, can then be taken through
special ducting to another point outside the test section,
where both the flow rate and enthalpy (energy content) can
be measured. Figure 1 shows typical provisions for sampling
Subchannel No. 1. Thin {0.010 inch) pieces of metal sheet
(flow splitters) are installed just past the end of the heated
length, to separate Subchannel No. 1 from its neighbors.
Similar splitters are used when Subchannels Nos. 2 and 3
are sampled, but the flow is measured for only one
subchannel at a time. The splitters, plus continuous
segments of rod and channel wall, form a box into which
the subchannel flow enters and from which it leaves at the
top end via a sample tube. The tube passes out through the
- top-closure flange, and from there it passes to a heat
exchanger (calorimeter), as shown in Figures 3 and 4. The
sample flow is monitored by a turbine flowmeter, two
turbine meters of different capacity are used in conjunction
with the different subchannels being sampled.

A flow contro! valve (Figure 3} is used to set the
sample flow to the desired amount.

* By “clean’’ channe! is meant a channel in which the means of
holding the rods_in their correct positions produces as little
disturbance to the flow as possible.

The sample flow rate is set so as to obtain a particular
value of static pressure difference between pressure taps

located inside and outside the subchannel at the same axial
location. Four pressure taps, referred to as C1, C2, W1, and
W2, are available for this purpose and their peripheral
locations are shown in Figure 5. Axially, they are located at
the leading edge of the flow splitters. When sampling the
corner subchannel, C1 and either C2 or W2 can be used.
Similarly, W1 and W2 can be used for the side subchannel.

A special arrangement was required for the center sub-
channel. Three different schemes were tried, and the one
shown in Figureb with a horizontal pressure tap line
through a side rod was adopted. CC1, a pressure tap in the
wall at the same axial location was used as the reference
tap. The decision to use this arrangement was based on the
single phase data, which can be predicted from analysis and
continuity considerations. One method used a pressure tap
in one of the splitters, but was found to cause appreciable
obstruction in the adjoining side subchannel. Another
scheme used two vertical pressure tap lines in two rods as
shown in Figure 5, but was found to give erratic results
under diabatic conditions.

When the pressure difference is set to the value that
exists when the sample tube is removed and the subchannel
flow is not drawn off, the sampling is termed “‘isokinetic.”
This pressure difference was generally zero or close to it.
“Non-isokinetic’’ data were also taken since they vyield
additiona! information, such as estimates of the enthalpy of
crossflow between subchannels. The static pressure
differences were measured by a 0.2-psi-capacity, Pace
Ap cell.

The sample enthalpy was determined by a heat
balance on the calorimeter. For this purpose, cooling water
from a city water line is used and its flow rate is measured
with another turbine flowmeter. The inlet and outlet
temperatures of the cooling water are measured by
chromel-alumel thermocouples. Three thermocouples are
located at each place, and their differential output is also
recorded, to obtain better accuracy on the rise in
temperature of the cooling water. The outlet
thermocouples are inserted beyond a right-angle bend in the
piping to ensure good mixing in the water. The outlet
temperature of the condensed sample was also measured
with three chromel-alumel thermocouples. .

Pressure drop measurements were also made during
the tests. These were taken with Pace Ap transducers over
six 1-foot lengths and with a Pace cell and a manometer
over the whole 6-foot heated length.
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Figure 5.  Positions of Pressure Taps for Setting Isokinetic Conditions

3. DATA REDUCTION

Most of the data were obtained in the form of paper where
tape output from the DYMEC data acquisition system. The Pt = Total power, kW,
raw data consist of (1) the bundle flow rate and inlet Q = Heat loss, Btu/h
temperature, (2) electrical power to the test section, (3) the 0.13 (Gr X Pr)' 7
system pressure and pressure differential between Ay - (Tavg ~ Troom).
subchannels, (4) temperatures of the inlet and outlet flows where
from the heat exchanger, () pressure drop along the test Gr = Grashof number,
section, and (6) temperatures along the vessel wall for Pr Prandt! number
calculation of the hydrostatic head corrections. A computer ! )
program was written to ‘reduce the data to the engineering Ah = Test-vessel surface area, ft
Units of interest. Tavg = Average test vessel temperature, °F
The flow rate of the system is obtained from the Troom = Room temperature, °F.
turbine meter in the main loop, as well as a 1-inch orifice w = System flow, Ib/h,
used in conjunction with a 60-inch, high-pressure Hsub = Inlet subcooling, Btu/Ib and

manometer. The bundle-average, exit, equilibrium quality is
calculated from the first law of thermodynamics as:

X, = (3413 X P — Q /W — H

e SUb] /Hfg

Latent heat of evaporation, Btu/lb

The sample or subchannel quality is calculated as:

Xch =

c AT, — H., + H + —
Weh
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where
Fw = Cooling water flow, Ib/h
Weh = Sample flow Ib/h
ATCW = Temperature rise of cooling water, °F
Hsat = Enthalpy of saturated liquid, Btu/Ib

Hout = Enthalpy of sample at heat exchanger
outlet, Btu/lb
Q' = Sample heat loss {to be determined

experimentally), Btu/h

All pressure drop measurements were corrected for the
hydrostatic head in the pressure tap lines based on the
average density of water between the relevant pressure taps.

Further details on the reduction of pressure drop data
are given in the section in which the pressure drop results
are presented.

A detailed error analysis of the data is made in
Appendix A. Generally, it was estimated that the maximum
error limits in the subchannel flow was of the order of 12 %
and in subchannel quality of £0.020. The chief sources of
error are those in the isokinetic setting and in the
calorimetry. To minimize these errors preliminary tests
were performed to determine the heat loss from the sample
pipe and calorimeter, and the isokinetic setting of the
pressure differential.

Heat balance tests were run with single-phase water
between 400°F to 500°F at pressures of 1100 psi to 1200
psi to obtain higher accuracy in the estimation of the
subchannel quality (i.e., to estimate Q "in the equation for
Xch). It was found that there was negligible heat loss in the
sample piping between the test section exit and heat
exchanger inlet. However, the heat balances were in error
by as much as 15 % of the total sample energy transfer.
This was well above the upper limit indicated by an error
analysis, but the reason for the discrepancy could not be

determined. During the course of a day’s run, the variation
in the error was much smaller, of the order of £1 %. For
this reason, the following procedure was adopted during
two-phase runs: during heat up, checks of heat loss were
made with single-phase water, and then the descrepancy in
heat balance was used as Q' for. that particular series of
tests.

The isokinetic setting for the corner subchannel was
found experimentally to be a fraction of the average
dynamic head at the exit, indicating probable
static-pressure tap impacting. This was done by measuring
the pressure differential with the sample tube removed
from the top of the box forming the subchannel but with
the splitters in place. Preliminary tests indicated that the
effect of leaving in the splitters was small. The dynamic
head pgyn was evaluated as follows.

=2
p = — (vp + X vg)
dyn ch f e 'fg
where
v§ = Specific volume of liquid
vig = Difference in specific volumes between
vapor and liquid

A plot of the pressure difference versus dynamic head
is shown in Figure 6. At high flow rates and qualities, the
pressure difference is seen to be appreciable. This plot was
used in setting the isokinetic sampling settings for the
corner subchannel.

Similar measurements were made for the side
subchannel. In this case the isokinetic pressure differential
was also correlated against the average dynamic head, as
shown in Figure 7. Measurements could not be made with
the center subchannel because of geometrical
considerations, and it was assumed that zero was the
isokinetic setting.

4. EXPERIMENTAL PROCEDURE

The following briefly outlines the procedure used in
data acquisition,

1. The loop was filled with water and the pressure tap
lines, sealpots, and pace cells were bled.

2. The loop was pressurized with a charging feed pump,
and the Chem pumps were turned on to maintain
fiow through the loop.

3. Power was turned on. When the test section exit
temperature was between 450°F and 500°F,
heat-balance measurements were made. Care was
taken to keep the cooling water temperature rise at
about 40°F, in order to assure an accurate reading.

4, The desired two-phase conditions {i.e., the flow rate,
heat flux and inlet subcooling) were set up.
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5. The sample flow rate was adjusted using the sample
valve unti! the desired pressure differential was
obtained between the inside and outside of the
subchannel being sampled. This was the isokinetic
setting for isokinetic sampling, and some suitable
value on either side of it was used for non-isokinetic
sampling. For the center subchannel it was usually
found necessary to throttle the Chem pump suction
valve in the main loop in order to obtain sufficient
sample flow. In some cases this caused unstable
sample flows and the runs were aborted.

6. The data, including pressure drop readings, were
sampled on the DYMEC data acquisition system.
Manometer readings for the main flow orifice, the .
total pressure drop across the test section, and the
ambient temperature were also recorded.

7. Steps 5 and 6 were repeated for the next

non-isokinetic setting.

8. Steps 4 through 7 were repeated for the next test
conditions.

5. TEST RESULTS

5.1 CORNER SUBCHANNEL TEST RESULTS

Tests were made at room temperature and at 1000 psi
to obtain single-phase data. Non-isokinetic data were taken
as well as isokinetic data. Isokinetic data will be discussed
in Section 6. The non-isokinetic data will be discussed in
Section 7.

The results obtained for single-phase sampling in the
corner subchannel are shown in Figure 8. The pressure
differential is plotted on the vertical coordinate with
respect to the isokinetic setting, so that the intersection
with the horizontal axis yields the natural flow split. As
expected it can be seen that the high mass flux runs have
the largest slope and hence are the least sensitive to the
isokinetic setting.

Some typical trends in the two-phase data are shown
in Figures 9 and 10. In this series of runs, all nine rods were
equally heated, with a heated length of 6 feet. A
comparison of these plots shows that as the subchannel
flow is decreased below the isokinetic value the subchannel
enthalpy generally decreases, indicating that the enthalpy
of flow diversion is higher than the enthalpy of the donor
"subchannel. In Figure 11 is shown the variation in corner
subchannel flow and enthalpy with average quality, for
three runs (2E1, 2E2, 2E3) differing only in inlet
subcooling. Hence, this plot also represents the change in
subchannel flow and enthalpy along the heated length of
the channe! assuming there is a fully developed flow
at the end of the subcooled region. The apparent trend of
the subchannel mass flux to approach the bundle average
mass flux in the quality region corresponding to the
slug-annular flow regime transition is consistent with the
steam-water data of other investigators.' ~2

12

In general, the corner subchannel data show that the
mass flux in the subchannel is lower than the bundle
average mass flux and that the subchannel quality is lower
than the average quality, except at the highest mass flux.

Some of the isokinetic data for single- and two-phase
flow are shown in Table 1. The detailed test conditions for
the different test points are shown in Table 2.

5.2 SIDE SUBCHANNEL TEST RESULTS
The nominal test conditions for the side subchannel
are shown in Table 2. An attempt was made to maintain
test conditions identical to those for the corner subchannel
as far as possible. Generally, small discrepancies existed in
the values of the average flow rate and the average exit
quality. To compare the corner, side, and center
subchannels on an identical basis, the following corrections
were made to the data:
G inominal
Gch = Gch experimental X = ]
experimental

I

X
ch experimental

+ Ye . — Xg
nominal experimental

These corrections are based on isokinetic sampiing
tests that were conducted for that purpose, involving small
changes in the total flow rate and the average exit quality.

The changes in the subchannel quantities due to these
small changes.can be expressed as:
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Bundle
~ Average
’ Mass

Flux
- Test G X107
Point (1b/f£*-h)
1B 0.480
1C 0.990
1D 1510
1E 1.97
2B2 0530
2B3 0.635
2B4 0.535
2C1 1.060
2C2 1.068
2D1 0.540
) 2D3 0.540
2E1 1.080
" 2E2 1.080
5 2€3 1.060
2F1 2.07
2F2 2.07
2G1 1.070
2G2 1.080
2G3 1.070
2H1 2.12
2H2 2.12
212 - 1.06

-

¢

Bundie
Average
Exit
Quality,
Xe

0.029
0.090
0.176

0.042
0.075

0.110
0.318

0.035
0.106
0.215

0.042
0.108

0.038
0.090
0.160

0.03t
0.099

0.104

GEAP-13049

Table 1

CORNER SUBCHANNEL RESULTS

{p = 1000 psia)

Subchannel
Mass Flux,

Gech X 107
(Ib/ft*-h)

031
0.701
1.095
1.62

0.372
0.550
0.524

0.965
0.968

0.425
0.490

0.950
1.046
0.965

1563
1.62

0.882
1.00
0.865

1.87
1.76

1.035
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Subchannel
Quality,
Xch

0.003
0.072
0.133

0.029
0.063

0.083
0.260

0.004
0.049
0.160

0.120
0.160

0.032
0.020
0.074

0.020
0.146

0.110

Normalized
Subchannel
Mass Flux,

G

—0.351
—0.292
-0.275
—0.177

—0.298
+0.028
—0.021

—0.089
-0.093

-0.212
—0.093

-0.121
—0.032
—0.095

—0.261
—0.218

-0.175
—0.074
—0.192

-0.119
~0.175

—0.024

Normalized
Subchannel
Enthalpy, _

Hch—H

H

—0.030
-0.079
—0.042

—-0.014
—-0.013

—0.028
—0.050

—0.035
—0.060
—0.062

+0.088
+0.055

—0.007
—0.075
—0.086

-0.013
+0.020

+0.006
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Table 2
TEST CONDITIONS
{p = 1000 psi})
Bundle
Average Bundle :
Mass Average
Flux Exit

Test G X 10°° Power Heat Flux Subcooling Quality v
Point {Ib/ft>-h) (kw) (Btu/ft*-h) (Btu/Ib) Xe

1B 0.480 0 0 504.6 -

1C 0.990 0 0 504.6 -

1D 1510 0 0 504.6 -

1E 1.97 0 0 504.6 -

2B2 0.530 532 225,000 1499 0.029

2B3 0.535 532 225,000 108.7 0.090

2B4 0.535 532 225,000 52.8 0.176

2C1 1.060 532 225,000 57.2 0.042

2C2 1.068 532 225,000 35.1 0.075

2D1 0.540 1064 450,000 259.2 0.110

2D3 0.540 1064 450,000 1244 0.318 -
2E1 1.080 1064 450,000 1429 0.035

2E2 1.080 1064 450,000 96.7 0.106 4
2E3 1.060 1064 450,000 29.1 0.215

2F1 207 1064 450,000 59.6 0.040

2F2 2.07 1064 450,000 17.4 0.109

2G1 1.07 1596 675,000 2259 0.038

2G2 1.080 1596 675,000 189.8 0.090

2G3 1.070 1596 675,000 146.7 0.160

2H1 2.12 1560 660,000 102.6 0.031

2H2 2.12 1596 675,000 59.2 0.099

212 1.06 1880 800,000 2275 0.104
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AG dG ch dx
= + X

ch = 5 ax

A Bxch iz axch @
X = X +—=
ch % G

Where AGch and Axch are changes in subchannel con-
ditions due to dG and dx.

The tests showed that the second term on the right
hand side of both equations was of a smaller order of
magnitude than the first team. Also, the derivatives
dGch/0G and dxch/dx were of the order Geh/G and 1,
respectively.

Therefore
AG., = ?eh dG Ceh dG
ch — R
oG G
or
G - '
G ch experimental
ch — Gch experimental =
experimental
(G nominal — G experimental)
so that
Gch ~ Gen experimental G nominal ~— Gexperimental i
Gch experimental G experimental
or
Gch G nominal

G

ol

ch experimental experimental

and similarly,

or,

so that finally,

Xeh ~ Xch experimental = * nominal ~ * experimental

The maximum variations in the test conditions
between the different subchannels were of the order of 4 %
in G and 0.03 in X (at high values of X). The test results for
the side subchannel, as corrected, using this procedure are
shown in Table 3. The subchannel mass flux and exit
quality are based on isokinetic conditions, set with the
calibration in Figure 7.

Non-isokinetic data were also taken for the side
subchannel for some of the test points. These are shown in
Figures 12 and 13, where the differential pressure W1-W2,
is plotted against the nondimensionalized, subchannel flow
rate and enthalpy. The higher slope for Curve 2G1 in
Figure 12 is caused by the higher mass velocity (G =
1 X 10° Ib/ft>-h). A comparison between Figures 12
and 13 shows that as the amount of flow in the subchannel
is decreased, the subchannel enthalpy also generally
decreases, indicating again that the enthalpy of flow
diversion is higher than the subchannel enthalpy.

Figures 12 and 15 represent the variation in isokinetic
flow rate and subchannel enthalpy as a function of the
average channel exit quality. Error bands for the flow rate
are not shown, to avoid confusion. The error was estimated
to be of the order of 1 % of the channel flow. The trends
show that the side subchannel flow rate and enthalpy are
very close to the average conditions. An examination of
Table 3 reveals that generally the subchannel flow and
enthalpy are slightly on the low side, compared with the

~mean flow rate and enthalpy.

5.3 CENTER SUBCHANNEL TEST RESULTS

Table 4 shows the results of isokinetic sampling for
the center subchannel. These data have been corrected for
nominal conditions using the method described in
Section 5.2, above. The center subchannel flow rate was
generally higher than the average flow rate, and the quality
was also higher than average.

Non-isokinetic data were also taken, some of which
are shown plotted in Figures 16 and 17. Figure 17 shows
that as the subchannel flow rate is increased, its enthalpy
increases slightly. The effect was generally smaller than in
the corner and side subchannels because the center
subchannel is bounded on two sides by similar center
subchannels.

Figures 18 and 19 show the variation in the isokinetic
center subchannel flow rate and enthalpy with channel
quality. Most points lie above the zero of the ordinate,
indicating higher than average conditions.
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Table 3
TEST RESULTS FOR SIDE SUBCHANNEL -

Bundle Normalized Normalized
Average Bundle Subchannel Subchannel 4
Mass Average Subchannel Mass Flux, Enthalpy,
_ Flux, Exit Mass Flux, Subchannel G b G Hch — H
Test G x 10°¢ Quality Geh X 107° Quality L
Point (ib/ft?-h) Xq {Ib/ft?-h) Xch G H
1B 0.480 - 0.462 - —-0.037 —
1C 0.990 — 0.939 — —-0.0515 -
1D 1510 - 1.441 — —0.0458 -
1E 1.97 — 1091 - —0.0304 —
2B2 0.530 0.029 0521 0.015 -0.017 —-0.0144
2B3 0.5635 0.090 0.530 0.076 —0.0093 —0.0175
2B4 0.535 0.176 0517 0.180 —0.0336 0.0039
2C1 1.060 0.042 1.066 0.018 +0.0054 —0.0273
2C2 1.068 0.075 1.028 0.075 —0.0374 0 -
2D1 0.540 0.110 0.560 0.105 +0.037 —0.0053
2D3 0540 0.318 0532 0.330 —-0.015 0.0103 *
2E1 1.080 0.036 1.102 0.026 +0.020 —-0.0103
2E2 1.080 0.106 1.078 0.097 —0.002 —0.0095
2E3 1.060 0.215 1.081 0.185 +0.0197 —0.0286
2G1 1.070 0.038 0.968 0.044 —0.095 +0.0069
2G2 1.080 0.090 1.111 ] 0.068 +0.0287 —0.0238
2G3 1.070 0.160 1.132 0.127 +0.0551 -0.0332
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Table 4
CENTER SUBCHANNEL RESULTS
Bundie Normalized Normalized
Average Bundle Subchannel Subchannel
Mass Average Subchannel Mass Flux, Enthalpy,
_ Flux, Exit Mass Flux, Subchannel Gy, — G Hep — H
G X 10°° Quality, Gch X 107 Quality, _ —_—
(1b/ft>-h) Xe (Ib/ft2-h) Xch G H
0.480 - 0.526 - 0.096 —
0.990 - 1.150 - 0.162 -
1510 , - 1.690 - 0.119 —
1.97 - 2.190 - 0.119 -
0530 0.029 0.540 0.030 0.0188 0.0011
0535 0.090 0.521 0.104 —0.0265 0.0151
0.535 0.176 0.560 0.220 0.0467 0.0435
1.060 0.042 1.077 0.059 0.0161 - 0.0195
1.068 0.075 1.144 0.100 0.0712 0.0275
0.540 0.110 0.556 0.117 0.0295 0.0074
0.540 0.318 0.563 0.364 0.0425 0.0399
1.080 0.035 1.162 0.051 0.0761 0.0184
1.080 0.106 1.180 0.105 0.0925 —0.001
1.060 0.215 1.126 0.249 0.0624 0.0324
1.070 0.038 1.142 0.043 0.0671 0.0057
1.080 0.090 1130 0.110 0.0464 0.0216
1.070 0.160 1.160 0.176 0.0838 0.0161
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Figure 17. Non-Isokinetic Data: Variation of Subchannel Enthalpy with Subchannel Flow
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6. DISCUSSION OF ISOKINETIC SAMPLING DATA

Table 5 presents the overall results for the three
subchanneis. Assuming four identical corner subchannels
(total flow area =0.3128in.2), eight identical side
subchannels (total flow area =1.4592in.2), and four
identical center subchannels (total flow area = 1.1576 in.?),
the total mass flux and enthalpy flux at the channel exit
were calculated and compared with the average channel
flow rate and average exit quality (as calculated on the basis
of a heat balance}. Table 5 shows that the results check
within £5 %, with only three runs deviating more than 3 %.
This increases confidence in the isokinetic sampling
procedure, since the energy and continuity equation must
balance for valid data.

Figures 20, 21, and 22 illustrate the trends in the
subchannel qualities with respect to the bundle average
quality. The subchannel qualities increase monotonically
with the average quality, the center subchannel (3) being
the “hottest’”” and the corner subchannel (1) the “coolest”.
The center subchannel quality is seen to be consistently
higher than the average, and the corner subchannel quality
is lower than the average. The quality of the side
subchannel (2) is near the average, sometimes higher and
sometimes lower. Within the accuracy of the data there
appears to be a trend for the subchannel gqualities to
converge to the average at approximately 5-10 % bundle
average quality. This has been attributed to enhanced

Table b
OVERALL RESULTS FOR ISOKINETIC SAMPLING

Bundle
I
iund € 2 undle Elux: Quality: Mass Flux: Quality: Quality:  Average Bundle
verage verfxge Mass Flux: - corner Side Side ,Mass Flux: Center Mass Flux Avere'lge
Mass Ex_'t Corner Sub- Sub- Sub- Center Sub- , Error Quality
Test  — F'“":_é Quality ‘Subchann(,el channel  channel  channel Subchannel channel G — G E""O"

pa X 10 X G, X10 xi G X10°% Gy X107 xs —— % 2%

1B 0.480 - 0.311 - 0.462 - 0526 - -1.6 -

1C 0.990 - 0.701 — 0.939 - 1.150 - +0.70 —

1D 1510 - 1.095 - 1.441 - 1.690 - +0.46 -

1E 1.97 - 1.62 - 1.91 - 2.190 — +1.06 -
2B2 0.5630 0.029 0.372 0.003 0521 0.014 0540 0.030 —-1.51 —0.010
283 0535 0.090 0.550 0.072 0530 0.076 0521 0.104 —1.12 —-0.004
28B4 0535 0.176 0.524 0.133 0517 0.180 0560 0.220 -0.0 +0.015
2C1 1.060 0.042 0.965 0.029 1.066 0.018 1077 0.059 —0.05 —0.006
2C2 1.068 0.0756 0.968 0.063 1.028 0.075 1.144 0.100 0.05 +0.009
2D1 0.540 0.110 0.425 0.083 0.560 0.105 0.556 0.117 0.74 —0.002
2D3 0.540 0.318 0.490 0.260 0532 0.330 0563 0.364 0.03 +0.019
2E1 1.080 - 0.036 0.950 0.004 1.102 0.026 1.162 0.051 2.77 0.000
2E2 1.080 0.106 1.046 0.049 1.078 0.097 1.180 0.105 3.24 -0.007
2E3 1.060 0.215 0.965 0.160 1.081 0.185 1.126 0.249 255 —0.007
2G1 1.070 0.038 0.882 0.032 0.968 0.044 1.142 0.043 ~4.86 0.003
2G2 1.080 0.090 01.00 0.020 1.111 0.068 1.130 0.110 250 —0.008
2G3 1.070 0.160 0.865 0.074 1.132 0.127 1.160 0.176 4.11 —-0.009

A ZGiA A ZGHA H — Hy¢
G = , H = R =
Z A, Z G A Hfg
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. mixing in the slug-annular flow-transition regime. Since this

transition may occur in different subchannels at different
values of the average quality, the “pinching’’ effect may not
occur simultaneously in all subchannels.

Figures 23 and 24 compare the mass fluxes in the
three subchannels with the bundle average quality. The
flows have been nondimensionalized with respect to the
average mass flux. These figures show that the mass flux is
highest in the center subchannel and lowest in the corner
subchannel. Here also the subchannel mass fluxes approach
each other in the neighborhood of 10 % average quality. It
appears that this trend with flow regime is weaker in actual
rod arrays than in two-subchannel test sections. In fact,
within the scatter of the data, the trend is often not
observed.

Figures 25, 26, 27, and 28 show the variation in
subchannel enthalpies as a function of the average quality.
These figures contain information similar to that in Figures
20, 21, and 22, except that nondimensionalized enthalpy,
instead of subchannel quality has been used as the ordinate.

It is possible to derive information from the data by
plotting certain parameters against bundle average quality
while holding other parameters, except the subcooling,
constant. It should be recognized at the outset that at a
given X the boiling length and inlet conditions are quite
different, and thus the effect of subcooled boiling is not
constant. Figures29 to 34 show the effect on the
nondimensionalized subchannel enthalpies of changing the
bundle average mass flux. Figures 29, 30, and 31 compare
the results of two series of runs with the same nominal
heat flux of 0.45 X 10° Btu/ft>-h with mass fluxes of
0.5 X 10° Ibs/ft?-h and 1.0 X 10% Ibs/ft?-h, respectively,
for the corner, side, and center subchannels. The effect on
the subchannel enthalpy of changing the flow rate is seen to
be very weak and is to be considered negligible within the
uncertainty of the data. Figures 32, 33, and 34 show the
effect of changing the mass flux at a lower value of the heat
flux, 0.225 X 10° Btu/ft>-h. Here also the effect of the
mass flux is small. The only consistent trend that one can
see in Figures 29 to 34 is that at the higher heat flux of
0.45 X10° Btu/ft>-h for each subchannel the data for
G=05X 10° Ib/ft>-h tends to be above the data for
G = 1.0 X 10° Ib/ft>-h, whereas at q"=0.225X 10°

29

Btu/ft?-h the trend is reversed. As will be shown this is due
to a heat-flux trend. Figures 35 to 40 show the effect of the
heat flux on the subchannel gqualities. The effects are
presumably different in the very low quality region, the
region where subcooled boiling may exist in one or more
subchannels, and the higher quality region. Unfortunately,
no data were available for comparison in the very low
quality region. At an average mass flux of 0.5 X 10°
tbs/ft?-h, no marked effects are seen on raising the heat
flux from 0.225 Btu/ft*-h to 0.45 X 10° Btu/ft*-h. Since
the boiling length is quite different in these cases, it is seen
that the ‘memory effect’ is apparently smali at these lower
flows. In Figures 38, 39, and 40, where plots for three
different values of heat flux are shown for G = 1.0 X 10°
ib/ft?-h, there appears to be a reversal in trend at an average
quality of 4-6 %. Above this value of quality, the corner
and side subchannels run cooler as the heat flux is increased
while the center subchannel increases in quality. At low
qualities the opposite is true. Presumably, this trend can be
attributed to the effect of subcooled boiling, which is more
pronounced for cases of higher flow and subcooling. It
would be expected that the corner subchannel would start
boiling first, and then, as the bundle average quality
increases, the effect of subcooled boiling would diminish,
and so a reversal in the trend with heat flux could occur.
Figures 41 to 43 show the variation in subchannel mass
flux, as a function of the average mass flux, with average
quality. There is a slight increase in the nondimensionalized
mass flux in the center and corner subchannels as the
bundle average mass flux is increased and there is a
corresponding drop in the side subchannel flow.
Presumably this trend is also due partially to the effect of
subcooled boiling.

Similar plots (Figures 44, 45, and 46) were made to
determine the effect of heat flux on the subchanne! flow
rates. As might be expected, the corner subchannel flow
dropped as the heat flux was increased. The changes in the
other two subchannels were slight. It should be noted that
the energy balance was still maintained since a relatively
large percentage change of flow in the corner subchannel
produces only a small percentage change in the larger
subchannels because most of the flow is already in these
larger subchannels.




Gch—G

SUBCHANNEL MASS FLUX,

GEAP-13049

0.12
| | ] I |
0.08 — _
0.04 —
. - ]
2E SERIES TESTS
O CORNER SUBCHANNEL
[ sIDE SUBCHANNEL
—-0.04 — —
/\ CENTER SUBCHANNEL
~0.08 —
~0.12 —
016 1 ] 1 | |
0.05 0.10 0.15 0.20 0.25 0.30

AVERAGE QUALITY, X

Figure 23. Comparison of Flows for Three Subchannels: 2E Test Series

30




[5) A+

0.3 T I |
2G TEST SERIES
‘O SUBCHANNEL 1

[ suscHANNEL 2

0.2 |

> SUBCHANNEL 3

(NS

i

:10

(53

o 0.1 p—~ 3
><— /—/O
2
u- \/ .
2
= —
3 |

2 z

<
x
Q
xQ
2
w

|
|
J

~0.3 ' ' L
0.05 0.10 . 0.15 0.20

AVERAGE QUALITY, X

Figure 24. Comparison of Subchannel Flows for Three Subchannels: 2G Test Series

[ RN,

6¥0€1-dv3D




4

Hch -H
SUBCHANNEL ENTHALPY,

H

0.10

0.12

0.08

0.04

—0.04

—0.08

-0.12

T B HLI T
2B TEST SERIES
O SUBCHANNEL 1
[J suBCHANNEL 2

> SUBCHANNEL 3

1 ! i 1

0.05 0.10 0.20 0.25
' AVERAGE QUALITY, X

Figure 25. Comparison of Nondimensionalized Subchannel Enthalpies: 2B Test Series

6v0€L-dv3O




¥ - 23 -

1 I T i I I
2D TEST SERIES
O SUBCHANNEL 1
0.08 |- [] SUBCHANNEL 2 -
Av SUBCHANNEL 3
T 0.04 |- -
ST
(5]
p o
o
%
a S
E 0 —
& |
wl
-~
il
b4
=
<
s =
Q
@ —0.04 -
-
o
—0.08 1 ] ] I | |

0.05 0.10 0.15 0.20 0.25
AVERAGE QUALITY, X

Figure 26. Comparison of Nondimensionalized Subchannel Enthalpies: 2D Test Series

e ——

0.35

6v0€1-dv3D




ve

==

SUBCHANNEL ENTHALPY,

=

0.08

0.04

~0.04

-0.08

-0.12

|
2E TEST SERIES
O CORNER SUBCHANNEL

] s!DE SUBCHANNEL -

A CENTER SUBCHANNEL

.
?j |

1 1 1 1 1

0.05 0.10 0.15 0.20 0.25 0.30

AVERAGE QUALITY, X

Figure 27. Comparison of Nondimensionalized Subchannel Enthalpies: 2E Test Series

6¥0€1-dv30




0.12 | : 1 { T 1
2G TEST SERIES
O SUBCHANNEL 1
0.08 |- [] SUBCHANNEL 2 -
<> SUBCHANNEL 3
'I,’ 0.04 }- .
|
£
(%
-
>
o
)
<
e 0
=
wl
5 m
z
<
<
G
m -0.04 - —~
=
(%]
-0.08 | -
-0.12 I 1 | I ]

0.05 0.10 0.20 0.25
AVERAGE QUALITY, X

Figure 28. Comparison of Nondimensionalized Subchannel Enthalpies:

0.30

2G Test Series

[ EEE———,

0.35

6v0€1-dv39




9¢

hix

SUBCHANNEL ENTHALPY,

0.08 T T T T T T
SUBCHANNEL 1
O G=05x10°% 20
0.04 |- [] 6=10x10% 2€ -
g’ =0.45 x 106 Btu/ft2—h
0
—0.04 :
=S
—0.08 |
o1z i I L 1 | 1
0.05 0.10 0.15 0.20 0.25 0.30 0.35

AVERAGE QUALITY, X

Figure 29. Effect of Average Mass Flux on Subchannel Enthalpy: Subchannel 1atq = 0.45 X 10° Btu/ft*-h

6v0c!l-dv3O




LE

Heh - H

SUBCHANNEL ENTHALPY,

H

0.08

0.04

—0.04

. -~ : “

| I | LS I i
SUBCHANNEL 2
O G=05x10% 20

0 e=10x10° 2 -
0’ =0.45 x 105, Btu/ft?—h

i 1 | ] 1 1

0.05 0.10 0.15 0.20 0.25 0.30 0.35
AVERAGE QUALITY,X

Figure 30. Effect of Average Mass Flux on Subchannel Enthalpy: Subchannel 2 at q "= 0.45 X 10° Btu /f*-h

6v0EL-dV3ID




8¢

—H

H

SUBCHANNEL ENTHALPY,

H

0.08

0.04

~-0.04

-0.08

T
- N
[ T
- SUBCHANNEL 3
O 20. G=05x10°
[0 6. G=10x1
" =0.45 x 10° Btu/f—h
| | ] ] I 1
0.05 0.10 0.15 0.20 0.25 0.30 0.35

AVERAGE QUALITY, X

Figure 31. Effect of Average Mass Flux on Subchannel Enthalpy: Subchannel 3 at q "= 0.45 X 10° Btu/ft*-h

6¥0EL-dV3ID




6¢€

I"ch -H

SUBCHANNEL ENTHALPY,

0.08

0.04

H

—-0.04

-0.08

L3 A

(3]

SUBCHANNEL 1
O 28, G=0.5x 105,

0 2¢. G=10x10°
q”=0.225 x 10° Btu/ft%—h

1 . |

1 i

0.05 0.10 0.15 0.20

Figure 32. Effect of Average Mass Flux on Subchannel Enthalpy: Subchannel 1atq "= 0.225 X 10° Btu/ft*-h

AVERAGE QUALITY,X

0.25

6b0€L-dv3o




oy

Hep —H

SUBCHANNEL ENTHALPY,

H

0.08 T , | I
SUBCHANNEL 2
O G=o05x105 28
0.04 J e=10x10% 2c -
’ o =0.225 x 108, Btu/ftZ — h
T W
0 )
1
~0.04 — —
—0.08 1 1 { ]
0.05 0.10 0.15 0.20 0.25
AVERAGE QUALlTY,—i
Figure 33. Effect of Average Mass Flux on Subchannel Enthalpy: Subchannel 2 at q "=0.225 X 10° Btu/ft*-h

6¥0€L-dv3O




0.08 | I { 1
T
0.04 - P -
3
1
ik L
>
3 o
z 0 m
- T T >
o & o
- 4 SUBCHANNEL 3 2
a ]
z O G=05x108 28 3
<
=
2
a 6
. @ -0.04 b D G=1.0x10", 2C -
q”=0.225 x 10° Bry/ft2 — 1
>
0.05 0.10 0.15 0.20 0.25
AVERAGE QUALITY, X
Figure 34. Effect of Average Mass Flux on Subchannel Enthalpy: Subchannel 3 at q "= 0.225 X 10° Btu/ft*-h

D —— ]




4 4

ch

SUBCHANNEL QUALITY, x

0.50

T T T l T
CORNER SUBCHANNEL
O 2B - q"=0.225 x 105, Btu/f? — h

0.40 |- [] 20 - q”=0.45x 10%, Btu/it? —

G =0.53x 105, 1b/ftZ =

0.30 |~

0.20 |-

0.10 |-

o =" | ! 1 ! 1

0 l 0.05 0.10 0.15 0.20 0.25
AVERAGE QUALITY,X

Figure 35. Effect of Heat Flux on Corner-Subchannel Quality: G = 0.5 X 10° Ib/ft*-h

0.30

6¥0€L-dv3O




34

SUBCHANNEL QUALITY, Xch

0.50

0.40

0.30~

0.20+

0.10

| I I I

SIDE SUBCHANNEL

G=0.5 x 10 1t/ft2 —p
O 2B q"=0.2%5 x 10°
[ 20. 9”=0.45 x 105

0,10 0.15 0.20 0.25

AVERAGE QUALITY, X

Figure 36. Effect of Heat Flux on Side-Subchannel Quality: G =0.5 X 10° Ib/f2-h

0.30

0.35

6¥0€L-dV3O




147

0.40

=
)
(=]

(=]
~NY
<D

SUBCHANNEL QUALITY, Xch

0.10

CENTER SUBCHANNEL
G=0.5x 108 Ib/ftZ-h
O 2B q“= 0.225 x 10°

AVERAGE QUALITY, X

Figure 37. Effect of Heat Flux on Center-Subchannel Quality: G =0.5 X 10% Ib/ft*-h

0O 20 q”=0.45x 106
/
/
—
| /é__ X = XCh |
~
/
/
/
/
—
/
I | | | I
0 0.05 0.10 0.15 0.20 0.25 0.35

6¥0EL-dV3O




14

SUBCHANNEL QUALITY, x,

0.24

0.20

0.16

0.12

0.08

0.04

LAl -

| | | 1
G =1.0 x 108 1b/ft2n
CORNER SUBCHANNEL X = Xep —
O 2¢ q” =0.225 x 10°
O 2 q” =0.45 x 10°
O .6 a” = 0.675 x 105
——
I |
0.25

l 0.05 0.10 0.15 0.20
AVERAGE QUALITY, X

Figure 38. Effect of Heat Flux in Corner-Subchannel Quality: G = 1.0 X 10° Ib/ft*-h

6¥0EL-dv3O




SUBCHANNEL QUALITY, x.,

SIDE SUBCHANNEL

Figure 39. Effect of Heat Flux on Side-Subchannel Quality: G = 1.0 X 10° Ib/ft*-h

AVERAGE QUALITY, X

e G =1.0 x 105 1b/ft2—h
O 26 g¢” = 0.225x 10°
g 2E q” =0.45 x 108
O 26 g7 =0675x108
0.04 }— —
0 i ! |
0 0.05 0.10 0.15 0.20 0.25

6¥0€L-dv3IO




SUBCHANNEL QUALITY, x¢

0.24

0.20

0.12

0.08

0.04

GEAP-13049

AVERAGE QUALITY,

Figure 40. Effect of Heat Flux on Center-Subchannel Quality: G = 1.0 X 10° Ib/ft*-h

47

X=
xch
CENTER SUBCHANNEL
G 1.0 x 108 Ib/ft%—n
O 2¢ 9/ = 0.225 x 106 _
O 26 q” =0.45 x 108
O 26 9” =0.675 x 106
| | ! ]
0.05 0.10 0.15 0.20 0.25




G(:h G
[

SUBCHANNEL MASS FLUX

CORNER SUBCHANNEL
O 20 G =0.5 x 10°
0.10 b 02  G=10x10° |
¢ =0.45 x 10 Btu/ftZ—h
0

—0.10 | i
—0.20 _
~0.30 1 i | 0 \ |

0.05 0.10 0.15 0.20 0.25 0.30
AVERAGE QUALITY, X

Figure 41. Effect of Average Mass Flux on Corner-Subchannel Mass Flux

0.35

6¥0EL-dv3ID




6p

Seh-T

SUBCHANNE L MASS FLUX,

Hlo o0.04 |

0.08

*) -

»

n

SIDE SUBCHANNEL
O 20 0.5 x 106
O 2E 1.0 x 108
" =0.45 x 105 Btu/st?—h

0 — \O
—0.04 |~ T
—0.08 1 | | ] I 1
0.05 0.10 0.15 0.20 0.25 0.30

AVERAGE QUALITY, X

Figure 42. Effect of Average Mass Flux on Side-Subchannel Mass Flux

0.35

6¥0EL-dv3IO




0S

-G
G

G

SUBCHANNEL MASS FLUX

0.16

0.08

0.04

CENTER SUBCHANNEL

O 20 0.5x10°
O 22 10x10° —
g = 0.45 x 106 Btu/ft2—h

1 | | | ] !

0.05 0.10 0.15 0.20 0.25 0.30 0.35

AVERAGE QUALITY, X

Figure 43. Effect of Average Mass Flux on Center-Subchannel Mass Flux

6¥0cl-dv3O




]

Gep - G
G

!

SUBCHANNEL MASS FLUX

0.2

0.1

CORNER SUBCHANNEL

G =10x10°, 1b/ft2-h
O 2E ¢”=0.45x 106
O 26 q” =0.675x 105

0.05 0.10 0.15 0.20
AVERAGE QUALITY, X

Figure 44. Effect of Heat Flux on Corner Subchannel Mass Flux

6¥0€1-dv3IO




[A]

1o

o 010

GO

>

o J

@

2 0

=

-

wl

=

=

<€

por g

S

2 0.10
~0.20

SIDE ~ SUBCHANNEL
G=10 x 1081b/ft2~h

O 2 q20.45x 106

026 q=0.675x 10

—

I | |

0.05 0.10 0.15

AVERAGE QUALITY, X

Figure 45. Effect of Heat Flux on Side-Subchannel Mass Flux

0.2

6¥0€L-dv3O




€9

0.30

e
3

G

0.10

(==}

SUBCHANNEL MASS FLUX, Sen = C.

~0.10

0.2

' T

CENTER SUBCHANNEL

G =1.0x 10° b/t -
O 2E q"=0.45x 106
O 26 q”=0.675 x 106

0.05

0.10 0.15

AVERAGE QUALITY, X

Figure 46. Effect of Heat Flux on Center-Subchannel Mass Flux

0.20

6v0EL-dv3O




By taking non-isokinetic data (i.e., with a set pressure
differential between the subchannel being sampled and the
diametrically opposite subchannel), some deductions can be
made about the flow diversion between subchannels and
the enthalpy associated with this cross flow.

7.1 COLD RUNS

For the cold runs, the theoretical pressure differential
versus the subchannel flow rate may be calculated,
assuming that the pressure is constant across the cross
section at a small distance upstream from the splitters. The
pressure differential has components of acceleration and
friction pressure drop. Under isokinetic conditions the
pressure differential is almost zero, and there is very littie
redistribution of flow over a short length near the exit. For
non-isokinetic conditions, there is a measurable change in
the axial acceleration component of pressure drop due to a
sizeable change in subchannel flow. Because of the change
in flow rate there is also a change in the friction pressure
drop over the axial length of flow diversion. This is
expected to be small for small flow diversion lengths and
small cross flow rates. The theoretical model used for these
calculations is derived in Appendix A. Figure 47 shows the
non-isokinetic data for the center subchannel for two mass
fluxes, together with the theoretical acceleration pressure
differential. For G = 1.0 X 10° Ib/f?-h, the agreement with
the data is good. At G =2.0X 10® Ib/ft*-h, the friction
pressure-drop component, which has been neglected in the
theoretical calculation, becomes appreciable, and so the
theoretical model begins to deviate from the data.
Bowring® analyzed his freon data in a similar way and
came to the conclusion that the fiow diversion occurs over
a small length (about 1.8 inches), which independently
supports our assumption of a small diversion length.

7.2 TWO PHASE RUNS

A similar procedure may be worked out for
two-phase exit conditions, but it is sensitive to the accuracy
of the measured exit conditions. Figure 48 shows some
representative comparisons between the calculated values
(using the Model in Appendix A) and experimented values
for the center subchannel. It can be seen that the agreement
is quite good for both values of mass flux considered.

7.3 CROSS-FLOW ENTHALPY

Assuming that the flow diversion length df is small
and neglecting the flow diversion in this increment for the
isokinetic case, the following energy balance equations may
be formulated for the last node.

4

GEAP-13049

7. DISCUSSION OF NON-ISOKINETIC DATA

For the isokinetic case,

(Wch iso Hen iso) (Wch iso Heh iso)

out in

+ q" Pth

For the non-isokinetic case,

(Wch iso t dW)

(Wch iso Hch iso)

(Hch iso t dH)
out

o +dw H, + q” Pth

Subtracting the isokinetic energy balance from the non-
isokinetic one gives,

(Wch iso T dw) (Hch iso * dH)
out

- (Wch iso Hch iso) = dwH

out

or, neglecting second order differentials,

d(W Hch) iso = dw HX

where wigp and Hijgg are the flow rate and enthalpy for the
subchannel under isokinetic condition, Hy is the crossflow

enthalpy, and dw is the flow diversion.

Therefore, Hx is given by,

0= d (Wch Hx)
X = — =
dWch iso

d (Gch Hch)

d Gch iso

This slope was measured from plots of G¢h Heh versus Geh
as shown in Figures 49 and 50 for the corner subchannel.
Strictly speaking these plots are only applicable to the
determination of cross flow enthalpy from the corner
subchannel (i.e., when the flow is less then isokinetic).
However, the figure shows that the plots are continuous
lines above and below the isokinetic condition. Table 6
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Table 6
CROSSFLOW ENTHALPY FOR A CORNER SUBCHANNEL

Subchannel

Mass

Flux Subchannel
Test (Ib/f€% -h) Quality,
Point Gch X 10_6 xCh
2B3 0.550 0.072
2B4 0.524 0.133
2C1 0.925 0.042
2D1 0.425 0.083
2D3 0.490 0.260
2E1 0.950 0.004
2E2 1.046 0.049
2E3 0.965 0.170
2F1 151 0.120
2F2 158 0.161
2G1 0.926 0.067
2G2 1.00 0.020
2G3 0.870 0.077
2H1 1.75 0.023

shows the results for some of the test conditions for the
corner subchannel. These results have been plotted against
the average channel quality in Figure 51. The plot shows
that the crossflow enthalpy is generally higher than the
- average enthalpy of the donor subchannel. If the data are
grouped by flow regime as determined by the Steen-Wallis*
criterion jj=0.4 + 0.6if, itisfound that there is a drop in
the cross-flow enthalpy near the slug-annular transition,
probably due to the liquid slugs in this regime. Above this
region the cross flow enthalpy increases monotonically, and
remains well above the average subchannel enthalpy. In the
bubbly- and annular-flow regimes, the crossflow enthalpy
can be correlated by two straight lines. The heat-balance
errors associated with these values of crossflow enthalpy are
considerably less than those associated with the subchannel
enthalpies, since the crossflow enthalpies are determined
from differences in readings (readings taken within a few
minutes of each other) which have the same heat balance
error. Unfortunately, as shown in Appendix D the possible
error associated with reading the slope of curves, such as in
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Crossflow
Enthalpy, Crossflow
(Btu/lb) Quality, Flow
Hx Xy Regime
680 0.212 Bubbly
675 0.205 Bubbly
680 0.212 Bubbly
685 0.217 Bubbly
752 0.323 Annular
565 0.037 Bubbly
615 0.112 Bubbly
660 0.182 Annular
618 0.117 Transition
645 0.158 Annular
705 0.250 Bubbly
605 0.097 Bubbly
670 0.197 Bubbly
620 0.117 Bubbly

Figure 50, is about *35 Btu/lb, which makes the

crossflow-quality error about £5 %. in a similar manner, the
crossflow enthalpy from the center subchannel was also
calculated. Figures 52 and 53 show representative GghHch
versus Ggh plots at average mass fluxes of 1.0 X 108
Ib/ft2-h and 0.5 X 10° Ib/ft?-h, respectively. The results are
given in Table 7, and plots versus the subchannel quality are
shown in Figure 54. Again the data fall into two groups,
representative of the different flow regimes. The crossflow
enthalpy is generally greater than the subchannel enthalpy,
though near the slug-annular transition it is below the
average value.

Unfortunately not enough non-isokinetic data was
taken on the side subchannel to prepare plots of crossflow
enthalpy. However, it would be expected to agree with the
trends of the other subchannels. In summary, it appears
that the cross flow enthalpy is strongly dependent upon
flow regime and is, in general, higher than the average
enthalpy of the donor subchannel.
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Figure 49. Crossflow Enthalpy Determination for Corner Subchannels: G =0.5X 10% Ib/ft*-h
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Figure 51. Crossflow Enthalpy from a Corner Subchannel
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Table 7
CROSSFLOW ENTHALPY FOR A CENTER SUBCHANNEL

Subchannel
Mass
Flux Subchannel
Test {Ib/ft%-h) Quality
Point Gch X 107¢ Xch
282 0.561 0.038
2B3 0.537 0.084
284 0.584 0.224
2D1 0.500 0.113
2D3 0563 0.364
2C1 1.077 0.059
2C2 1.144 0.100
2E1 1.086 0.047
2E2 1.091 0.109
2G1 1.287 0.060
2G2 1.001 0.111
2G3 0.954 0.178

8. COMPARISON WITH PREVIOUS SUBCHANNEL DATA

Subchanne! sampling data, to determine the enthalpy
and flow distribution, have been taken previously in rod
bundles by investigators at Columbia University® ¢ and at
Winfrith, England.® Indirect approaches to estimating the
quality and flow rate in various regions of a bundle have
also been used by Bergles’ ® and Schraub, etal® In
addition, work has been done to determine the nature of
turbulent mixing and the cross-flow between adjoining
subchannels. A comprehensive review of all these
investigations may be found in Reference 10.

Most of the data from Columbia are for subcooled
exit quality typical of conditions in pressurized water
reactors, hence direct_comparison with the present data is
difficult. Sampling was done in two geometries, as shown in
Figures 55 and 56. The unpublished data taken for the
19-rod, triangular array are sketchy, and in most cases they
are inconsistent, so they will not be discussed here. In the
16-rod, square array, two of the center subchannels, one
hotter than average and one colder than average were
sampled. The dimensions of the array are shown in
Figure 56, Large redistribution of flow was found to occur
in both subchannels in the subcooled boiling region.

It was found that the center subchannels ran “hotter’”
than average under all conditions, similar to the present
data. The trends in the Columbia data may be summarized
as follows.

64

Crossflow
Enthalpy Crossflow
{Btu/ib) Quality, Flow
Hy Xx Regime
577 0.053 Bubbly
670 0.196 Bubbly
710 0.258 Annular
672 0.199 Bubbly
765 0.343 Annular
585 0.066 Bubbly
595 0.081 Transition
665 0.189 Bubbly
600 0.088 Transition
592 0.076 Bubbly
618 0.116 Transition
688 0.224 Annular
1. Both ““cold” and ‘’hot’ center subchannels are higher
in quality than the bundle average quality.
2. The mass flux in both subchannels drops from above

average during single phase flow to below average at
zero bundle-average thermodynamic equilibrium
quality with the flow in the cold subchannel being
higher than in the hot subchannel.

3. At higher heat fluxes, the drop in flow rate was
greater and occurred at lower bundle average quality
because of earlier subcooled boiling in the hot
subchannel. The effect of heat flux was smaller under
conditions of bulk boiling.

4, Under subcooled conditions the quality in the

hot-center subchannel increased at a given value of

bundle average quality as the heat flux was increased.

5. As the bundle average flow rate was increased, the
hot subchannel quality approached the bundie
average quality.

In contrast, the present data show little effect of heat
flux on the center-subchannel flow-rate or of bundle
average flow rate on the subchannel quality. However, the
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FLOW TUBE I.D. = 4.068 in.; HEATED LENGTH =6 ft
INNER PITCH CIRCLE = 1.640 in. DIA,
OUTER PITCH CIRCLE = 3.168 in. DIA,
HEATER 0.D. = 0.780 in.
ROD TO ROD SPACING = 0.040 in.
ROD TO WALL SPACING = 0.060 in.
POWER DISTRIBUTION:
OUTER ROD =100%
INNER ROD = 79.9%
CENTER ROD =69.7%

Figure 55. Columbia University 19-Rod Test Geometry
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“‘HOT'' SUBCHANNEL
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suB-
CHANNEL
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ROD OUTSIDE DIAMETER 0.422 in.
ROD PITCH 0.555 in.
ROD TO WALL SPACING 0.148 in.
ROD TO ROD SPACING 0.133 in.
TOTAL FLOW AREA 0.02389 ft2
SUBCHANNEL AREA 0.001168 ft .
RADIAL HEAT FLUX
HOT RODS [H] 100%
coLp Rops [C] 80% .
HEATED LENGTH 60 in.

Figure 56. Columbia University 16-Rod Test Geometry
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center-subchannel quality was found to increase when the
heat flux was raised. It must be remembered, however, that
the Columbia tests were performed mainly with subcooled
exit conditions and radially-non-uniform heating, whereas
the tests discussed so far in this report were done under
conditions of bulk boiling at the exit and uniform heat flux
in both the axial and radia! directions. Unfortunately, the
Columbia test data was not taken in all the subchannels, so
it is impossible to check the validity of the data by trying
to balance the mass flow and energy inventory.
Nevertheless, the basic trends in that center-subchannel
data agree quite wel! with the present data and so provide
valuable information about the region of subcooled boiling.

Bowring and Levy?® discuss tests performed in a 7-rod
cluster using Freon-12. The test section was divided into
two subchannels, an outer subchanne!l and an inner
subchannel as shown in Figure 57. The flow rate in the
inner subchannel was found to be of the order of 1/6 of the
total flow rate under single-phase conditions, and it
decreased for two-phase exit conditions. The heat balance
errors were on the order of £7 %, which due to the small
latent heat of Freon-12, gives rather large errors in quality.
However, as expected, it was found that the enthalpy rise in
the inner subchannel was higher than in the outer
subchannel.

Non-isokinetic data were taken, and within the
accuracy of the data, the crossflow enthalpy was found to
be higher than for that of the donor subchannel. The
flow-diversion length in the axial direction was calculated
to be small, of the order of 2 inches, which is in agreement
with other investigators.?4

Bergles” has made an investigation of flow regimes in
a four-rod bundle with water pressure of 1000 psia. On the
basis of the observed fact that the slug-annular transition
takes place in the center of the bundle at higher mass flux
and lower average quality than in the corner, it may be
concluded that the central portion of the bundie was a
higher quality region.

Schraub et al.,° have made detailed measurement for

air-water mixtures in a nine-rod array of dimensions similar
to the one used in the present series of tests. Quality and
mass-flux maps for the test section were made from
samplings with isokinetic probes traversed across the bundle
cross section. For bundle average qualities up to about
28 %, their results indicate a lower than average quality and
a slightly greater than average mass flux in the corner
subchannel of the bundle but above this quality a sharp
reversal in both quantities occurred. It is not known how
much effect the method of introduction of the air (in this
case, axial) has on the eventual distribution of air over the
cross section, but the basic trends in this data are similar to
that in the data of the present investigation.

\An extensive gamma-scran program was completed in
Sweden,'! to determine the radial void distribution in a
rod bundle. These tests were performed in a six-rod array in
a 2.5 MW out-of-pile test loop. It was found that the void
fraction, and therefore the quality, was the highest in the
interior of the bundle and lowest in the outer region, which
had an unheated cannister wall. Similar tests have been
made more recently’? in a 36-rod bundle in the 8 MW,
electrically heated, FRIGG loop. The results were
qualitatively the same as for the six-rod test section. Both
of these sets of data agree with the trends in quality
distribution observed in the present data. Although the
trends in the Swedish data can be interpreted on the basis
of power-to-flow ratio, that argument fails to explain other
data:'? including the present data.

Two subchannel mixing tests have been performed by
Rowe and Anglel ~2 from which the enthalpy and flow
distributions were obtained. These show the expected
trends, with the subchannel having the smaller hydraulic
diameter at the smaller flow rate and the higher enthalpy.
The enhanced eddy-diffusivity mixing, which was observed
in the neighborhood of the slug-annular transition®> % 19
and had such a strong effect in the two-subchannel tests
just mentioned, apparently plays lesser role in the present
rod-bundle geometry.

ROD DIAMETER . .0.625 in.

ROD P.C.D. 1 1.370 in.
SHROUD I.D. @ 2.153 in.
GAP (INNER) - 0.060 in.

(OUTER) . 0.079 in.

ENTRY LENGTH (UNHEATED) © 3in.
HEATED LENGTH 236 in.
CHIMNEY (UNHEATED) .24 in.

Figure 67. Subchannel Division of a Seven-Rod-Cluster
Cross Section
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There are several subchannel computer programs in
the open literature that predict the enthalpy and flow
distributions in multi-rod bundles. Examples are
HAMBO,'? SASS,!* and COBRA.'® The programs are all
similar in principle; the rod bundle is divided into multiple
flow tubes or ventilated subchannels. Each subchannel is
then divided into axial nodes. Finite-difference forms of the
conservation equations are then solved for this system
numerically using a high speed digital computer. For
purposes of comparisbn with data, the COBRA program has
been chosen.

One of the variables that has to be specified in the
computer solution is the amount of “‘mixing” between
adjoining subchannels. For this purpose, COBRA uses a
parameter § defined by:

w' = 656
where
w’ = fluctuating mass flow rate per unit
length in the axial direction
B = dimensionless mixing parameter
(Mixing Stanton Number)
s = gap spacing (rod-rod or rod-wall spacing)
E — average mass flux of adjacent subchannels
§ may be redefined in terms of the eddy diffusivity as,

Epf

ﬁ:

~

GR
where
2 = the mixing length, or the “effective
mixing distance’’ between subchannels

Rowe! recommends a value for § given by

Dy
8 = (0.0062) — (Re)™®"*
S

for single phase mixing, which for the present geometry is
of the order of 0.005.

For zero mixing the flow distribution may be
calculated analytically as follows. For the single-phase adia-
batic runs, the total static pressure drop is approximately
the same in all the parallel subchannels.

2
+ Py~ = AProtal
8¢

Apy = f;
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9. COMPARISON OF DATA WITH THE ANALYTICAL PREDICTIONS

Hence, for each subchannel,

G2
A
f, — £ C; (a constant)
Dy
i
where the subscript i, refers to the ith subchannel.
0.2
if  f ~ Re™? 4
U
Then, by substitution one obtains
G.! 8
i
____-_—C2
1.2
Dy,
where
C, é C, u 02
or
- 0.55 2/3 _ 2/3
Gi =G, Dhi = C; Dhi
Table 8 shows the single phase data, the

D?‘B-prediction with no mixing, and COBRA predictions
with 8 equal to 0.005 and 0.01. At low flows the best
overall agreement is obtained with the mixing parameter
8 =0.005. However at G = 1.97 X 10® Ibs/ft?-h it appears
that § > 0.01 would produce better agreement with data.
The latest indications® %1% 17 are that two-phase
mixing is a function of the subchannel geometry, quality
and flow regime. Values of § between 0.01 and 0.04 are
probably appropriate for the present range of test
conditions. Actually the mixing should depend on local
conditions and should thus vary in the axial direction.
Nevertheless a constant value of 8 was used, as described
above, since the exact dependence of § on flow regime and
local conditions was not known. In any event this is
compatible with previous practice and thus produces a
consistent comparison. Table9 shows a comparison
between some of the data and the predictions with COBRA
for § equal to 0.01 and 0.04. Somewhat better agreement is
obtained with data for § = 0.04. However, the trends in
subchannel qualities are not predicted by the computer
code. Even with the high mixing, COBRA cannot predict
the substantially lower-than-average qualities in the corner
subchannel, and higher-than-average qualities in the center
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subchannel. In fact, if mixing were made infinitely large the
three subchannels would all be at average conditions and
thus the data cannot be explained in terms of mixing.
COBRA has an inherent defect in that it does not take
subcooled voids into account; however, the disparity
between the trends in the data and the predictions cannot
be attributed to this.

The most probable explantions for this behavior are
the tendency for the steam to move preferentially to the
center of the rod bundle and/or the presence of a thick

liquid film on the unheated channel wall. This latter
hypothesis is consistent with the trends in the void fraction
and flow regime measurements of the air-water test
described in the previous section and further discussed in
Reference 10. Although the reasons for the failure of the
subchannel approach for a typical present generation
computer code (COBRA) are not completely clear, it is
evident that without modification of the thermal-hydraulic
physics in these codes, agreement with actual multirod data
can not be achieved.

Table 8
SINGLE-PHASE (COLD): MEASURED AND PREDICTED MASS FLUXES

Test GXx10°¢
Point {Ib/ft?-h)
1B Data 0.480

Dh?” Prediction* 0.480
COBRA 8 =0.01 0.480
COBRA § = 0.005 0.480
1c Data 0.990
Dh? ” -Prediction 0.990
COBRA § = 0.01 0.990
COBRA § = 0.005 0.990
1D Data 1510
D2 -Prediction 1510
COBRA 3 =0.01 1510
COBRA 3 = 0.005 1510
1E ' Data 197
Dh? ”-Prediction 1.97
COBRA 8 =0.01 197
COBRA § = 0.005 197

Assuming no mixing.

G, X10°° G, X107 G; X 1076
(Ib/ft*-h) (1b/ft*-h) (Ib/ft*-h)
0.311 0.462 0526
0.322 0.447 0562
0.352 0.451 0551
0.336 0.447 0.560
0.701 0.939 1.150
0.664 0.922 1.159
0.740 0.934 1.128
0.704 0.925 1.149
1.095 1.441 1.690
1013 1.406 1.768
1.143 1.427 1.713
1.085 1414 1.748
1.62 191 2.19
1.321 1834 2.306
1502 1.865 2.229
1.424 1847 2273
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Table 9
TWO-PHASE: MEASURED AND PREDICTED FLOW AND
ENTHALPY DISTRIBUTION

Test GX10°¢ < G, X 1076 G, X 1078 G; X 10°¢

Point  (Ib/ft2-h) e (Ib/ft?-h) X (bff-h) 2 {Ib/ft*-h) X3

282 0530 0.029 Data 0.372 0003 0521 0014 0540 0.030
COBRA § = 0.04 0.482 0.030 0523 0.026 0552 0.031 -
COBRA =001 0.491 0.046 0516 0.025 0558 0.029

283 0535 0.090 Data 0550 0.072 0530 0.076 0521 0.104
COBRA =004 0478 0.090 0528 0.086 0560 0.092
COBRA =001 0.454 0.104 0524 0.084 0571 0.092

284 0535 0.176 Data 0524 0.133 0517 0.180 0560 0.220
COBRA 8 =004 0.469 0.177 0526 0.172 0565 0.178
COBRA 8 =0.01 0.417 0.194 0524 0.169 0581 0.179

2E1 1.080 0.035 Data 0.950 0.004 1.102 0.026 1.162 0.051
COBRA 8 =0.04 0.990 0.035 1082 0.031 1.102 0.038
COBRA 5=0.01 0874 0.057 1.068 0.030 1.1561 0.034

2E2 1.080 0.106 Data 1.046 0.049 1078 0.097 1.180 0.105
COBRA § =004 0979 0.106 1073 0.102 1.117 0109 .
COBRA 8 = 0.01 0878 0.125 1073 0.099 1.143 0.109

2E3 1.060 0.215 Data 0.965 0.160 1.081 0.185 1126 0.249 .
COBRA 8 =0.04 0938 0215 1.044 0211 1113 0.217
COBRA 8 = 0.01 0826 0.234 1.046 0206 1.140 0.220

10. DATAWITH A RADIALLY NON-UNIFORM HEAT FLUX DISTRIBUTION

Subchanne! sampling tests were run with different
power on the nine rods in order to obtain a radial peaking
distribution. Axially, the heat flux was uniform.

The radial peaking pattern was achieved by using
three peaking transformers one for each phase, as shown in
Figure 58. Each phase supplies power for three rods. In this
way, a peaking pattern approximately symmetrical (but not
exactly symmetrical due to variations in the individual
transformers) about the diagonal was achieved as shown in
Figure 59. For this configuration, there are approximately
ten different types of subchannels. Due to the shortage of
test loop time, only subchannels 1 through 5 were sampled.
Subchannels 1, 3, and 5 were sampled with the peaking
pattern in Figure 59 in the usual manner. In order to
sample subchannels 2 and 4 without changing the splitter
locations the peaking pattern was reversed as in Figure 60,
and the same side and corner subchannels were sampled.

70

These peaking factors are defined with respect to the
average heat flux and were determined from actual
measurements. In addition to the total power, the power to
each rod was measured separately and recorded on the
DYMEC paper tape. The test conditions are shown in
Table 10. These test conditions are nominally the same as
2B2, 2D1, 2E1, and 2E2. A slightly lower total power was
used for Test 3E2 because of the possibility of critical heat
flux (CHF) in the presence of 1.3 peaking on the corner rod.

Table 11 shows results obtained for the peaking runs.
These cover the hot (No.1) and cold (No.2) corner
subchannels, hot (No. 3) and cold {No. 4} side subchannels,
and the hot (No.5) center subchannel. The hot center
subchannel ran at the highest quality in all
Unfortunately not much data is available for the hot side
subchannel. It was found that the cold side subchannel was
the lowest in quality and generally had the highest mass

cases.
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Table 10
TEST CONDITIONS FOR PEAKING RUNS

Average

Mass Flux
Test (Ib/ft2-h) Power
Point G X 10°¢ (kw)
382 0535 532
3D1 0.545 1064
3E1 1.080 1064
3E2 1.060 994

flux. In fact, in three of the four runs the cold subchannel
was substantially subcooled at the exit, so that the exit
enthalpy could be accurately determined by measurement
of the temperature of the sample at the inlet to the heat
exchanger. The hot corner subchannel ran at higher than
average quality and was the lowest in mass flux for all the
runs considered.

Since not all ten subchannels were sampled, errors in
the continuity and energy balance could not be evaluated.
Comparisons with uniform data are made in Figures 61 to
82. Figures 61 to 64 show that the quality of the hot
corner subchannel runs much higher than that of the corner
subchannel for uniform local peaking conditions and that it
also runs higher than the average bundle quality. The
quality of the cold corner subchannel is not affected as
much, and runs close to the corner subchannel under
conditions of uniform heat flux. Sometimes the cold corner
subchannel quality appears to be a little higher than that in
the uniform case. This trend is closely related to the
subchannel mass flux as will be seen when Figures 72 to 75
are discussed. The probable error in these quality
measurements is of the order of +2% (see Appendix B).
Since this is true, the uniform and cold subchannel qualities
can be considered the same in most cases. Figures 65 to 68
show the qualities in the hot and cold side subchannels, and
the side subchannel for uniform heat flux (referred to
hereafter as ‘“‘uniform’’ side subchannel). Here the cold
subchannel is seen to be at a much lower quality and
subcooled for three out of the four test runs. The quality of
the hot side subchannel is higher than in the uniform side
subchannel and higher than the bundle average quality.
Figures 69 to 71 show the quality in the hot center
subchannel together with previously obtained results for

73

Average
Average Exit
Heat Flux Subcooling Quality
(Btu/ft*-h) (Btu/Ib) Xe
q"
225,000 146.1 0.032
450,000 273.0 0.084
450,000 1429 0.035
420,000 924 0.100

the center subchannel in the absence of local peaking. The
hot subchannel is seen to run at a substantially higher
quality. This is the hottest subchannel in the bundle.
Figures 72 to 82 show the trends in the normalized
mass flux. These trends are not as clearly defined as the
trends in quality. With the exception of Figure 72, the hot
corner subchannel has the least flow when compared to the
uniform and cold corner subchannel flows. The cold corner
subchannel flow appears generally to be below the uniform
corner subchannel flow, but greater than the hot
subchannel flow. At first thought, one might expect the
cold corner subchannel to be higher in mass flux than the
uniform case, with the hot corner subchannel being the
lowest. With the exception of Figure 72, which is for a run
of low flow and quality, the trend between the hot and
cold cases is about as expected. However, in every case, the
uniform corner subchannel has higher flow than the
corresponding cold case. Since not all subchannels were
sampled, it is not possible to check the validity of this
trend, It may be possible that the subchannel size was
different in this particular assembly due to the tolerances
on the rod/wall spacing or that the relatively unrestricted
cold center subchannel (Subchannel 10 in Figure 59) had
very high flow rates for these peaking runs and thus the
cold corner subchannel {Subchannel-2) was ““flow starved.”
Figures 76 to 79 indicate that the cold side
subchannel (see Figure 59) had a greater mass flux than the
uniform side subchannel except at low flow and quality.
The hot side subchannel flow is lower than the uniform side
subchannel flow in every case tabulated. As indicated in
Figures 80 to 82, the trends are reversed for the hot center
subchannel, which has lower flow rate than the uniform
case except at low values of average flow rate and quality.
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Average
Exit
Quality
X

0.032
0.084
0.035
0.100

Table 11
MASS FLUX AND ENTHALPY DATA
FOR RADIAL PEAKING PATTERNS

Average
Heat Flux
{Btu/ft*-h}

q” G, X 10°¢ X, G, X10°°
225,000 0.400 0.080 0.320
450,000 0.322 0.123 0.335
450,000 0.794 0.105 0925
420,000 0.800 0.160 0.940

X2

0.009
0.024
0.002
0.075

G, X 107°°

0.505
0.628
1.430
1.475

—0.043
-0.037
-0.036

0.034

0.108

0.163
0.227
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11. PRESSURE DROP DATA

Single-phase and two-phase pressure drop data have
been taken in the nine-rod assembly. The single-phase data
were taken both for adiabatic and diabatic conditions while
the two-phase data were only taken for diabatic conditions.
The single-phase friction factor {Moody) was obtained from
adiabatic runs. The relative positions of the heater rods
were maintained by 1/8 inch spacer pins, and so a pressure
drop due to these pins must be subtracted in order to get
the “’clean” friction factor. The method used to obtain the
portion of the pressure drop associated with the spacer pins
is described in Appendix C. Table 12 gives a tabulation of
the single-phase pressure drop data. Figure 83 shows the
adiabatic friction factor for the ‘“clean’” channel, the
equivalent friction factor for the channel including spacer
pins, and the classical smooth tube friction factor. It is seen
that the friction factor for the ‘“’clean’ multirod assembly is
slightly higher than for the smooth tube. Some multirod
data in the literature indicate a friction factor below that
for the smooth tube'® 2° while other pressure drop
tests?® 2 indicate a friction factor that is higher than that
for the smooth tube. The present data, which lie in the
latter category, are self consistent and considered valid for
the present nine-rod test section.

The same model for the spacer pins is used for
determining the spacer-pin pressure drop for two-phase
conditions. In this case the two-phase pressure drop
multiplier is taken as the homogeneous multiplier.

The pressure drop data were taken for one-foot
intervals along the heated length, and a total reading was
made across the entire six-foot heated length. These
readings were made with Pace Ap cells connected to the
pressure taps via a seal-pot system as described in Section 2.
The pressure-tap lines were routed to the instrumentation
flange in the annular space between the test section and the
pressure vessel wall inside the pressure vessel. The
temperature gradient was measured along the water gap in
the pressure vessel allowing corrections in the normal
elevation head for the pressure tap lines to be made
accurately. It has been found that the main problem in
taking data with Pace cells is that any entrapped air must be
bled off quite well or an erroneous signal will result and
that, in addition, damage to the diaphragms is not unusual
during the bleeding process. As a consequence, although
much data was easily accumulated (in this case on a
Hewlett-Packard DYMEC system), many data runs were
found to be invalid. The criterion that was used to
determine whether a set of pressure-drop measurements was
valid or not, was to add up all the individual one-foot
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pressure drops and compare them with the overall

heated-length pressure drop measured both with a Pace cell

and a manometer. If these three agreed within a few
percent, the data was considered valid. Otherwise, it was
suspect and discarded.

The method used for reduction of the pressure drop
data follows.

(1) The static pressure drop was plotted against axial
length for the entire heated length. A smooth curve
was fitted to this data, and in most cases the scatter
was not excessive.

(2) The start of subcooled boiling was determined using
the method described by Levy.2! The density-head
pressure drop and the axial-acceleration pressure drop
were subtracted from the two-phase static pressure
gradient. The void-quality relation due to
Zuber-Findlay as described by Levy?! was used. The
density head Pp. for the two-phase region was
integrated numerically as:

Ly
g
Py = —g— :pf [1—alz)] + Py a(z){ dz
c
o

The appropriate acceleration head pace was taken to
be that of a separated flow model:

1 G? G?
9, \p _ Ps |
Z—Lb Z"‘O

Pace =

where

G = Axial Mass Flux Ib/ft*-h

Lb = Boiling Length,
p' = Momentum Density, Ib/ft®
1A l0—x? xZ

p pe(1—a)  pgo

z = A variable of integration having an origin at the
start of subcooled boiling, ft.

{3) The number of 1/8-inch spacer pins in the boiling
length were determined, and the local pressure drop
associated with these pins was computed by




Run

1A
18
1C
10
1E

10
{repeated)

No. 1
Pace Total
Overall

No. 2
Pace Total
Overall

No. 3
Pace Total
Qverall

No. 4
Pace Total
Overall

No.5
Pace Total
Overall

No. 6
Pace Total
Overall

No.7
Pace Total
Overall

No.8
Pace Total
QOverall

No. 8
Pace Total
Qverall

No. 10
Pace Total
Overall

No. 11
Pace Total
Qveralt

No. 12
Pace Total
Overall

GX10 "
{Ib/ft’ -h)

0.25
050
1.0
15
20
15

1.378

1.302

2.489

1.150

1.110

1.389

1.548

1545

2.067

1536

2.005

0.662

Apt
{psi}

371
3.695

3.458
3.412

5.944
5912

3.041
3.021

2.909
2.886

3.346
3.353

4.063
4.007

4141
4.135

5.237
5.266

4.058
4.045

5.038
5.045

2.787
2.763

Aph
(psi)

2.461
2.461

2.332
2.332

2.363
2.363

2.158
2.158

2.062
2.062

2072
2.072

2.509
2.509

2510
2510

2507
2507

2.460
2.460

2.458
2.458

2.459
2.459
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Table 12

Apg
(psi)

0.0709

0.2128

0.7130
1596
2540
1610

1.250
1.233

1.126
1.080

3580
3585

0.8830
0.8628

0.8464
08231

1274
1.281

1555
1.499

1.631
1.625

2730
2.759

1597
1.585

2580
2587

0.3285
0.3042

T
("F)

67
67
67
67
67
75

248

348

326

449

494

490

206

204

208

249

251

250
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SINGLE PHASE PRESSURE DROP DATA
(Nine-Rod Subchannel 6 Foot Length at 1000 psig)

u
(Ib/ft-h)

2.23
223
223
223
2.23
2.23

0.579

0.381

0411

0.290

0.260

0.262

0.72

0.722

0710

0521

0568

0570

Re
x 107"

4.34
8.77
1754
27.12
35.08
27.11

94.3

1353

2400

157.0

170.0

2101

85.2

848

1153

116.7

1398

46.0

0.0584
0.0430
0.0360
0.0337
0.0321
0.0341

0.0308
0.0304

0.0295
0.0283

0.0260
0.0261

0.0274
0.0268

0.0270
0.0263

0.0261
0.0262

0.0310
0.0299

0.0326
0.0325

0.0305
0.0308

0.0317
0.0315

0.0300
0.0301

0.0351
0.0325

0.0059
0.0055
0.0056
0.0061
0.0067
0.0061

0.0076
0.0076

0.0077
0.0077

0.0077
0.0077

0.0077
0.0077

0.0077
0.0077

0.0077
0.0077

0.0076
0.0076

0.0076
0.0076

0.0077
0.0077

0.0077
0.0077

0.0077
0.0077

0.0071
0.0071

0.0526
0.0375
0.0305
0.0277
0.0254
0.0280

0.0232
0.0228

0.0219
0.0207

0.0184
0.0184

0.0198
0.0192

0.0193
0.0186

0.0184
0.0185

0.0234
0.0223

0.0251
0.0249

0.0228
0.0232

0.0241
0.0238

0.0224
0.0225

0.0280
0.0254
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multiplying the single-phase pressure drop due to
spacer pins by the homogeneous multiplier at each
pin location. The sum of these local drops was
subtracted from the reading to yield the two-phase
friction pressure drop.

(4) The two-phase friction pressure-drop data was plotted
against axial length in the boiling region. This data
was fitted by the method of “least squares’” with a
fourth degree polynomial which was constrained to
agree with the single-phase pressure-drop gradient at

zero flow quality.

The derivative of the above fit was formed to obtain
(dp/dz), ¢. This was normalized by the single phase
pressure gradient (dp/dz), to form the classical qug
multiplier (Martinelli-Nelson notation) at each quality
of interest.

(5)

Table 13 gives a detailed tabulation of the data and
the intermediate steps as described in items (1) to (5)
above.

This reduced data has been plotted in Figures 84, 85,
and 86. It can be seen, within the scatter of the data
introduced by the differentiation process, that the
classical Martinelli-Nelson curve for 1000 psia, does a
good job of correlating the data based on flow
quality. It is very interesting to note that there
appears to be only a very mild flow effect in the
two-phase multiplier, which is contrary to the
simple-geometry results of other investigators.?3 It is
consistent, however, with previous heated rod-bundle
results.! 112 Presumably the differences are due not
only to geometry but to the void-quality model used,
since the calculation of ¢L<§ is quite sensitive to
calculation of the density head. In this regard, it is
felt that the flow-dependent void-quality relation
given by Levy?! is more accurate than the
flow-independent table look-up values used by other
investigators. For the sake of completeness, Table 14
gives a tabulation of some unreduced static
pressure-drop data. These data were not processed
since it was felt that enough reduced data at these
flows were already available. However, it has been
documented here for the reader.

12. SUMMARY AND CONCLUSIONS

The present study of subchannel and pressure drop
measurements was conducted
nine-rod assembly that was constructed specifically for this
test ‘series. At the start of the program, exploratory
calibration runs indicated that great care was needed in data
aquisition and reduction. A technique was developed in
which daily calibration runs were made to establish the
isokinetic setting and to determine the ‘‘heat loss”" to be
used in data reduction. In order to simplify the test rig and
operations, only a single subchannel was sampled at a time.
This proved to be a reliable method of data aquisition but
had the undesirable feature that the same test conditions

in an electrically-heated

had to be established each time a new subchannel was -

sampled. Nevertheless, subsequent checks of the
conservation of mass and energy have indicated that the
data taken in this manner are valid.

Subchannel test data were taken for both isokinetic
(natural flow split) and non-isokinetic conditions. The
isokinetic data gave the normal local conditions that
occured in the test bundle. The non-isokinetic data were
used to determine the flow diversion enthalpy and the

sensitivity of the isokinetic setting. At the same 2.

100

subchannel
pressure drop data were taken for both adiabatic and
diabatic conditions. It was found that these pressure drop
readings were quite

measurements were being made, detailed

insensitive to the sample flow,
indicating that the axial length for flow-diversion was small.

The main conclusions that can be drawn for the data
have been tabulated below:

A. Conclusions From Isokinetic Data {Uniform Radial)

1. The corner subchannel runs at a mass flux below the
bundle average mass flux and at a quality below the
bundle average quality.

2. The side subchannel has mass flux and quality
approximately equal to or slightly below the bundle
average.

3. The center subchanne! has both mass flux and quality
above the bundle average values.

4, There is an observable, though somewhat
inconsistent, tendency for the subchannels to
approach bundle average conditions in the regions of
slug-annular flow-regime transition. This effect is less
pronounced than that observed in two-subchannel
tests.> ! 7




® o - @
TABLE 13. REDUCTION OF PRESSURE DROP DATA
® 6 6 ®©6 6 O ® ® ® ® O) @’ @)
Pin
Run Ahsub QX 107" L Lb Location Yhp Apy (6 1) 14 py NS Pacc Th pg MO Ppins Lhopgi22) 5 opg (2-) Iht] *flow
No. GXx 10" RyX 10°° Xe  Xfiow {Btuflb) (Btu/ft*-h}  {ft) {ft) 1) s {ft* /ib) {psi) {psi) {psi) {psi} o (1) {psi} {psi) {psi} %} Lo
2A241 0.263 43.3 98 10 290 0.229 413 0 - - - 212 1.690 0 [¢] 0.007 - -
45 0.37 4.15 0.0010 0.0220 1.715 0.002 0.120 0.0022 0.0008 0.0038 04 14095
5.0 0.87 4.15 0.0010 0 1.873 0.009 0.259 0.0022 0.0128 00 25 2067
55 1.37 5.15 6.0515 0.0434 2.005 0.017 0.372 0.0066 00194 0.0205 59 2528
6.0 1.87 5.15 0.0515 0 2.120 0.027 0.464 0.0066 0.0324 0.0315 10 2878
2A2-2 0.281 46.1 6.9 7.3 293 0.229 4.32 0 - - - 2.18 1.650 0 [} 0.0071 - -
470 0.38 - - - 1.790 0.0022 0.1254 o} 0.0024 0.0049 0.3 1844
5.00 0.68 - - - 1.880 0.0060 0.215 0 0.0170 0.0011 1.1 2714
550 1.18 5.15 0.0315 0.0350 2.035 0.0140 0.341 0.0041 0.0259 0.0276 3.7 4567
6.00 1.68 | 5.15 0.0315 0 2.180 0.0230 0444 0.6041 0.0589 0.0537 7.3 6.923
2A3-1 0.235 387 44.4 444 463 0.229 08 0 — - - 1.632 0.279 0 0 0.0068 - E
20 1.2 1.15 0.3000 0.0343 0.665 0.012 0.331 0.0027 0.0403 0.0494 56 10634
2.15 0.1150 0.07036 0.0083
33 25 3.15 0.2000 0.1064 1.250 0.0372 0.5454 0.0167 0.1717 0.1663 7.8 15.56G
4.6 38 415 0.2860 0.1429 1.370 0.070 0.690 0.0280 0.3030 0.3010 30.8 14776
6.0 52 5.15 0.3724 0.1795 1.632 0114 0.806 0.0422 0.3909 0.4094 444 7523
2A33 0.242 40.0 416 416 460 0.227 0942 0 - - - 1.63 0.323 0 o 0.0069 - - - - -
1.15 0.0185 0.0294 0.0025 o
22 1.258 2.15 0.1000 0.0640 0.735 0.0144 0.3406 0.0081 0.0490 0.0464 6.0 9.0 m
—_ 3.4 2.458 3.15 0.1820 0.0988 1.075 0.0376 05372 0.0166 0.1606 0.1456 16.9 14.06 >
2 47 3.758 4.15 0.2640 0.1335 1.387 0.070 0.6852 0.0281 0.2807 0.2886 29.2 16.689 E
6.0 5.058 5.15 0.346 0.1683 1.630 0111 0.796 0.0426 0.3574 0.4422 41.6 16.368 w
282-1 0.525 86.4 33 38 417 0.224 398 [} - - - 2.3 1.855 0 0 0.0076 - - g
45 052 4.15 0.003 0.0229 1.760 0.006 0.170 0.0101 0.0189 0.0164 02 1.212 ©
5.0 1.02 4.15 0.003 0 1.940 0.019 0.318 0.0101 0.0379 0.037% [a)¢] 1735
55 1.52 5.15 0.021 0.0305 2.130 0.036 0.448 0.0235 0.0675 0.0686 21 257
6.0 2.02 5.15 0.021 0 231 0.054 0.562 0.0235 0.1155 0.1142 38 3.720
2841 0.536 88.2 21.4 214 514 0.227 0.133 ] - - - 2.395 0.050 0 0 0.0076 - - -
15 1.367 115 0.034 0.0360 0.530 0 0.342 0.0165 0.1215 0.0926 25 3.402
3 2.867 2.15 0.0675 0.0502 1.090 0.057 0.635 0.0395 0.3085 0.2997 8.6 5.621
3.18 0.101 0.0644 0.0691
45 4.367 4.15 0.134 0.0784 1.720 0.128 0.852 0.1051 0.5850 0.5979 15.0 7.403
6 5.867 5.15 0.1677 0.0927 2.395 0.205 1.027 0.1476 0.9654 0.9673 214 8 49
2842 0537 88.3 197 19.7 517 0.219 0.14 [¢] - - - 2.46 0.05 0 0 0.0076 - - - -
15 1.36 1.5 0.033 0.0356 0.620 0.034 0.353 0.0164 0.1166 0.0994 19 3662
30 2.86 2.15 0.066 0.0496 1.255 0.045 0.663 0.0392 0.3578 0.3151 7.3 5638
3.15 0.0984 0.0633 0.0684
45 4.36 415 01310 0077t 1.860 0.112 0.893 0.1039 0.6011 05993 135 6.607
2C21 1.047 173.2 1.0 uao 533 0.2 013 0 - - - 3.725 0.05 0 0 0.0077 - - - - -
15 1.37 1.15 0.0185 0.0294 0.77 0.061 0.351 0.0524 0.2556 0.1909 14 1.763
3 287 2.15 0.0368 0.0372 1.61 0211 0.684 0.1187 0.5463 0.5232 a5 2.629
3.15 0.0549 0.0449 0.1987
45 4.37 4.15 0.0730 0.0526 261 0.351 0.953 0.2925 0.9635 0.9890 7.7 3526
6.0 5.87 5.15 0.0913 0.0603 3.725 0.491 1.181 0.3999 1.603 1.593 1o 4.453
2C2-2 1.053 173.2 9.4 9.4 527 0.222 0.14 0 - - - 3.773 0.0650 0 0 0.0077 - - - -
1.5 1.36 1.15 0.0170 0.0288 0.8100 0.009 0.353 0.0513 0.3317 0.2105 07 2.03
30 286 216 0.0340 0.0360 1.700 0.140 0.720 0.1155 0.6595 0.5884 3.1 2915
3.15 0.0510 0.0432 0.1925
45 4.36 4.15 0.0680 0.0504 2.660 0.276 1.012 0.2823 1.025 1.081 6.2 3538
6.0 5.86 5.15 0.0852 0.0577 3.773 0.414 1.268 0.3851 1.651 1.647 9.4 3.899
Q- -®L-0-®-®
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No.
2C2-4

2C27

2D

2034

2035

2C11

2C2-8

2E11

2G11

Gx 10 R, X 10"

1.057

1.068

0.525

0.535

0.632

1.046

1.071

1.053

1.07

1739

175.7

86.4

88.01

875

1721

176.2

173.2

176.9

@@, -@],

Xe

85

9.1

1.6

32.9

327

5.4

10.1

42

34

Xfiow
85

91

329

327

55

10.1

5.0

52

Ny

{Btu/Ib) (Btu/ft*-h}

520

524

302

436

436

503

530

422

346

q'xX10°°

0.229

0.227

0.456

0.461

0.458

0.225

0.227

0.451

0.666

-©-0-0.

L
(f1)

0.3
1.5
30

45
6.0

0.13
1.5
3.0

45
6.0

3.48
417
4.83
5.33
6.00

098
15

3.0

45
6.0

0.98
20
30

45
6.0

1.67
30
4.0
50
6.0

0.13
15
3.0

45
6.0

3.165
383
45
5.17
6.0

361
4.186
483
551
6.00

Ly
(f1)

0
1.2
2.7

42
57

0
1.37
287

4.37
5.87

0
Q.71
1.37
1.87
254

0
052
2.02

352
5.02

1.02
2.02

3.52
5.02

1.33
2.33
3.33
4.33

1.37
287

4.37
5.87

0.66
1.33
2.00
283

0.55
1.22
1.90

Location
(ft)

1.15
2.15
3.15
415
5.15

1.15
2.15
3.1%
4.15
5.15

4.15
4.15
5.15
5.15

115
2.15
3.15
4.15
5.15

1.16
2.15
3.15
4.15
5.15

2.15
3.15
4.15
5.15

1.15
215
3.15
4.15
6.15

4.15
5.15
5.15

4.15
4.15
5.15
5.15

b3

0.0132
0.0275
0.044

0.0595
0.0749

0.0160
0.0320
0.0479
0.0638
0.0799

0.0310
0.0310
0.0760
0.0760

0.0100
0.0755
0.1398
0.2045
0.2700

0.0120
0.076
0.140
0.205
0.270

0.0069
0.0176
0.0291
0.0410

0.0180
0.0359
0.0534
0.0510
0.0889

0.0140
0.0284
0.0284

0.0076
0.0076
0.0219
0.0219

TABLE 13.—{Continued)

© & 0 6066 6 0 6060 6 0 v

Vhp
(ft* Ib)
0.0272
0.0333
0.0403
0.0468
0.0534
0.0284
0.0352
0.0419
0.0487
0.0555

0.0347
0

0.0538
0

0.0258
0.0536
0.0809
0.1083
0.1361

0.0267
0.0538
0.0810
0.1085
0.1361

0.0241
0.0290
0.0339
0.0390

0.0224
0.0368
0.0442
0.0432
0.0593

0.0275
0.0336

0.0248

0.0309

Apy (6 1)
(psi)

3.744

384

2.47

2.83

282

3.86

337

359

Thpy
(psi}
0.1300
0.8150
1.710

2.670
3.744

0.055
0.785
1.635

2610
3.840

1.44
1.73
1.99
2.19
2.470

0.380
0.580
1.189

1.885
2.830

0.370
0.765
1.185

1.803
2.820

0.775
1.469
2.006
2570
3.170

0.055
0.770
1.629

2610
3.860

1.56
1.91
229
272
3.37

1.860
2.210
2.660
3.170
3.590

b Page
{psi}
0
0.049
0.170

0.305
0.444

0
0014
0.145

0.285
0.425

0
0.018
0.055
0.089
0.142

0
0.011
0.101

0.239
0.417

0
0.032
0.098

0.234
0.408

0
0.057
0.134
0.220
0.309

0
0.035
0.180

0.324
0.467

0
0.029
0.092
0.178
0.300

0
0.0305
0.1375
0.2319
0.328

4 Pel
{psi)
0
0.383
0774

1.086
1.343

0
0.370
0.743

1.041
1.290

0
0.226
0.393
0.492
0.598

0
0.174
0526

0.732
0.872

0
0.315
0527

0735
0876

Q
0.419
0.685
0.913
1.110

0
0.359
0.712

0.994
1232

0
0.220
0417
0585
0.760

0
0.1868
0.3851
0.5491
0.648

0.00765

0.0076

0.0076

0.0076

0.0077

0.00765

0.00765

0.00765

&

S opg 20
{ps1)

0.2042
05274

08840
1.4662

0.2939
0.5754

0.9463
1.686

0.0307
0.0867
0.1301
02511

0.0032
0.1457

0.4112
0.9760

0.0360
0.1537

0.4421
0.9827

0.1756
0.3186
0.5089
0.7544

0.2797
0.5729

0.9667
1.726

0.1010
0.1720
0.2871
06411

0.0871
0.2318
0.4267
0.6517

® © ®

1o py gy il
{psi)

0 1649
04867

0.9278
1479

01783
0.4890

0.9707
1.67%

0.0298
0.0802
0.1385
0.2512

0.0204
0.1521

0.4441
0.9634

0.0563
0.1691

0.4700
0.9629

0.1580
0.3140
0.5071
0.7416

0.1875
0.5160

1.00%
1.687

0.0655
0.1557
0.3092
0.6465
0.0745
0.2197
0.4409
0.6539

*flow

(%}

0.4
23

0%
29

5.9
8

08
36
6.9
12.0

0.3
76

19.9
32.9

16
7.4

19.06
327

05
1.7
35
55

08
37

6.8
10.1

02

23
50

02
1.1
3.1
52

Lo

1 a4/
2512

3263
3950

1562
2497

1.626
4.422

8 693
14.44

275
485

8.705
13.4

13u3
1741
2134
2572

1662
2.585

3.717
5.057

1.061
1.703
2932
5.267

1.635
2579
3729
4.677

6v0€1-dv3D
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TABLE 13.-{Continued}

®© O 0 006 006 ®6e 66 6 ® ® @ 6 6 &

Pin
Rur Shap g7x 1070 L L, Location vhe A (61 gy Yhpg  Tbpg Yhbging SRR Lhppp il xgo
Na. GX 107" R x 1077 Xe  Xpiow  (Br/b) (Btu/ft*-h)  (ft) (f1) {ft) x5 (ft* /Ib) {psi) {psi) (psi) {psi} fo (1) {psi} {psi) {ps1) ) Lo
2G1-3 1.06 174.2 4.1 57 348 0.667 348 o - - - 3575 1765 0 o] 0.00765 - -
4.00 052 - - - 2.110 0.026 0.177 — 0.1420 00777 01 [ S
4.67 119 415 00110  0.0263 2.600 0.101 0.377 0.0474 0.3096 0.2387 1o 2762
5.33 185 6.15 00275  0.0333 3.075 0.217 0.542 0.1074 0.4436 0.4444 29 3245
6.00 252 515  0.0275 0 3575 0.346 0.675 0.1074 06816 0.6788 57 3513
2G3-2 1.073 1765 155 157 420 0.670 1.638 0 - - - 435 0.83 0 0 0.00765 - -
3.00 1.362 215  0.0180  0.0292 1722 0.124 0.427 0.0540 0.2870 0.2599 13 2570
4.00 2362 315 00520  0.0436 2506 0.311 0.652 0.1347 05783 05731 47 3387
500 3.362 4.15 0.0860 0.0581 3.360 0.540 0.821 0.2422 0.9269 09568 | 9.9 392
2H1-3 2.118 348.4 32 43 459 0.660 2.29 0 - - - . 656 1.89 0 0 0.00765 - -
3.17 0.88 315 00070  0.0246 275 0.113 0.290 0.1774 0.2796 0.2999 0.1 1169
4.16 187 415 00155  0.0282 390 0.395 0585 0.3807 0.6493 0.7189 08 1524
5.00 2n 415 00155 3} 5.06 0.725 0.794 0.3807 1.270 1.181 21 1903
6.00 371 515 00241  0.0318 6.56 1.149 1.006 0.6100 1.905 1909 43 2648
2H1-4 2.192 360.6 3.1 42 461 0.662 229 0 - - - 6.77 1.96 0 0 0.00765 - - _
3. 0.88 315 00067 00244 2.84 0.124 0.286 0.1884 0.2816 0.3163 0.1 1.163 2]
4.16 187 415 00146  0.0278 404 0.422 0.581 0.4031 0.6739 0.7486 08 1465 g
§.00 271 415 00146 0 5.23 0.767 0.789 0.4031 1.311 1.209 21 1.820 E-]
6.00 371 5§15 00226  0.0312 6.77 1.209 1.002 » 0.6441 1.958 1.908 42 2.362 ;
2H2-1 2.114 347.8 7.3 16 498 0550 0.60 [ - - - 9.75 0.60 0 0 0.00765 _ _ _ - _ g
15 090 1156 00070  0.0246 1.53 0.114 0.295 0.1767 0.3443 0.3233 0.1 1.299 ©
30 240 215 00200 0.0301 3.332 0.543 0719 0.3929 1.077 1.138 14 2.215
315 00330  0.0356 0.6486
45 3.90 415 00460  0.0431 6.20 1.098 1.051 0.9438 2507 2511 4. 3,652
6.0 5.40 5.156 00590  0.0466 9.75 1.722 1.317 1.279 4832 4.691 76 5.609
2121 1.067 1755 10.4 113 342 0797 2.77 0 - - - 4.19 1.390 1} [1} 0.00765 - - - -
350 0.730 3.15 00120 00267 1.855 0.052 0.242 0.0489 0.1221 0.1001 04 1.736
433 1563 415 00441 00403 250 0.187 0.468 0.1226 0.3324 0.3068 23 3176
5.167 2.397 5.15 0.0767  0.0541 3.32 0.374 0.638 0.2216 0.6964 0.6656 6.2 5.268
6.00 3.230 5.15  0.0767 0 4.19 0.600 0.770 0.2216 1.208 1.231 1.3 1979
2123 1.062 174.7 101 111 340 0792 28 0 - - - 4.06 1.42 0 0 0.00765 - - -
35 0.700 3.15 00110  0.0263 1.86 0.048 0.234 0.0477 0.1103 0.0904 03 (XYY
433 1.533 415 00421 00395 2.49 0.178 0.463 0.1193 0.3097 0.2751 22 2.835
5.167 2.367 515  0.074 0.0530 3.2 0.362 0.635 0.2154 0.6176 05918 6.0 4673
6.00 3.20 5.15 0074 0 4.06 0584 0.768 0.2154 1.073 1.080 1M1 7.099
2F2:1 2.119 348.6 104 104 531 0.456 0.13 0 ~ - - 958 0.05 0 0 0.00765 - - - -
15 1.37 1.15 0.0175 0.0290 1.78 0.362 0.358 0.2003 0.8007 0.6406 1.0 1912
30 2.87 2.15 0.0345 0.0362 4.064 0.969 0.698 0.4705 1.877 1.751 39 72707
315 00515 00434 : 0.7838
a5 437 415 00687  0.0507 6.82 1.555 0.969 1.150 3.076 3.189 72 3.290
6.0 5.87 515 0.868 0.0580 9.80 2132 1.197 1.568 4853 4.855 10.4 3660
2F13 2,097 3448 5.0 5.3 S01 0.453 1.167 0 - - ~ 73 0.925 0 0 0.00765 - - - - -
2.335 1.168 2.15 0.0103 0.0260 205 0.162 0.374 0.1834 0.4056 0.3612 0.2 1.05
3.66 2.493 3.15  0.0204  0.0303 352 0523 0.742 0.3973 0.9327 0.8967 14 1628
483 3.663 415 00305  0.0345 5.07 0.887 1.009 0.6409 1.608 1.656 3.3 2598
6.00 4883 516  0.0408  0.0389 7.30 1.285 1.238 0.9158 2.936 2913 53 4070

"O-@L -OL-0-0-0
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Figure 84. Two-Phase Friction Multiplier versus Bundle Average Flow Quality: G =0.5X 10° Ib/ft*-h
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Figure 85. Two-Phase Friction Multiplier versus Bundle Average Flow Quality: G = 1.0 X 105 Ib/ft*-h
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Figure 86. Two-Phase Friction Multiplier versus Bundle Average Flow Quality: G=2.0X 10° Ib/ft*-h
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Table 14
TOTAL TWO-PHASE PRESSURE DROP

{Nine-Rod Subchannel - 1000 psig)

Average Average Differential Pressure, Ap, {psi)
Mass Heat Inlet
Flux Flux Temper- Quality Heated Heated Heated Heated Heated Heated
Run  (b/ft*-h)  (Btu/ft*-h) ature Sub- . Exit Length, Length, Length, Length, Length, Length, .
No. GX10°® g'x10°° (°F) Cooling (%) 1ft 2 ft 3ft 4 ft 5 ft 6 ft
2B3-3 0.533 0.228 454 108 9.30 0.384 0.760 1.14 1.52 1.90 2.28
2B34 0.537 0.227 456 106 9.33 0.384 0.760 1.15 163 1.92 2.30
2B3-2 0.534 0.226 459 102 9.93 0.383 0.770 1.162 154 1.92 2.30
2B4-3 0.626 0.216 524 31.7 20.2 0.395 0.778 1.165 1555 1.942 2.33
2F1-2 2.123 0.459 496 65.07 3.16 0.74 1.64 273 3.91 5.22 6.60
2F1-3 2.098 0.453 501 59.02 408 0.800 1.70 274 4.03 5.21 6.55
2F2-2 2.094 0.458 531 244 9.63 1.15 249 4.08 585 7.86 10.05
2F2-3 2.064 0.460 531 229 10.12 1.21 250 4.09 5.88 7.84 10.12
2H2-2 2.162 0.678 496 64.7 9.23 0810 2.03 351 5.29 7.26 955

Note: Comparable total unreduced static pressure drop data can be found

in columns 1, 3,4, 5, 6, 11, and 12 of Table 13.

The effect of bundle average mass flux on the
normatized enthalpy distribution is small.

The effect of heat flux on subchannel enthalpy
distribution was small for low flow cases but showed
a strong effect at the higher flows. There appeared to
be a reversal of the trend at a bundle average quality
of ~6 %.

The effect of the bundle average mass flux on
subchannel mass flux distribution was to increase the
mass flux in- the corner and center subchannels, and
decrease the mass flux in the side subchannel as the
bundle average mass flux was increased.

The effect of heat flux on subchannel mass-flux
distribution was to decrease the mass flux in the
corner subchannel but leave the mass fluxes in the
other subchannels relatively unchanged {i.e., the total
flow change was small since the corner subchannel
has a small flow area, thus its flow perturbation is not
strongly felt by the other subchannels.)

Conclusions From Non-Isokinetic Data (Uniform
Radial)

The agreement between theoretical results and data
indicate that the assumptions made in the analytical
model are valid: the length for flow diversion is small,
and the separated flow model is appropriate for
two-phase conditions.

The cross-flow enthalpy which is transported from
one subchanne! to the other during flow diversion is
generally higher than the subchanne!l enthalpy of the
donor subchannel and appears to be a strong function
of flow regime.

Comparison of Data and Subchannel Code (COBRA)
Predictions

Single-phase predictions of COBRA agree quite well
with the data. The two-phase predictions do not agree
with the trends in data since classical subchannel
analysis predicts that the corner subchannel runs at a
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lower mass flux and a higher quality and that the
center subchanne! runs at a lower quality than
actually exists in the subchannels.

Conclusion From Isokinetic Data With Radial Peaking
Pattern

Although insufficient funds and loop time prevented
the acquisition of complete subchannel data the
trends in the data taken for the peaking runs agreed
with the uniform data (i.e., the “’hottest’’ regions
were found to be in the interior of the bundle).

Conclusions From Pressure Drop Data

The adiabatic single-phase friction factor for the clean
nine-rod bundle under consideration was slightly
higher than the smooth-tube friction factor, at all
Reynolds numbers.

107

2. The two-phase friction pressure-drop multiplier ¢>L 02 s
showed only a very minor flow effect, and the data
was well correlated by the classical Martinelli-Nelson
curve.

Although it was not possible to take all the data of
interest, the overall scope of the subchannel test program
was completed. It is felt that the overall program was quite
successful because it identified various trends which occur
in true multirod geometries, which were not known
previously.

It is recommended that future work in this area
include more extensive data with radial peaking and also
data with axial heat flux profiles. In addition, subchannel
data taken for off design conditions of rod swell and rod
bowing would be of great interest. Finally, data taken with
grid type spacers could be used to establish quantitatively
the effect of local disturbances on the flow and enthalpy
distribution in a rod bundle.
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APPENDIX A

CALCULATION OF NON-ISOKINETIC PRESSURE DIFFERENTIAL

G,
1 Hy H), G

" NIy

1

'
T T

EEEERS SERRE

Gy, Hy Gy, Hy

NON-ISOKINETIC ISOKINETIC

Figure A-1. Model for Calculation of Non-Isokinetic Pressure Differential

In order to estimate the non-isokinetic pressure differential due to acceleration drop, the simple mode! above
(Figure A-1) may be used. It is assumed that for non-isokinetic conditions, the flow diversion occurs over a small length d¢,
and upstream of this point there is no difference between the two cases. It is also assumed that the length d¥f, is small enough
so that there is negligible flow diversion over this length under isokinetic conditions. If p; is the static pressure at the
upstream end of this section, and p, is the pressure at the downstream end, for isokinetic conditions, and p,’, for

non-isokinetic condition, the momentum equations may be written as follows:

A. Cold Runs
PedAY G2 g2 v
Py — PRIA, — TP dl — ———— =—A, ——— A, — (G, — G;)-—A (1)
ch ch 9 Pg, ch pa, ch 2 1 9, *ch
Py — P2)A — TPpdR ————— =0 (2)
9
where

V= Average Axial Velocity of the Cross Flow
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Subtracting Equation (2) from (1), and dividing by Ach'

G22 G,2 '\7 ‘ Pch di
p, —p; =— —— = (G, —G)})— + (r' - 1) (3)
Pg.  PY, 9 Ach
where
G, = Non-Isokinetic Mass Flux
G; = Isokinetic Mass Flux

V was taken to be (G, + G,)/2p, or the mean linear velocity in the two adjacent subchannels.

B. Two Phase Runs
The same method can be used for the two phase runs but the equations are more complicated and involve the void
fractions in the adjacent subchannels.

, 9 Gzz[ 12 (1 — xy)?
(p1 _p2)Ah_Trp dQ—p’—“dQA - - (XZ) +( 2
C ch ch , , ch
% % laz by (1 —a)p
¢
(4)
G12 [xlz (1 - X, )2 \7
—_ + ACh—(Gz —Gl)—_ACh
gc lal pg (1 - al)pQ gc
g d? G | x# (1—x,)?
(D;—pz)Ah—Tpth—ﬁ‘—‘"A = + A
[ c 9 ch 9% a, pg - az)pQ ch
(5)
G12 X]2 (1 — X3 )2
- — +
9c [ Pg (1 —aidpg ch
Subtracting Equation (5) from (4),
LG | xg)? (1 — x;)? Gl | x2 (1 — x)?
P2 TP T e -wmipy | o |@me G )
c |apy (—0dpy | g |%py (1 — &) pg
(6)
-G, = G))— +{r" =1 + (o'~ p)—-
9 ch 9%

~ l ’
Here, V was taken to be the average of the linear velocities in the adacent subchannels, calculated as 2 (G;/p; '+
G,/p,’) where p, "and p, "are the momentum densities in the two subchannels. For fairly small crossflow diversions, over a
short length, the last two terms on the right hand side of Equation 6 can be neglected.

Therefore,
. G,’ [(Xz')z Pe (1 —x')
(2 = p2') = —)
¢ Pg [%' pg (1 — )
(7)

G,? X;? pQ (1 — X2)2 V

~ — (=) +——| -G -G6)—

gC pQ a2 pg (1 - (12) gc
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APPENDIX B
ERROR ANALYSIS OF SUBCHANNEL FLOW AND ENTHALPY

A Kline and Mc Clintock type analysis was performed!® for the systematic error in the experiments in subchannel
quantities.

A. Error in Subchannel Flow
Due to error in isokinetic setting and turbine flow measurement the error in subchanne! mass flux is given as,

2 2
0 " .
+
aap P dwy, | ch

2 =
AGg,
Ap = Pressure Differential
Wch = Turbine Meter Flow

Typical values follow for corner subchannel flow, taken from calibration runs made during tests.

For G, ~ 1.0 X 10°® Ib/f-h, and d(Ap) = 0.004 Ib/in.?

3G, 5 Ib/ith
=325 X 10° ————
3(ap) Ib/in.

~dwg, = 16 Ib/h,

0Gen 1 1

= 0.000544 f¢2
dwg, Ay, 0.000544 ft

Plugging these values into Equation (1):

it

2 16 2
0.013 X 10° + — X 10°
544

IAGchl ~ 0.032 X 10° 1b/ft*-h

2
AGgy,

B. Error in Subchannel Quality
Referring to Section 3,

Fe Q
Xeh = \ ' Cp ATeyw — Hgae * Houe + w Hig
ch ch
or,
(2)
H FCW C. AT + H + ’
ch = cw out
Weh P Weh

1
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The Error in subchannel enthalpy due to measurement error is given as:

2 2 2
PP (. e ] Meh (a7
ch = cw Weh + ( cw)
) cw awch BATCW
: 2
chh dH chh 40 ’
+ + '
out ’ -
aHout oQ
Performing the indicaféd differentiation using the relation for Hepy Equation (2),
C, AT 2 F. C.AT / 2
2 p=lcw cwp=lew  Q
AH L = |———  dF,, + 5 + 5Jdwgy,
Weh Weh Weh
(3)
2 2
+ Fow C d(aT.. dH s
+ + |—
Weh P ( cw) out Weh
Typical values for Corner subchannel* (Test 2B2) -
ATcw = 40°F, dATew = +1°F
wch = 270 Ib/h, dwch = 5.4 Ib/h -
Fcw = 2600 Ib/h, dfcw = %26 Ib/h
Q' = 2700 Btu/h, dHout = £1 Btu/lb
dQ’ = 1000 Btu/h
Plugging these values into Equation (3):
2 2 2 R 2
AHL2 40 X 26 2600 X 40 . 2700 54 N 2600 % 1 + o . 1000
= — + R — —
ch 270 (270)? (270)2 270 270
|AHch = 14.6 Btu/lb
Axen | = 0.022

In addition there can be an error in the “isokinetic”” enthalpy due to an error in the measurement of the pressure differential

chh

AH, Ap

iso dAp

®*  These numeral values were taken from a typical corner subchannel run (2B2), since the corner subchannel case hzas the
most potential error due to the fact that the sample flow Wi, is small and appears in the denominator of (AHgp)“.
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For independent errors,
AH 2 o (aHy) o+ (AR )
N e I ™
For a corner subchannel (Test 2B2),
AH 125 Btu/tb X 0.004 Ib/in.?
; = . in.
1so Ib/in.?
AHiso = 0.5 Btu/lb

consequently,

AH >~ AH
e rotal ch

Thus the systematic error in mass flux determination is on the order of £3 %, while the corresponding error in subchannel

quality determination is approximately 2 % in quality.
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APPENDIX C

PRESSURE DROP CORRECTION FOR SPACER PINS

At each of eight elevations along the channel, 24-1/8 in. o.d. stainless steel pins were used to maintain the spacing of
the calrods, as shown schematically in Figure C-1. These consisted of 12 exterior pins, 1/8 in. o.d. X 0.135 in. long, and 12
longer interior pins, 1/8 in. 0.d. X 0.168 in. long.

The pressure drop due to each cylindrical pin is dependent on the projected transverse area and the local velocity,
which in turn determines the local drag coefficient. The methods used for evaluation of the pressure drop due to the pins, in
both single- and two-phase flow, are described below. ‘

1. Single-Phase Flow.
The single-phase pressure drop for a set of N pins, in a length L, of the channel, is readily obtained when the local

velocities and drag coefficients are available. The pressure drop over a cylinder due to drag may be derived as follows.
The basic conservation of energy relation for a control volume enclosing Nj pins in the i-th flow tube.

Rate of Creation A Outflow Rate Inflow Rate + Storage Rate _
of Energy ~  of Energy of Energy of Energy

For the adiabatic contro! volume under consideration:

— . —2
P Va g v

Wi l(uz +”2) L S 21} v =W <u1 +E.I)+ — 4+ S g
p 2. 9; i ' p 29¢ 9¢ i

where
Fi; = Force on the i-th spacer pin group

Vp =

i Local velocity upstream of the i-th pin

Now, assuming that the internal, potential and kinetic energy are constant on the control volume boundaries:

{pr — p2) A Ap
Wi e - Wi — = Fi VD-
P i |

vvlthw:vap

since F; usually is given as

FF A —chpv,? AN
b= 2gc D D' D| I
where
Cp = Drag coefficient
Apj = Projected area of pins
N; = Number of pins in ith group.

Thus we have:
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A 7.a (28 -1 AN
W — = p Vv N — = — . p \] i y
i o i o ) 29c D' p; TP

so that

Al v

Ap 1 s Pi "R

— =— Cp. Vo. \ X = N; (1)
e/ 29, i i A v

The total energy loss per second for N groups of pins is

N N v 2
Ap Ap p
ap - 20 - N, lcp — (Vpp Ap) , 2)
P P . 2q. |. i

. 1 i . {

where the total N pins are comprised of i groups, each group containing Nj pins and having each pin having a projected area of
Ap. Friction factors are defined such that the total energy loss per pound of total fluid flow in a channel section of length L
containing N pins is

-2
Ap) Ap\ Ap _ o+ fviL
2w - () we (Fw) - 3)
P t P c p N 9: Ph
with Ap; = Apg + Apy
where
t = Total
¢ = Clean Channel {no pins)
fp = Effective Friction Factor for N pins
fe = Clean Channel Friction Factor
D = Hydraulic diameter for clean channel
v = Mean Velocity in the Total Fiow Area of a Channel
Appn = Pressure Loss Due to Pins Based on Total Flow
The definition for a clean channel is
—2
Ap fC v L
- = (4)
P /e 29:Dp
so that
-2
ApN _ (Ap W) fpV L_—
—_— e = - 5
combining Equations (2) and (5) gives
N
fp L 1 Z 2 ©
S — N. (Ch vV v p A }
I D p i
Dh Viw g P i
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since W = VpAt, this becomes by rearrangement

N 3 .

P
= c — . (7)
D, Z Di \& A,

o1

For a single spacer pin in a circular tube in turbulent flow, Equation {7) reduces to

3
f. L Vo Ap
—=¢c \=| ) -
Dy v At
vp may be expressed in terms of the velocity profile as
vply) =7V K(1 —2y/Dp)'”
where: K _
=vea VvV
€
y = Eccentricity of the Pin Location
Thus,
3/1
D D D}, o/ At
h

If Cp is defined by the local velocity in the obstructed flow area instead of the upstream area, then

Ay ) v
(A — Ay (1 = Ag/A)

Hence:

Vp ly) = K{1 — 2y/D)''7

(1 — AyAy

and so

f L s (1 _ 2.y/D)3/7

C — (A A} -
D, D (1- AYAS Ao/

which is the form recommended by |de|chik‘.22 In our investigation, the drag coefficient was based on the upstream local
velocity v in order to use standard Cp data.

The method actually used was to estimate local pin velocities, determine a drag coefficient from the local velocities, and
then calculate an effective friction factor fj. This friction factor was plotted versus the mean channel Reynolds number,
which yielded a suitable curve to evaluate the total pressure drop due to the spacer pins. The pressure drop in the “clean’
channel (without pins) was then calculated by subtracting the calculated pin loss from the total loss due to friction.
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Preliminary calculations using mean channel velocity were considered too approximate, as actual runs showed variations
in mean subchannel velocity of almost 2:1 in the subchannels (1), (2), and (3) in Figure C-1. Therefore, the 24 pins at each
elevation were divided into four ““mean local velocity’”’ groups. These groups are identified as A through D in Figure C-1, with
the following numbers of pins in each group;

Velocity Number Projected
group of pins Location area, A, (in.?) ‘
A 8 Corner (short) 0.0169
B 4 Sides (short) 0.0169
C 8 Interior Corners 0.0210
(long)
D 4 Center (long) 0.0210

The relations between the “mean local velocity’” at a pin and the mean velocity in the entire channel were based on
actual measurements of subchannel mass flux. The results of this are given in Table C-1.

, Table C-1
MASS FLUX RATIOS

Mass Flux Mass Flux Ratio
[(Ib/f2-h) X 10°¢] Sub Channel Total Channel
Mass Flux Average Mass Flux
Sub Channel
Corner Side Center v

(1) (2) (3)
0.25 0.704 0.968 1.12
0.50 0.678 0.948 1.15
1.0 0.696 0.948 1.156
1.5 0.660 0.948 1.15
20 0.700 0.950 1.14
Averages:  0.690 0.950 1.14

It should be noted, the sub-channel mass-flux ratios in Table C-1 are affected very little by Reynolds number, Hence
the average value was used in subsequent calculations.

The average velocity ratios from Table C-1 were applied to the different pin locations, shown in Figure C-1, to obtain
local velocities at the pins. The ratio of local mean velocities to the total mean velocity over the various pins then were
estimated as shown in Table C-2.

The local velocity ratios vp/V, were used to calculate local pin Reynolds numbers from average channel Reynolds
numbers. The local pin Reynolds numbers were then used to evaluate local drag coefficients*? from which the effective
friction factor and the tota! pressure loss due to the pins were calculated by Equation (7). The tabulation of locai Reynolds
numbers and drag coefficients for nominal, average channel Reynolds numbers is shown in Tabie C-3.
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12 PINS 1/8 in. 0.d. x 0.135 in.

12 PINS 1/8 in. 0.d. x 0.168 in.

(2)

®

CENTER-CENTER

o) ® D @ (c @
O) O) 3
@ © » ® o @© @
® ©
A
(1)
m
0 @ ) @ (»
SUBCHANNELS. PINS
(1) CORNER (A) CcoRNER-SIDE
(2) SIDE SIDE-SIDE
(3) CENTER (c) siDE-CENTER

Figure C-1. Typical Spacer Pins
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Table C-2
ESTIMATION OF VELOCITY RATIOS

Velocity Group No. of Velocity Ratio, Pin Area Fraction,
(Figure C-1) Pins v /v A /At
p P
0.69 + 0.95 0.0169
Af{short) 8 — = 0.82 = 0.00577
2 293
095 + 0.95 0.0169
B(short) 4 — = (.95 = 0.00577
2 293
095 + 1.14 0.0210
8 — = 1.04 — = 0.00717
Cllong) 2 203
1.14 + 114 1 0.0210 0.00717
D( — = 1.14 = 0.
{long) 4 293

The sample calculation below illustrates the calculation of the effective friction factor for 24 pins in 1 foot of channel

length at a channel mass flux of G = 1.0 X 10° Ib/ft?-h at 70°F - 75°F water temperature with a channel Reynolds number of
17,750. By Equation (7)

3 3
f L Ap vp Y
Dh At A B A \ A B \ B
3 3
CDC NC —\7—' + CD ND -
At C D v
. D

Insertion of values from Tables C-2 and C-3 results in

fp {12)
= {0.00577) [(0.93) (8) (0.82)° + (0.92) (4) (0.95)3]
(0.475) ‘
+ (0.00717) [(0.92) (8) (1.04)% + (0.95) (4)(1.14)3} = 0.1414
so that
fp = 0.0056.

Plots of the pin friction factors against the mean channel Reynolds numbers are shown in Figure C-2.

2.  Two-Phase Flow
The friction pressure drop caused by the pins in two-phase flow was calculated by using the local homogeneous density
at the location of the pins. By Equation (5} the effective pin pressure drop for N pins in length L with saturated fluid at
density pg, is
(ADN)f = 5
Y Dh
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Mass
Flux
{1b/ft*-h
X 107°)
0.25
050
1.0

1.5

20

Mean
Channel
Reynolds
Number
4,440
8,875
17,750
26,600
35,500

50,000

100,000-
400,000
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Table C-3
LOCAL REYNOLDS NUMBERS AND DRAG COEFFICIENTS

0.82

960
(1.0)
1,920
(0.92)
3,840
{0.93)
5,760
(0.95)
7,680
(1.0)
10,800
{1.10)

21,600-
86,400
{1.27)

Viscosity

Pin Diameter

B

Velocity Ratio, Vp/Vi

0.95

1.04

Pin Reynolds Number, and
Pin Drag Coefficient (Cp)

1,110
(1.0)
2,220
(0.90)
4,440
(0.92)
6,660
(1.0)
8,880
(1.1)
12,500
(1.15)
25,000-
100,000
(1.27)

[}

Hydraulic Diameter

of Channel

Total Channel
Flow Area

[}

121

2.23 Ibm/ft-h
0.125 in.

0.475 in.

2.93 in.?

1,220
(0.97)
2,440
(0.92)
4,880
(092)
7,320
(1.0)
9,760
{1.15)
13,700
(1.20)
27 ,400-
109,600
(1.27)

1.14

1,330
(0.95)
2,660
(0.90)
5,320
(0.95)
7,980
(1.0)
10,640
(1.20)
15,000
(1.20)
30,000-
120,000
{1.27)
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HEATED LENGTH =6 ft SPACER PINS:
AREA FLOW =2.93 in.2 12-0.125 in. x 0.135 in. ROD-WALL
Dh — 0.475 in. 12-0.125 in. x 0.168 in. ROD—ROD
CONSTANT OUT TO
0.008 |— Re (CHANNEL.) =400,000
0.00765 ;
0.007 |- 1 SET (24 PINS) IN EACH FOOT OF —

HEATED LENGTH

EFFECTIVE FRICTION FACTOR, fp

0.006 -\ y _ -

0.005 . —

| | ] | {
0 20 40 60 80 100
x 1073

CLEAN CHANNEL REYNOLDS NUMBER, Reqan

Figure C-2. Effective Friction Factor for Pins in Nine-Rod Subchannel Test Section
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For a set of pins exposed to steam quality xj, the homogeneous density is given by

Ph =
1 - Xi X
+__.
Pt Pq
or
1 (9)
—— = ve t XV
oh f i 'fg
consequently,
f_ G*L
Appnd, = —— v + xive ) (10}

When several sets of N spacers per tength L, are exposed in a boiling length Lp > L, then the total two-phase pressure
loss due to all the sets will be

Ly

fo G°L
(ApN)Lb = m E (vg + x;vgg) an
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APPENDIX D
ERROR IN THE ESTIMATION OF CROSSFLOW ENTHALPY

As in Appendix B, a Kline and McClintock type error analysis was employed to estimate the error in crossflow enthalpy
measurements. The crossflow enthalpy is given by

d (Gep Hep)
H = ————
X dG.,
(1
GCh1 HChl - GCh2 HCh2
H, =

Gchl - Gch2

The error may be estimated as follows:

aH,, 2 aH,, E OH, 2 3H,, 2
[AH 1% = ——| AGy, + AH_y, + AG, + AH
3G, ! chh1 1 ac;ch2 2 chh2 2

Performing the differentiation using Equation (1) gives:

—_ 2 2
[AHX]2 =AGch2 HChl (GCthChl GChz HCh2) + AH 2 Gch1
' a 2 ch ~ _
Geh, — Gen, (Gep, — Gep,! ' [ Gen, — Gep,
{2)
2 2
HCh2 (GChl HChl bl GCh2 Hch2) GCh2
+ AGChz _ : .\ AHch: e,
? | Geh, — Gen, (Geh, — Gep,) Gen Gen
Then
- ) _ i
Hch - H Gch
[AH, )% = 2AG} + 24H 2
Gchl - Ch2 Gchl - Gchz
where
GCh = ; GCh1 + GChz 4 HCh - E HChl + ch2
or,
2 2
2 - —
[AH)(]2 = ‘(—G—Gh_)2 [AGCh (HCh —_ HX)] + [AHCh Gch] (3)
ch; = “ch,
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The following are typical values for insertion into Equation 3 (from Figures 50 and 51, and the calibration curves).

Gy, = 09X 10° tb/ft*h
Geh, = 1.1X 10° lo/ft*-h
Geh = 1/2 09X 10° + 1.1 X 10°] = 1.0X 10° Ib/ft>-h
AGeh = £10% b/ft?-h
AHch = 5 Btu/lb

Hy - Heh = 20 Btu/lb
2

(0.9 X 10° — 1.1 X 109)?
AHy = 35 Btu/lb

[AH ]2 [(10* X 20) + (5 X 10%)?)
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