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ABSTRACT

A series of forced convection steam cooling tests at low Reynolds numbers and bundle boiloff
tests were conducted in the unblocked bundle task of the FLECHT SEASET program. The COBRA-
IV-I computer code was utilized to simulate the steam cooling tests, so that the effects of the hous-
ing, disconnected heater rods in the bundle, and subchannel mixing were accurately accounted for.
After careful data screening, a steady-state forced convection steam cooling heat transfer correla-
tion was developed using the measured heater rod power, heater rod surface temperatures cal-
culated from the measured cladding inner surface temperature by an inverse conduction code, and
the vapor temperatures at various subchannels calculated by the COBRA-IV-l code. The new corre-
lation was found to give higher heat transfer than the conventional Dittus-Boelter correlation in the
low Reynolds number region. At higher Reynolds numbers, the data begin to merge with the Dittus-

Boelter correlation.

The significant data scatter shown by the results of the bundle boiloff tests prevented correlation
of the heat transfer data. However, comparisons were made with the Yeh void fraction model;
agreement was shown. Comparing the Reynolds and Grashof numbers with other literature indicat-
ed that the flow in the rod bundle was always in a forced convection mode even at very low Rey- -
nolds numbers, well within the laminar regime.
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SECTION 1
INTRODUCTION

The FLECHT SEASET reflood and natural circulation heat transfer programm is designed to pro-
vide both experimental and analysis information which is useful for a large-break loss-of-coolant
accident {LOCA). However, after the Three Mile Island accident, the FLECHT SEASET program was
reexamined to see what additional data and analysis could be obtained from the FLECHT SEASET
facilities to examine small-break LOCA situations. Two such areas were identified by the FLECHT
SEASET Program Management Group (PMG). They were forced convection steam cooling tests at
low Reynolds numbers and bundle boiloff tests. These tests would provide forced convection
steam cooling data in rod bundles at low Reynolds numbers and would fill a needed gap in the heat
transfer area. A brief review of the literature indicated that no data exist on steam flow through rod
bundles at these Reynolds numbers.

The forced convection heat transfer data obtained in the FLECHT SEASET program permitted de- -
velopment of an improved heat transfer correlation for the low Reynolds number region for rod
bundle geometries. The data obtained also permitted comparisons of rod bundle geometry data
with conventional forced convection heat transfer correlations which have been derived from con-
ventional pipe flow heat transfer experiments.

Conway, C.E., et al.,, "PWR FLECHT Separate Effects and Systems Effects Test (SEASET) Program Plan,”
NRC/EPRI/Westinghouse-1, December 1977.
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SECTION 2
TEST DESCRIPTION

2-1. INTRODUCTION

The FLECHT SEASET unblocked bundle was originally designed as a reflood test facility. With a
few minor changes, the facility was converted such that some limited steam cooling tests could be
performed. The main limitation on the unblocked test facility was the temperature limit on the
heater rod seals, the upper plenum, and associated downstream piping. The temperature limitation
of the components limited the maximum vapor temperature in the test to less than 204°C'(400°F):
This limitation was not necessary for normal reflood tests, since the entrained liquid maintained the
downstream components within their temperature limits. .

2-2. TEST FACILITY DESCRIPTION

The test facility is described in detail in NRC/EPRI/Westinghouse Report No. 3;(1) a brief descrip}
tion follows. '

The unblocked test facility is a once-through reflood heat transfer facility which utilizes electrically
heated fuel rod simulators arranged on a square pitch to simulate a portion of a PWR fuel.assembly.
The rod bundle consists of 161 heater rods, 16 guide tube thimbles, and 8 filler rods enclosed in a
circular stainless steel housing.v

The cross section and dimensions of the rod bundle are shown in figure 2-1. The heater rods used
are boron nitride filled, stainless steel clad electrical heaters which utilize a Kanthal heating element
to generate a cosine axial power profile. Details of the heater rod design are given in
NRC/EPRI/Westinghouse Report No. 3. The heater rocds have a 1.66 chopped axial cosine shape
{(figure 2-2). The tests were run with no radial power gradient so that the flow would be nearly
one-dimensional.

The test loop is shown in figure 2-3. The test bundle shown in this figure was configured for ref-
lood tests. The major changes to the facility for the steam cooling tests were as follows:

B The water injection system was isolated from the test bundle inlet plenum.

1. Hochreiter, L. E., et al.,, “PWR FLECHT SEASET Unblocked Bundle Forced and Gravity Reflood Task: Task Plan Report,”
NRC/EPRI/Westinghouse-3, March 1978.
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Figure 2-1. Bundle Cross Section
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B A steam line was connected from the steam generator separate effects test facility
(described in NRC/EPRI/Westinghouse Report No. 3) to the inlet of the unblocked
bundle lower plenum. The steam generator separate effects test facility boiler was
capable of a steam flow of about 0.45 kg/sec {3600 lbm/hr) of saturated steam at
0.69 MPa (100 psia). S .

m Aftertest 330586, all three power zones for the rod bundle were interconnected to
one SCR power supply so that more accurate low power measurements could be
"achieved. ' '

® Athermocouple was placed in a machined hole in the top seal flange of the rod
bundle and was connected to a strip chart recorder. This thermocouple gave an indi-
cation of the temperature that the heater rod O-ring seals would be exposed to, and
was used to help protect the seals from an overtemperature condition. Fluid tem-
peratures in the upper plenum were also recorded to help identify the steam tem-
perature environment to which the seals were exposed.

The facility as constituted for the boiloff tests was very similar to that for the reflood tests
(NRC/EPRI/Westinghouse Report No. 3). For these tests, the bundle was pressurized and filled with
water at the saturation temperature for the test pressure. Once the bundle had been filled, the accu-
mulator was isolated from the test section. The rod bundle power was then turned on to the preset '
value and the water in the test section was boiled away. In the boiloff tests, the steam probes
which exited the bundle from the bottom were turned off so that no water could escape from the
bundle. Only the upper-elevation steam probes were operational.

The instrumentation used in both the steam cooling and boiloff tests was the same as that de-
scribed in NRC/EPRI/Westinghouse Report No. 3. A total of 256 channels of instrumentation were
recorded on the data computer.

2-3. TEST PROCEDURE

The forced convection steam flow tests were initiated by pressurizing and preheating the rod
bundle and associated piping with steam from the steam generator separate effects test boiler.
Since the boiler produced saturated steam at 0.69 MPa {100 psia), the steam pressure was re-
duced across a central valve so that slightly superheated steam entered the test section. Once the
test section had been heated above the saturation temperature, the rod power was turned on to a
preset value and the rods were heated up to steady-state or near-steady-state conditions.

2-5



Data were obtained as the rods heated up to the steady-state conditions. The duration of the test
was limited by the maximum number of data scans which could be recorded by the data acquisition
computer storage disk; tests typically lasted 1400 seconds. As discussed later in this report, 1400
seconds was not always sufficient for a true steady state to be achieved. After the test was com-
plete, the power was turned off. The recorded data were processed onto computer fape, and the
power and flow were reset for the next test.

The boiloff test procedure was somewhat similar to that for a reflood test, except that no bundle
flooding rate was used. Once the bundle had been filled with saturated water at the test pressure
and pressurized, the rod power was turned on to its preset value and the bundle was allowed to boil
essentially dry. The rod bundle was protected against overtemperature by setting the screen tem-
perature for the heater rods at 1093°C (2000°F). The tests were then repeated at different bundle
pressures.

2-4. TEST MATRIX

The test matrix for the steam cooling and boiloff tests is given in table 2-1. It should be noted that
heater rods were disconnected for some of these tests because of rod failures. The loss of these:
rods was compensated for by increasing the power, to provide a more typical power-to-flow ratio
for the experiments.

26 -



TABLE 21

FLECHT SEASET UNBLOCKED BUNDLE STEAM COOLING AND BOILOFF TEST MATRIX

Run Conditions

Upper Rod Rod Inlet Inlet Bundle

Plenum Initial Peak Flow Coolant Bundle Radial Disconnected
Test Run Pressure Twal (a) Power Rate Temperature Reynolds | Power Rod'
No. No. [MPa (psia)] [°C !"F)] [kw/m (kw/ft)] [kg/sec (Ib/sec)] [°C (°F}] Number Profile Locations
STEAM COOLING TESTS -
52 32652 0.28 (40) 130 (266) 0.023 (0.0071) 0.0472 (0.104) 131 (268) 2212 Uniform 4G, tSG
53 32753 0.28 (40) 135 (275) 0.205 (0.0625) 0.36 (0.80) 132 (269) 17017 Uniform 4G, 5G
54 32854 0.28 (40) 132 (269) 0.0735 (0.0224) 0.14 (0.30) 132 {269) 6382 Uniform 4G, 5G
55 32955 0.28 (40) 131 (268) 0.123 (0.0375) 0.23 (0.50) 131 (268) 10636 Uniform 4G, 5G
56 33056 0.28 (40) 157 (316) 1.6 (0.50) 0.36 (0.80) 132 (269) 17017 Uniform 4G, 5G
60 36160 0.27 (39) 143 (289) 0.16 (0.049) 0.37 (0.81) 144 (292) 16410 Uniform 4G, 5G, 11K, 12K, 13JK
61 36261 0.27 (39) 140 (283) 0.13 (0.039) 0.297 (0.655) 142 (287) 13349 Uniform 4G, 5G, 110K, 121JK, 13JK
62 36362 0.27 (39) 142 (287) 0.79 (0.024) 0.18 (0.40) 138 (280) 8236 Uniform 4G, 5G, 11K, 12K, 134K
63 36463 0.28 (40) 131 (268) 0.479 (0.0146) 0.110 (0.243) 134 (273) 5059 Uniform 4G, SG, 113K, 121K, 13JK
64 36564 0.28 (40) 146 (296) 0.039 (0.012) 0.0853 (0.188) 133 (271) 3938 Uniform 4G, bG, 111K, 121K, 13JK
65 36665 0.28 (40} 174 (345) 0.03 (0.009) 0.674 (0.148) 131 (267) 3109 Uniform >4G,.;SG, 11K, 120K, 134K
66 36766 0.28 (40) 180 (356) 0.02 (0.007) 0.054 (0.12) 131 (267) 2521 Uniform 4G, 5G, 111K, 121JK, 13JK
67 36867 0.27 (39) 174 (346) 0.02 (0.006) 0.0531 (0.117) 131 (267) 2458 Uniform 4G,_j5G, 11K, 120K, 13JK
68 Invalid |
69 37069 0.27 (39) 143 (289) 0.059 (0.018) 0.137 (0.303) - 131 (267) 6366 Uniform 4G, 5G, 111K, 12UK, 13JK
70 37170 0.28 (40) 131 (268) 0.098 (0.030) 0.230 (0.508) 139 (282) 10447 Uniform 4G, 5G, 11UK, 120K, 13JK

a. Rod location 7J, channet 59, 1.83 m (72 in.) elevation
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TABLE 2-1 (cont)

FLECHT SEASET UNBLOCKED BUNDLE STEAM COOLING AND BOILOFF TEST MATRIX

Run Conditions

Upper Rod Rod Inlet Initial Bundle :

Plenum Initial Peak Flow Coolant Water Radial Disconnected
Test Run Pressure Twa"(a) Power Rate Temperature Level Power Rod
No. No. [MPa (psia)] [°C (°F)] [kw/m (kw/ft)] [kg/sec (Ib/sec)] [°c (°F)] [ms(ft)] Profile Locations
BOILOFF
57 356557 0.41 (60) 135 (275) 1.38 (0.422) 0 (0) 139 (281)(b) 3.054 (10.02) Uniform 4G, 5G, 11K, 121JK, 13JK
58 35658 | 0.14 (20) 104 (220) 1.38 (0.422) 0 (0) 108 (227)(b) | 3.063 (10.05)| Uniform | 4G, 5G, 111JK, 121JK, 13JK
59 35759 ~ 0.28 (40) 122 (251) 1.38 (0.422) 0 (0) 123 (254)(b) 3.00 (9.85) | Uniform 4G, 5G, 111JK, 121JK, 13JK
a. Rod location 7J, channel 59, 1.83 m (72 in.) elevation
b. 1.83 m (72 in.) steam probe temperature

2-9






SECTION 3
DATA REDUCTION

3-1. STEAM COOLING TESTS DATA REDUCTION METHODS

The steam cooling tests performed in the 161-rod bundle were much more difficult to analyze than
tests performed in a pipe. The effects of the bundle geometry, the relatively cold housing and dis-
connected heater rods, the mixing and variation of flow and temperature among subchannels, and
the rod-to-rod variation of power had to be addressed. The problem was further complicated by
the iow-flow and low-power conditions of the tests; because the temperature difference between
the wall and steam was small, both the wall and steam temperatures had to be determined quite
accurately to calculate a reliable heat transfer coefficient or Nusselt number.

Severe bundle distortion was observed!1) from the disassembled bundle after all tests were com-
plete. To ensure that the reduced data were applicable to rod bundle geometry, only data taken

from instrumentation locations where the geometry was intact were utilized. Because of the low-
flow and low-power conditions of the tests, the change of vapor and wall temperatures during the -
transients was small. Also, because of the slow rate of change of the wall temperatures, an attempt
to use an inverse conduction code to analyze the transient data generally gave undesirable fluctua-
tions in the calculated wall heat flux during the transient period. Reducing the transient data would
not expand the range of testing conditions, but would greatly increase the uncertainty of the re-
duced data. Therefore, transient data were not utilized, and only steady-state data were reduced.

An early attempt to calculate the subchannel vapor temperatures used a rod-centered subchannel
energy balance approach. It was found that, because subchannel mixing was neglected, the calcu-
lated vapor temperatures were consistently overpredicted. The COBRA-IV-I computer codel2) was
then used to simulate the steam cooling tests in the 161-rod bundle; the effects of the housing,
disconnected rods, and subchannel mixing were correctly accounted for, and the calculated sub-
channel vapor temperatures were used to calculate the corresponding heat transfer coefficients
and to develop a heat transfer correlation.

1. Loftus, M. J., et al,, "PWR FLECHT SEASET Unblocked Bundle, Forced and Gravity Reflood Task: Data Report,” NRC/EPRI/West-
inghouse Report No. 7, to be published.

2. . Wheeler, C.L, etal, "COBRA-IV-I: An Interim Version of COBRA for Thermal Hydraulic Analysis of Rod Bundle Nuclear Fuel Ele-
ments and Cores,” BNWL-1962, March 1976. ’
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Detailed data reduction methods are described below. The reduced data were used to develop a
_forced convection heat transfer correlation in rod bundles under steady-state steam cooling condi--
tions, as described in section 4.

3-2. Problem Description

The goal of the FLECHT SEASET steam cooling experiments is to develop data-based heat transfer
correlations in rod bundles under steady-state conditions. To this end, it is necessary to determine
the local Nusselt and Reynolds numbers at various instrumentation locations inside the FLECHT
SEASET 161-rod unblocked bundle test section. Namely,

GDy,
Re = —— (3-1)
M
hDy,
Ny = —2 (3-2)
k
where
Re = vapor Reynolds humber
G = vapormass flux (kg/mz-sec)
@ = vapor viscosity (kg/m-sec)
Dp = hydraulic diameter (ft)
Nu = Nusselt number
heat transfer coefficient (kw/m2-°K)
k = vapor conductivity (kw/mZ-°K)
The heat transfer coefficient is given by
d re
R (3-3)
w v
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where

L7

wall heat flux (kw/mZ2)

w
Tw = wallsurface temperature (°C)
Ty = vaportemperature (°C)

3-3. Input Data

The methods used to determine G, geometric factors and physical properties (Dp, . k), Gine Ty
and Ty, are described in detail below. The determinations show that, in reduction of the steam cool-
ing data, care has been taken to ensure that the data satisfy steady-state conditions and that the
rod bundle geometry was intact in the neighborhood of the instrumentation locations.

3-4. Hydraulic Diameter — The hydraulic diameter is defined by

_ 4 (flow area) i
h = heated perimeter (3-4)

In the present analyvsis, the hydraulic diameter is defined by a rod-centered subchannel (figure 3-1):

D, = 4[pitch? - 0.25 7 _(rod diameter)?] . R
h .7 (rod diameter) | (3-5)

FLUID FLOW

HEATER AREA
ROD

DIAMETER

|

|

I

l«— ROD —>| :
v J

Figure 3-1. Rod-Centered Subchannel
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Other definitions are possible (for example, one could define the hydraulic diameter to include the -
effect of the thimble), but the differences among them are small. It should be noted that the angular
~ position of the heater rod thermocouple within the subchannel is not known. Therefore, throughout
the present analysis, the hydraulic diameter defined by equation (3-5) was used.

3-5. Vapor Physical Properties — The vapor physical properties (u, k) are éommonly evaluated
at a reference temperature (T qf) which is between the wall and bulk vapor temperature:

Tref = €Ty + (1-¢€) ITW . (3-6)
where
O=se=<1

In the present steam cooling experiments, the wall to vapor temperature difference is small [typical-
ly between 5°C and 28°C (10°F and 50°F)). Hence it makes little difference how T,4¢ is defined.
Throughout the present analysis, ¢ is defined to be 0.5, and Tyt is equal to the film temperature.

3-6. Vapor Mass Fiow Rate — The total vapor mass flow rate in the bundle test section taken
from the vortex meter {located downstream of the boiler) is listed in table 2-1 for all the steady- '
state steam cooling tests. The vapor mass flows recorded (except for run 36968 where the steam
flow was too small to be measured by the vortex meter) were generally very steady and the fluctua-
tions were less than -+ 1 percent shortly after the beginning of the tests. Because the steam flow
for run 36968 was out of the range of the vortex meter for rate measurement, the data for this run
have not been used for developing the heat transfer correlation.

in an early attempt to calculate the Reynolds number and Nusselt number by a rod-centered sub-
channel mass and energy balance, the mass flux G was assumed to be constant in the entire bundie
test section: . '

G="a | (3-7)
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In reality, the vapor mass flux was distributed unevenly in different subchannels. The effects of
cross flows and subchannel variation of vapor properties were analyzed using the COBRA-IV-|
computer code; the subchannel analysis by COBRA is described in more detail in paragraph 3-12.

3-7. Wall Heat Flux and Heater Rod Power — In the present analysis, only steady-siate data, for
which the heater wall temperature was a constant (see paragraph 3-8), have been analyzed. Under
such conditions, the wall heat flux can easily be calculated from the heater rod power:

'Y} . _ q.’ . )
qW (i-th rod, z) = Ri in 1T—d“ | (3-8)
where

R; = ratio of the power of the i-th rod to the average power of the connected (po-

wered) rods in the test section
F,i = axial power factor of thei-throd atz
q° = average linear power (kw/m) of the connected (powered) rods in the test

section
d = diameter of heater rod (m)

The average linear power, q’, was calculated from
q=xr (3-9)
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where

P = steady-state power supply (kw)
N = total number of rods receiving power from P
L = heaterrod length {(m) \

As in the high-temperature reflood experiments, the 159 connected heater rods for runs 32652
through 33056 were grouped into three different power zones. Power for each heater rod group or
power zone was supplied by a different SCR (silicon current rectifier) channel. In such cases, P'in
equation (3-9) was the power supply to the heater rod group of interest, and N was the number of
connected heater rods in the group. Also, because of the much lower power density utilized in the
low-temperature steam cooling tests than in the high-temperature reflood tests, power readings
recorded directly from the SCR channels were not very accurate. Therefore, for runs 32652
through 33056, a more accurate Yew meter was used to measure the power supplied' to the three
different power zones at the beginning of the tests. However, power data from the SCR channels
showed that the steady-state power at the end of the tests was generally slightly different from the
power recorded at the beginning of the tests. The Yew meter readings were hence corrected to
give a more accurate steady-state power to be used in equation (3-9):

SCR,
P=YosCcR, (3-10)
where
Yo = Yewmeter reading recorded at beginning of test {kw)

SCRy = SCR channel reading recorded at beginning of test (kw)
SCRg = SCR channel reading recorded at end of test (kw)

In view of the problems encountered in obtaining an accurate power reading for the first five steam
cooling tests, a change of test procedure was deemed necessary. For runs 36160 through 37170,
only one SCR channel was used to supply electric power to all the 151 connected heater rods in the
test section. Because of the much higher power supply when only one channel was used, power
readings recorded directly from the SCR channels were accurate and were used in equation (3-9).

3-6



For a few of the steam cooling tests, data were taken even after the power supply was turned off.
To avoid using these bad data points, the power data from channel 227 were scanned from the
beginning of the test to detect any abrupt drop in power. Whenever the power drop was greater
than 2 kw/sec, the scanning stopped, and the steady-state power was defined as the average of
the previous 50 consecutive power data points (data were taken at 1-second intervals). All the
power data have been examined carefully and this criterion was found sufficient to detect all bad
data at the end of all steam cooling tests. If the power data were steady throughout the entire test,
then the steady-state power was defined to be the average of the last 50 data points of the test.
The same time period (50 seconds) was then used to define the steady-state values for other data,
such as the heater rod wall temperatures.

Finally, it should be mentioned that the heater rod heat flux calculated by equation (3-8} using
steady-state power has been compared to that calculated by the DATARH inverse conduction
code. The comparisons were excellent and the differences were less than 2 percent. Also, it was
shown in an error analysis (appendix B) that the contribution to the estimated error of the calculat-
ed heat transfer coefficient (or Nusselt number) due to the power supply was negligible relative to
that due to the temperature measurements. Hence, using the steady-state power to calculate the
heater rod heat flux is justified.

3-8. Wall Temperature — At steady-state conditions, the heater rod temperature is a constant.
A careful review of the steam cooling heater rod temperature data, however, revealed that for many
runs steady-state conditions were not attained. Also, for nearly all the runs, the measured heater
rod temperatures for many of the rods at high elevations [2.13 m {84 in.) and above] were still
rising steadily at the end of the test (figure 3-2). These plots have a very fine temperature scale;
because the data computer resolution is 0.5°C (1°F), step changes in the temperature can be ob-
served in these figures as the rod approaches steady state.

It should also be noted that the typical temperature difference between wall and vapor for the
steam cooling tests, depending on elevation, rod power, and mass flow rate, ranged from approxi-
mately 5°C to 28°C (10°F to 50°F). A few degrees error in either the wall or vapor temperature can
cause a large error in the heat transfer coefficient or Nusselt number given in equations (3-2) and
(3-3). This small temperature difference makes the data analysis extremely difficult, and some of
the data cannot be used with confidence. Since most of the data at the upper elevations do not re-
flect steady-state conditions by the end of the test, these data were not used to develop a heat
transfer correlation.

Also, the upper-elevation data could have been affected by the bundle geometric distortion be-
tween 1.68 and 2.13 m (66 and 84 in.) discussed in paragraph 3-10. Only data below the 1.62 m

{60 in.) elevation which satisfied steady-state conditions were used to develop the heat transfer
correlation.
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Determining whether the heater rod temperatures had attained steady-state conditions required
some judgment. Figure 3-2, for example, shows that the wall temperature could remain constant
for time intervals of 50 to 100 seconds, but the entire curves show clearly that the wall tempera-
ture was still rising. Figure 3-3, on the other hand, 'shows that the wall temperature had attained
steady-state conditions, to within about 0.5°C or 1°C (1°F or 2°F}. Note that the data computer
resolution is 0.5°C (1°F), hence spikes of 0.5°C (1°F) were observed in the figures. It could be mis-
leading to conclude that the wall temperature was steady when it remained constant for a certain
time interval (note that 100 seconds contain 100 data points). All wall temperature data plots were
examined carefully, and only those data that behaved similarly to the figure 3-3 data were consid-
ered steady-state and were analyzed. Finally, the wall surface temperatures were calculated from
the measured cladding inner surface temperatures by an inverse conduction code.

3-9. Vapor Temperature — The vapor temperature can be obtained either from steam probe
measurements or from energy balance calculations. Steam probe data are available only at limited
elevations and locations. As mentioned before, because of the small temperature difference be-
tween the heated walls and the vapor, accurate subchannel vapor temperatures are required for the
analysis. The steam probe data were reviewed and found to give lower temperatures than those
obtained in the energy balance calculations. In some cases, the steam probe data did not show a
consistent axial behavior such that steam temperature at a higher elevation was lower than that at
alower elevation. A possible explanation for this behavior is that condensation became trapped in
the steam probe as the bundle was preheated; this condensation wetted the steam probe ther-
mocouple and the interior of the steam probe. Since low superheats were used in the steam cooling
tests, it was more difficult to dry out the steam probes in these tests than in the higher-temperature
reflood tests, A typical comparison of the steam probe data with the COBRA-IV-I and single-
channel energy balance calculations is shown in figure 3-4. Since there was additional uncertainty
in the steam probe data because the probes were not perfectly dry, only the energy balance and
COBRA-IV-I calculated vapor temperatures were used to analyze the data.

Vapor temperature calculations by rod-centered energy balance are described below COBRA-IV-I
analyses are described in paragraph 3-12.

Consider the flow area associated with each rod as defined in figure 3-1. Assuming that the chan-
nel is isolated from the surroundings such that no subchannel mixing can occur, the vapor tempera-
ture in the channel at an elevation z can readily be calculated from an energy balance:

z
Tv(z)=f—9——‘§——5° Blde, 1

GACp (3-11)
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Figure 3-2. Rise in Wall Temperature at End of Steam Cooling Test {sheet 1 of 2)
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Tylz) = vapor temperature in the flow channel at elevation z (°C)

q° = linear heat generation rate of the heater rod (kw/ft)

G = vapor mass flux in flow channel (kg/m2-sec)

A = flow area of channel (m2)

Cp = specific heat of vapor at constant pressure of vapor (kw-sec/kg-°K)
To = inietvapor temperature (°C)

The parameters g’ and G were calculated by methods described above, and the inlet vapor tem-
perature T, was measured by a fluid thermocouple (channel 221) located at the injection line.
Values of T, are listed in table 2-1 for all the steady-state steam cooling tests. The above calcula-
tion has neglected the effects of cross-flow and subchannel mixing. A more accurate local vapor
temperature is provided by the COBRA-IV-l computer code, which takes into account the effects of
crosé-flow and subchannel mixing. The use of the COBRA-IV-I results is descr‘i'bed in paragraph
3-12.

3-10. Geometric Distortion and Bad Instrumentation Locations

As mentioned in paragraph 3-2, the goal of the present work is to develop heat transfer correla-
tions in rod bundle geometry. Hence it is essential to ensure that the data used for analysis have
been taken from instrumentation locations where the rod bundle geometry is accurately known.

Row-by-row photographs of the rod bundle were taken after all the FLECHT SEASET unbiocked
tests had been completed. The pictures indicate that the heater rods near the housing were severe-
ly bowed because of the bowing of the solid fillers. The data for the heater rods in the first row
from the housing have therefore not been used. Photographs of the rod bundles also show heater
rod bowing in the interior of the bundle between the 1.68 and 2.13 m {66 and 84 in.} elevations.
Since geometric distortion at a lower elevation affects the flow distribution and vapor temperature
at a higher elevation, an accurate calculation of vapor temperature at these elevations and above is
not possible. Therefore, data taken above the 1.52 m (60 in.) elevation have not been used in the
present analysis and correlation development. Also, to avoid the effects of the unpowered rods,
heater rods one row from the unpowered rods were not used for analysis. Figures 3-5 and 3-6
show the discarded heater rod data for runs 36160 through 37170 and for runs 32652 through
330586, respectively.

The calculated resuilts (T, h, and Nu} were also examined carefully at every instrumentation loca-
tion. It was found that at three instrumentation locations, the calculated heat transfer coefficients
-were negative because the calculated vapor temperature was higher than the measured wall tem-
perature; this occurred on the same heater rod for only two tests. Data from these locations for
these tests were also excluded from the analysis (see tables A-1 through A-8 in appendix A).
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3-11. Summary of Data Selection Methods and Data Analyzed .

The previous paragraphs indicate that a significant portion of the steam cooling data was not used
in development of the heat transfer correlation. It is worthwhile to summarize the criteria for
screening the data: ‘

m Data from heater rods one row from the housing and one row from the unpowered
rods were not used. This eliminated the effects of the relatively cold housing and
the unpowered zones, and the effects of geometric distortion by the solid fillers.

m  Data from above the 1.52 m (60 in.) elevation were not used. The severe geometric
distortion of the rod bundles between the 1.68 and 2.13 m (66 and 84 in.) eleva-
tions made calculation of the vapor temperature inaccurate. Also, a majority. of the
heater rod temperatures at these higher elevations had not attained their steady-
state values.

® Theremaining data were then examined carefully to ensure that steady-state condi-
tions were satisfied. This was done by examining the T,,, versus time plots at all
instrumentation locations; the wall temperatures that showed a tendency to con-
tinue rising were eliminated.

“®m  Finally, the calculated results (T, h, and Nu) were examined carefully to detect any
instrumentation locations that gave negative heat transfer coefficients (that is, T,
< T,). Data from these locations were not used.

Of the 16 steam cooling tests conducted, seven runs were determined to be unsaﬁsfactory for
steady-state calculations (most of the wall temperatures for these runs did not attain steady-state
conditions), and one {run 36968) did not have reliable flow rate measurement. Hence only data
from the remaining eight runs were used for analysis and correlation development, runs 32753,
36160, 36261, 36362, 36463, 36564, 36766, and 36867. The test conditions for these runs are
summarized in table 2-1. The wall temperature data from the O to 1.52 m (60 in} elevations for
these runs were examined carefully, and unreliable data were discarded according to the criteria
summarized above. Tables A-1 through A-8 in appendix A summarize the data used for develop-
ment of the heat transfer correlation, and also summarize the reasons for discarding some of the
data for each run. The data used to develop the heat transfer correlation are presented in section 4
{and also in table A-9 in appendix A.) '

3-12. Subchannel Mixing and Effects of Unpowered Zone

The COBRA-IV-l computer code was used to simulate the steady-state steam cooling tests so that
the subchannel mixing and the effect of the unpowered rods could be more accurately accounted
for. Figure 3-7 shows the subchannel simulation of the FLECHT SEASET 161 -rod unblocked
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bundle test section by the COBRA-IV-l1 computer code. The eight steam cooling tests were simu-
lated from the inlet to the 1.562 m (60 in.) elevation. Typical results of subchannel vapor tempera-
tures and mass flow are shown in figures 3-8 and 3-9, respectively. These figures show that, away
from the housing and the unpowered rods, the vapor temperatures and vapor mass flow rates are
quite uniformly distributed. Thus the effects of the housing and unpowered rods can practically be
neglected in subchannels more than one rod row away. Also, the vapor temperatures calculated by
the COBRA-IV-I code (figure 3-4) were generally less than those calculated by a rod-centered sub-
channel energy balance. This is to be expected, since the ratio of the heated perimeter to the flow
area for a single rod subchannel (figure 3-1) is bigger than that of the entire bundle cross section
because of the presence of the thimble guide tubes, unpowered rods, fillers, and hou‘sjng.

The local Reynolds and Nusselt numbers were calculated by equations (3-1) through (3-3). The
vapor temperature, T, and vapor mass flux, G, were taken to be the mean of the vapor temperé-
tures and mass flux in the four COBRA subchannels (figure 3-7) surrounding the pa'rticular heater
rod. This rod-centered approach is consistent with the single-rod energy balance. The heat transfer
results obtained by using the COBRA-IV-I code are shown in section 4 and appendix A. '

3-13. BOILOFF TESTS DATA REDUCTION METHODS

Unlike the steam cooling tests, the boiloff tests were transient experiments. The wall heat flux can
'no longer be obtained simply from rod power; it can only be calculated by an inverse conduction
method and is available only at heater rod thermocouple locations. It is shown below that there was
a Wid_e variation in heat flux among heater rods at the same elevation, and that the heat flux on
some of the rods was calculated to be negative. Because of the uncertainty in the wall heat flux, an
accurate energy balance cannot be performed. Hence for the boiloff tests, neither the vapor tem-
perature nor the heat transfer coefficient has been calculated, and the data from the boiloff tests
were not used to develop heat transfer correlations. Only limited data analysis is possible for the
boiloff tests; in the following paragraphs, methods to calculate the froth level, the mass flow rate
above the froth level, and the void fraction are described. The test conditions for the boiloff tests
are summarized in table 2-1.

3-14. Data Averaging

Unless otherwise specified, all transient boiloff data used for analysis were averaged over a
5-second interval to smooth out the random time fluctuation. To be more specific, the data at i
seconds were averaged over the interval i-2.5 to i+ 2.5 seconds before being used in the analysis.

3-15. Rod-To-Rod Variation of Wall Heat Flux

Very large variation in the wall heat flux calculated by the DATARH inverse conduction code was
observed among different heater rods at the same elevation for the boiloff tests. The wall heat flux
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on many of the rbds was calculated to be negative, especially at higher elevations, 3.05 m (120 in))
or above. Figures 3-10 through 3-12 show typical wall heat flux values across the rod bundles at
various times during the boiloff tests. The approximate froth level at these times is also given for
reference. A possible explanation for the existence of such wide variation and negative heat flux is
the rod bundle geometry distortion described in paragraph 3-10.

3-16. Determination of Rod Dryout Time and Froth Level

The dryout time at a particular thermocouple location can be obtained easily by observing the wall
temperature time history, such as that shown in figures 3-13 and 3-14. The wall temperatures
were not time-averaged for these calculations. Estimated froth level versus time curves for each of
the three boiloff tests are shown in figures 3-15 through 3-17; they were obtained as follows:

{1) The dryout time at each instrumentation location was obtained from the wall temperature time
history.

(2) The average dryout time at a certain elevation was taken to be the arithmetic mean of the
dryout times obtained from available thermocouple locations at the same elevation.

(3) The froth level during the boiloff test was then estimated by drawing a smooth curve through
the dryout time results obtained above.

A computer program (BOILOFF) was developed to perform the above calculations. Only data be-
tween the 0.99 and 3.05 m (39 and 120 in.) elevations were used. Below the 0.99 m (39 in))
elevation, the wall temperatures were generally quenched throughout the entire test; above the
3.05 m (120 in.) elevation, the wall temperature data showed occasional oscillations near the
dryout time. The oscillations made the calculations inaccurate. As in the steam cooling tests, data
from heater rods near the housing and unpowered rods were not used (figure 3-5). The criterion
used to determine the dryout time at each instrumentation location was that the wall temperature
must rise at a rate of at least 1.6°C (3°F) per second for at least 10 consecutive seconds; this crite-
rion was found to work well for all three boil- off tests. Tables of the calculated dryout times at
each instrumentation locations can be found in appendix C.

As shown in figures 3-15 through 3-17, the froth level at higher elevations (or early in time) is not
very well defined. In fact, early in time, wall temperature data show that the dryout time of a rod at
aparticular elevation could be earlier than the dryout time of the same rod at a higher elevation. An
example is given in figures 3-13 and 3-14; the wall temperature data show that the 2.44 m (96 in.)
elevation of rod 8E had a dryout time about 4 seconds less than the 2.59 m (102 in.) elevation of
the same rod. This phenomenon is even more appare‘nt when the dryout times for different rods are
compared [for example, the dryout times at 2.59 m (102 in.) for runs 35557 and 35759 in figures
3-15 and 3-17 respectively, and at 2.13 m (84 in.) for run 35658 in figure 3-16]. An explanation
for this observation is that the spacer grids in the bundle may still be wet even after uncovery.
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Figure 3-10. Wall Heat Flux, Run 35557 at 3.06 m (120 in.),
70 Seconds After Beginning of Test
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There are spacer grids located at the 2.11 m (83 in.) and 2.62 m (102 in.) elevations which are only
0.02.m (1 in.) from the locations where late dryout was observed. Wall thermocouple locations
close to the spacer grids may still be wet for a period of time even above the froth level; this ex-

~ plains the late dryout time shown at 2.69 m (102 in)) in figures 3-15 and 3-17, and at 2.13 m {84
~in}in figure 3-16. Note that the froth level was below these wet thermocouple locations; therefore
the froth level curves in figures 3-15 through 3-17 were drawn neglecting them. The present ob-
servatrons are consistent with a recent study by Shires et al. (1)

nght after power was turned on during the boiloff tests, because of the cosine-shaped power
proflle much void was generated above the midplane, causing rapid pool swell. Much water was
for_ced out of the bundle. This is confirmed by the rapid dryout curves shown in figures 3-15
' throQgh 3-17 and the large amount of water collected in-the carryover tank at the beginning of the
' boiloff tests (figure 3-18).

Another method to determine the froth level from the pressure drop data is described in paragraph
E 19

t "3.-1 7. . Mass Flow Rate Above Froth Level -

‘ Data from the water carryover tank indicated that there was Irttle water carryover shortly after the

J ~'begmn|ng of the boiloff tests (fngure 3-18). Although data from the steam separator drain tank for

_run 35557 show some liquid accumulation (figure 3-19), this could be due to steam condensation
in the upper plenum. Also, calculations using the pressure drop data (for example, figures 3-18 and

. 3:19) show that the liquid accumulation rate was an order of magnitude smaller than the calculated

" "'mass f|ow rate above the froth level. Hence it can be concluded that the mass flow from the bundle

into the upper plenum was mainly steam. In any case, the mass flow rate {(whether pure steam or

.' ste}am and liquid mixture) above the froth level can be calculated from the total pressure drop

data(2) [pressure drop between the 0 and 3.05 m (0 and 120 in.) elevations]:

dP- :
AT - ,
m=9 a , (3-12).

where

'm = mass flow rate above froth level (kg/sec)

dPt

— = rate of total pressure drop between 0 and 3.05 m (120 in.) elevations

dt (J/m2-sec)
1. Shires, G. L., et al, “An Experimental Study of Level Swell in a Partially Water-Filled Fuel Cluster.” Nucl. Energy 79, 381-388
- (1980).

2. The total pressure drop is basicaily a measure of the “collapsed.liquid level” or the total mass inventory in the bundle.
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bundle cross-sectional flow area (mZ2)

g' gravitational acceleration (m/sec?)

In the actual calculations, the rate of pressure drop was calculated by a forward difference:

dPy Py (i+6) - Py (i)

dti - b
"~ where
dP
—— = rate of total pressure drop between O and 3.05 m (120 in.) elevations at i
dtj seconds (J/m2-sec)
Pt} =  total pressure drop between O and 3.05 m (120 in) elevations at i seconds -

{J/m¥4)

The frictional pressure drob(” in the bundle under these conditions was found to be two orders of
magnitude less than the total pressure drop; it was negléctéd. The mass flow rate was 'hence cal-
_culated at 5 ‘second intervals. Typical total préssdre drop data and the caI(“:FUIated rﬁass flow rate
-are shown in figures 3-20 and 3-21, respecttvely {Figure 3-21 plots the calculated mass flow rate
only at 10-second intervals.) '

The mass flow above the froth level is very small. Also, because of the slight fluctuation of the
pressure drop data (figUfe 3-20), the calculated mass flow shows cbhsid»erablre oscillation. Figure
3-21, however, shows clearly that the mass flow decreased toward the end of the test.

3-18. Void Fraction )

The void fraction{2) can be deduced from the pressure drop data, which weré read at intervals of
0.305 m (12 in.) along the entire bundle. The void fraction calculations were hand calcuiations, and
the data used were not time-averaged. Typical pressure drop data are shown in figures 3-22 and. "
3-23. Because the power supply was constant for the boiloff tests, the flow below the froth level
should have been quasi-steady after the initial developing period. This is illustrated by the period

1. toftus, M. J., et al., "PWR FLECHT SEASET Unblocked Bundle, Forced and Gravity Reflood Task: Data Report,” NRC EPRI'West-
inghouse Report No. 7, to be published.

2. Void fraction in this discussion means an averaged void fraction across the bundle at the 0.305 m (12 n.) intervals where pres-
sure drop data were taken.
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of quasi-steady pressure drop data shown in figure 3-22. The higher elevations were uncovered
immediately after the initial developing period (see figu'res 3-15 through 3-17); hence the quasi-
steady period was either very short or nonexistent, as manifested in fhe‘pressure drdp data of
figure 3-23. The average quasi-steady-state void fraction between the i and i+0.305 m (1A2"in.)1ele-
vations can be calculated from the pressure drop data:

o = 2Poi = BP5
' AP
where

aj = average steady-state void fraction between theiandi+3.05 m (12in))
‘elevations '

APoi=  pressure drop between the i and i+3.05 m (12 in.) elevations at beginning of
test (kPa) (that is, pressure drop when there is no void present)

APgj=  pressure drop between the i and i+3.05 m (12 in.) elevations at quasi-

steady-state conditions (kPa)

In performing the calculations, APg; was taken to be the mean of the two data points (P1 and P2)
such as that shown in figure 3-22. Because the steady-state pressure drops at many higher bundle
elevations, such as that shown in figure 3-23, were not well defined, the void fractions for these lo-
cations were not calculated.

3-19. Determination of Froth Level by Pressure Drop Data

Another method to determine the froth level is to use the pressure drop data, such as those shown
in figure 3-22. In figure 3-22, the sudden change in pressure drop at point AP5 is an indication of
the froth level. This method has an advantage, in that the froth level detected from the pressure
data is not affected by the bundle geometric distortion, since the pressure taps are on the housing.
Unfortunately, there are only limited pressure drop data that show a distinct quasi-steady-state
period and a sudden change in pressure drop such as those shown in figure 3-22; other pressure
drop data {especially at higher elevations where uncovery occurred early) exhibit monotonic de-
crease, and no distinct froth level exists (figure 3-23). All applicable pressure drop data were used
to determine the froth level; the results are shown in figures 3-15 through 3-17 for comparison.
One sees that the froth level determined by the pressure drop data was always lower {for a given
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time) than that determined by the heater rod dryout time. An explanation was the presence of a
liquid film on the rods, which would be replenished by drops of water entrained from the free water
surface; the liquid film delayed the dryout time by keepmg the rods cool forup 10 0.25t0 0.38 m
(10 to 15 in.) above the froth level.

3-40



SECTION 4
DATA ANALYSIS AND CORRELATION DEVELOPMENT

4-1. INTRODUCTION

The Nusselt and Reynolds numbers calculated from the steam cooling data by the rod-centered
subchannel energy balance method and by the COBRA-IV-| analysis were compared. It was found
that by neglecting subchannel interactions, the rod-centered subchannel energy balance method
consistently calculated a higher vapor temperature and hence a higher heat transfer coefficient or
Nusselt number. Taking into account the subchannel interactions by the COBRA-IV-I code, the cal-
culated vapor temperature and heat transfer coefficient were reduced. The COBRA-IV-] analysis
was a more accurate simulation of the steam cooling tests, and so the COBRA results were used to
develop a heat transfer correlation for rod bundles. Unless otherwise stated, all calculated Nusselt
and Reynolds numbers presented were calculated from the COBRA-IV-I results.

The calculated Nusselt numbers were generally above those predicted by the Dittus-Boelter turbu-
lent flow heat transfer correlation.(1) Also, the data at different elevations showed considerable
scattering, especially at low Reynolds numbers, but seemed to converge to the Dittus-Boelter cor-
relation at high Reynolds numbers.

For the reasons already discussed in section 3, only very limited analysis was possible for the boi-
loff tests. The effects of free convection during the boiloff tests are estimated in paragraph 4-6;
the calculated void fraction (paragraph 3-18) is compared with the Yeh void fraction correlation(2)
in paragraph 4-7.

4-2. COMPARISONS OF ROD-CENTERED SUBCHANNEL ENERGY BALANCE AND COBRA-
IV-1 ANALYSIS

Typical comparisons of vapor temperatures calculated by the rod-centered subchannel energy bal-
ance method (equation 3-11) and the COBRA-IV-I subchannel analysis are given in figure 3-4.
Because subchannel mixing was neglected, the rod-centered subchannel energy balance method
consistently calculated a higher vapor temperature. The calculated heat transfer coefficient and
Nusseit number were hence also higher, according to equations (3-2) and (3-3). Comparisons of

1. Dittus, F. W., and Boelter, L. M. K., “Heat Transfer in Automobile Radiators of the Tubular Type,” Univ. Calif.,, Berkeley Publ. Eng. 2,
13,443-362 (1930).

2. Yeh, H. C., and Hochreiter, L. E., “Mass Effluence During FLECHT Forced Reflood Experiments,” to be published in Mucl. Eng. and
Design.
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the calculated Nusselt and Reynolds numbers by the rod-centered subchannel energy balance
method and by the COBRA-IV-I code are given in figure 4-1. Rod-to-rod comparisons of the two
methods are tabulated in appendix A. The COBRA-IV-I analysis, which took into account the
effects of the housing, the thimble guide tubes, the disconnected rods, the rod-to-rod variation of
input power (that is, the rod-to-rod variation of heater rod resistance), and subchannel interactions,
was a more accurate simulation of the steam cooling experiments. in the remainder of this section,
a heat transfer correlation is developed using the COBRA-IV-I results.

4-3. EFFECT OF ELEVATION AND GRID SPACERS ON HEAT TRANSFER FOR STEAM
COOLING TESTS

As explained in paragraph 3-11, only selected data from the test section inlet to the 1.52 m (60 in.)
elevation in eight steam cooling tests were used to develop the heat transfer correlation in rod bun-
dles. Tables A-1 through A-8 in appendix A show all the connected heater rod thermocouple chan-
nels for these eight runs between the inlet and 1.52 m (60 in.) elevations (five instrumentation ele-
vations), and also summarize the data used for analysis and the reasons for eliminating some of the
data. Thé calculated vapor temperature, heat transfer coefficient, Nusselt number, and Reynolds
number at each instrumentation location are also given in appendix A, table A-9. An average Nus-
selt number and Reynolds number were calculated at each elevation. Figures 4-2 through 4-9 are
plots of Nu/i0.023 Re0-8), obtained by COBRA-IV-I analysis, versus elevation for the eight steam
cooling tests. Also shown on the graphs are the grid spacer locations, as dotted vertical lines. There
is no apparent correlation of the heat transfer coefficient with elevation; also no apparent grid
effects can be observed. The reason that no grid effects can be observed was probably that the
instrumentation in the present FLECHT SEASET unblocked bundle test section was not designed
for this purpose. Hence no attempt was made to incorporate any elevation dependence in the heat
transfer correlation (paragraph 4-4}, and the heat transfer correlation developed is a function of the
Reynolds number only.

4-4. DATA-BASED HEAT TRANSFER CORRELATION IN ROD BUNDLES

A data-based heat transfer correlation in rod bundles was obtained by a linear regression technique
from the Nusselt and Reynolds numbers calculated from the steam cooling steady-state data (at
least one rod row away from the housing and disconnected rods) in the FLECHT SEASET 161-rod
bundle. The calculation can be summarized as follows:

@ The wall surface temperature was obtained from the measured cladding inner sur-
face temperature by an inverse conduction method.

B Rod heat flux was obtained from measured bundle power, individual rod resistance,
and axial power steps. '
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B Subchannel mass flux and vapor temperature were obtained from the COBRA-1V-I
computer code.

The results, using 155 data points, are tabulated in appendix A and plotted in figure 4-10. The
linear regression fit of the 155 data points can be represented by

_Nu_- 0797 Re0-6774 | , (4-1)
o173

The Prandtl number of the present steam cooling tests was about 1, and a Prandtl number depen-
dence was introduced in equation (4-1) according to the recommendation by Colburn.{1) An error
analysis of the calculated Nusselt and Reynolds numbers is given in appendix B.

4-5. RECOMMENDED CORRELATION FOR STEAM COOLING IN ROD BUNDLES

In the correlation of fully developed single-phase heat transfer results, the two most important
parameters to be considered are the Reynolds number and the geometry. The Reynolds number
marks the transition between laminar and turbulent flow. Also, the heat transfer coefficient cal-
culated for a circular tube should not be applied to rod bundle geometry without some justification,
especially for low Reynolds number cases. In fact, it is known that the calculated Nusselt number
for fully developed laminar flow in a circular pipe for the constant heat rate case is 4.364; a recent
analysis,(2) however, has shown that the corresponding Nusselt number for an infinite rod bundle
with a square pitch of 1.33 (the same pitch-to-diameter ratio as the FLECHT SEASET 161-rod un-
blocked bundle) is 7.86. Hence geometric factors must be considered in the development of heat
transfer correlations.

The Reynolds number {or the Reynolds number range) at which the flow in rod bundles undefgoes
atransition from laminar flow to turbulent flow is unknown. For circular tubes, a critical Reynolds
number of 2,000 is commonly used. But since the minimum Reynolds number for the data shown
in figure 4-10 is about 2,500, an assumption on the transition heat transfer region must be used.
Hence it is recommended that, for Reynolds numbers between 2,500 and 2,000, the heat transfer
~ be linearly interpolated from the data-based correlation [equation (4-1)] at a Reynolds number of
2,500 to the fully developed laminar heat transfer coefficient at a Reynolds number of 2,000.

1. Colburn, A. P., “A Method of Correlating Forced Convection Heat Transfer Data and a Comparison With Fluid Friction,” Trans.
ALChE 29 174 (1933).

2. Kim, J. H., “Heat Transfer in Longitudinal Laminar Flow Along Cylinders in Square Array,” in Fluid Flow and Heat Transfer Over Rod
or Tube Bundles, American Society of Mechanical Engineers, New York, 1979, pp 155-161.
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Equation {4-1) and the Dittus-Boelter correlation intersect at a Reynolds number equal to 25,200,
Hence for Reynolds numbers between 2,500 and 25,200, the data-based correlation [equation

(4-1}1 is recommended.

At high Reynolds numbers (Re > 25,200), the flow is fully turbulent and geometric effects appar-
ently become less important. As the Reynolds number increases, the Nusselt number approaches
that predicted by the Dittus-Boelter correlation. Hence for Reynolds numbers above 25,200, the
Dittus-Boelter correlation is recommended.

The recommended heat transfer correlations for square rod bundle geometry with a pitch-
to-diameter ratio of 1.33 are summarized below:

I;L\Ifu/_é_: 7.86 _ Re < 2,000
r
Nu__ 2455+ 0.0162 Re 2,000 < Re < 2,500

b 1/3

| | (4-2)

;'\'1_% = 0.0797 Re0-6774 2,500 < Re < 25,200

]

P—'\% = 0.023 Re0-8 25,200 < Re

]

4-6. EFFECTS OF FREE CONVECTION IN BOILOFF TESTS

The effects of free convection can be estimated by comparing the relative magnitudes of Re and Gr
x Pr x (Dp/L):

00 4T 0 - "

v2

Gr =
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where

Gr = Grashof number

G = gravitational acceleration (m/sec2)

B = coefficient of thermal éxpansion (1/0C)

D = hydraulic diameter (m)

L = elevation above froth level {(m)

y = kinematic viscosity (m2/sec)

AT = temperature difference between wall and fluid (°C)

Figures 4-11 through 4-13 compare the relative effects of forced and free convection for the three
boiloff tests at various times and elevations. The Reynolds number is calculated by the mass flow
rate (paragraph 3-17), L is calculated from the froth level (paragraph 3-16), the vapor temperature
is taken to be the average of all available steam probe data at the same elevation, the wall tempera-
ture is taken to be the average of all available heater rod thermocouple data [except those near the
housing and the unpowered rods (paragraph 3-10 and figure 3-5)] at the same elevation, and the
physical properties are evaluated at the film temperature. Flow regimes in these figures are taken
from Metais and Eckert.(1)

Figures 4- 11 "through 4-13 show that effects of forced convection generally dominated those of .
free convection during the boiloff tests. Hence free convection is not a likely explanation for the
large variation in wall heat flux observed among heater rods at the same elevation.

4-7. COMPARISON OF VOID FRACTION AND PRESSURE DROP DATA WITH YEH VOID
FRACTION CORRELATION

The measured steady-state void fraction as reduced from pressure drop data in O.>305 m(12in}in-
tervals (see paragraph 3-18) was compared with the void fraction predicted by the Yeh void frac-
tion correlation, {2} as shown in figures 4-14 through 4-16. These calculations were hand calcula-

tions and the data used were not time-averaged. The Yeh void correlation is given below for
reference:

| 0239 , v <a . 06 -
a = 0.925 (89.> _YL ( ....... V g _ _ (4-4)
) pf VbCF : Vg + Vf ;

1. Metais, B., and Eckert, E. R. G, "Forced, Mixed, and Free Convection Regimes,” Trans. Am. Soc. Mech. Engrs. 86, Series C,
295-296 (1964). v ' I

2. Yeh, H. C., and Hochreiter, L. E., “Mass Effluence During FLECHT Forced Reflood Experiments,” to be published in Nucl. Eng. and
Design.
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where

\
a = 067, \—/L< 1
ber
047, Ja
a = 047, ; > 1
Vbcr‘ :
, =2 -
ber = 37 VIRpe,
r - [1:83\? /[
ber 2/3 Vgpf
o = void fraction

Vg,Vf = superficial velocities of vapor and liquid respectively (m/sec)

Q
I

surface tension (kg/sec2)

PgP§ = mass densities of vapor and liquid, respectively (kg/m3)

g = gravitational acceleration (m/sec2)
Rpcr = critical radius of bubble at the forward stagnation point as defined above (m)
Vpcr = critical bubble rise velocity as defined above (m/sec)

When a computed by equation (4-4) is larger than 1, « is defined to be equalto 1.

A better comparison 'of the Yeh correlation with test data is the comparison of the bundle total
pressure drop [the pressure drop between the O and 3.05 m (O and 120 in.) elevations) or the col-
lapsed liquid level. Since the steam flow rate above the froth level is low, both the frictional pres-
sure drop and the preésure drop due to droplets can be neglected. Therefore the bundle total pres-
sure drop is approximately equal to the gravitational pressure drop due to the liquid below the froth
level. Thus the total pressure drop can be computed by integrating the net liquid below the froth
level with the void fraction predicted by the Yeh correlation, and can be plotted as a function of the
froth level. The total pressure drop data are available as a function of time. To convert the time
dependence to a function of the froth level, two different methods can be used. In the first method,
the froth level as a function of time can be obtained from the wall temperature time history, as de-
scribed in paragraph 3-16. The second method uses the pressure drop data, as described in para-
graph 3-19.

Comparisons of the bundle pressure drop (or collapsed liquid level) calculated by the first and V
second methods are shown in figures 4-17 through 4-19. For the first method, it is seen that the
agreement is good at both the high and the low elevations, but is poor at the middle; this is

418
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probably due to the bundle distortion. For the second method, the agreement is good even at the
middle elevations; this is because the determination of the froth level by pressure drop data is not
affected by the rod distortion, as explained above. From these comparisons, it can be concluded

that the Yeh correlation which was derived from the 15 x 15 rod bundle array data is also valid for
17 x 17 rod bundle array data.
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SECTION 5
CONCLUSIONS

5-1. STEAM COOLING TESTS

Heat transfer results calculated from the steam cooling test data show considerable scattering.
This is thought to be due to three reasons. First, the rod bundle geometry was distorted, near the
housing and between the 1.52 and 2.13 m (60 and 84 in.) elevations. Second, steady-state condi-
tions were not achieved at many of the instrumentation locations. Last, the typical wall-to-vapor
temperature difference for the steam cooling tests was small; hence a small error in the calculated
vapor temperatures or measured wall temperatures could cause a large error in the calculated heat
transfer coefficient (or Nusselt number).

The COBRA-IV-I code was used to simulate the steam cooling experiments, and the most reliable
data (that is, data which represent steady-state conditions and good geometry) were used to devel-
op a data-based heat transfer correlation. The data-based Nusselt numbers are generally above
those predicted by the Dittus-Boelter correlation, but seem to converge to the Dittus-Boelter corre-
lation at high Reynolds numbers.

The data-based correlation (strictly applicable in the Reynolds number range of data) and the
recommended heat transfer correlations for an extended range of Reynolds numbers are given in

equation (4-2). ‘

5-2. BOILOFF TESTS

Because of the rod bundle geometry distortion and the large variation of wall heat flux among dif-
ferent rods at the same elevation, no reliable energy balance could be performed for the boiloff
tests. The boiloff data were not used to develop heat transfer correlations.

The important information obtained from the boiloff test data is the froth level, the collapsed liquid
level {(or the total pressure drop), and the void fraction below the froth level. In the event of a core
uncovery, the froth level marks the interface between two distinct heat transfer regimes. Below the
froth level, the walls are wet and the heat removal (usually by nucleate boiling) from the heated
rods is extremely efficient. Above the froth level, there is a marked increase in void fraction and wall
temperatures; the walls are dry and are cooled by forced convection to pure steam flow or dis-
persed droplet flow. The froth level must be predicted correctly for accurate calculation of the wall
temperature transients.
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The mass flow above the froth level was calculated from the total pressure drop data. The effects
of free convection were also estimated by comparing the calculated Reynolds number and the
Grashof number. It was found that forced convection dominated for all three boiloff tests.

The pressure drop and void fraction data were compared with predictions by the Yeh void fraction
correlation. The satisfactory agreement shown by the comparisons verifies the Yeh correlation and
the validity of the boiloff test pressure drop data.
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APPENDIX A
SUMMARY OF DATA SCREENING AND
CALCULATED HEAT TRANSFER
RESULTS FOR EIGHT STEAM COOLING TESTS

Tables A-1 through A-8 summarize all the connected heater rod thermocouple data between the
inlet and 1.52 m (60 in.) elevations for runs 32753, 36160, 36261, 36362, 36463, 36564,
36766, and 36867. The tables also show which thermocouple data were used for analysis and in-
clude the reasons for discarding the others. |

Table A-9 presents the calculated wall heat flux, wéll surface temperature, vapor temperature, Nus-
selt number, and Reynolds number at each instrumentation Iocation for the eight steam cooling
tests. The'vépor temperature and the Nusselt and Reynolds numbers calculated by the rod-
centered subchannel energy balance and the COBRA-IV-| a'nalysis are presented for comparison.
(Table A-9a presents the results in metric units and table A-9b in English units.)



TABLE A-1
SUMMARY OF DATA SELECTION BETWEEN 0 AND 1.52 m (0 AND 60 in.)
ELEVATIONS, RUN 32753

Connected '
Thermocouple Elevation Used for
Location [m(in.)] Analysis? Reason
6J 0.305 (12) Yes
9G 0.305 (12) Yes '
111 0.305(12) " No Non-steady-state
5H 0.610 (24) No Near unpowered rods
8N 0.610 (24) Yes '
12F 0.610 (24) Yes
6J 0.991 (39) Yes
9G 0.991 (39) Yes
5E 0.991 (39) Yes
2H 1.22 (48) Yes
5H 1.22 (48) No Near unpowered rods
5J 1.22 (48) Yes
8H 1.22 (48) Yes
8K 1.22 (48) Yes
8N 1.22 (48) Yes
12D 1.22 (48) Yes :
3C 1.52 (60) No Near housing
3M 1.52 (60) No Near housing
4y 1.562 (60) Yes
111G 1.52 (60) Yes
6J 1.52 (60) Yes
10H 1.52 (60) Yes
7G 1.52 (60) Yes
9l 1.52 (60) - Yes
11 1.52 (60) Yes
11E 1.562 (60) Yes
13M 1.52 (60) No Near housing
10G 1.52 (60) Yes :
7J. 1.562 (60) Yes
13J 1.52 (60) No Non-steady-state




TABLE A-2

SUMMARY OF DATA SELECTION BETWEEN 0 AND 1.52 m {0 AND 60 in))

ELEVATIONS, RUN 36160

Connected
Thermocouple Elevation Used for .
Location [m(in.)] Analysis? Reason
6J 0.305 (12) No Negative heat transfer
coefficient (T, < T,)
9G 0.305(12) Yes
11E - 0.305 (12) Yes
5H 0.610 (24) No Near unpowered rods’
8N 0.610 (24) Yes :
8K 0.610 (24) Yes .
6J 0.991 (39) No Negative heat transfer
: " coefficient (T, < Ty}
9G 0.991 (39) Yes
111G 0.991 (39) 'Yes
2H 1.22 (48) Yes
5H 1.22 (48) No Near unpowered rods
5J 1.22 (48) Yes
8H 1.22 (48) Yes .
8K 1.22 (48) Yes
8N 1.22 (48) Yes
8E 1.22 (48) Yes
12D 1.22 (48) Yes
3C - 1.52 (60) No Near housing
10M 1.52 (60) Yes o
3M 1.52 (60) No Near housing
11G 1.52 (60) No Non-steady-state
6J 1.562 (60) No Negative heat transfer
: : coefficient (T, < Ty)
10H 1.62 (60) No Near unpowered rods
7G 1.52 (60) Yes ' :
9l 1.52 (60) Yes
6G 1.52 (60) No Near unpowered rods
13M 15 No |

Near housing




» TABLE A-3 A
SUMMARY OF DATA SELECTION BETWEEN 0 AND 1.52 m (0 AND 60 in.)
ELEVATIONS, RUN 36261

Connected
Thermocouple Elevation Used for
Location [m({in.)] Analysis? Reason
6J 0.305 (12) No Negative heat transfer
coefficient (T, < Ty)
9G 0.305 (12) Yes : '
11E 0.305 (12) Yes
5H 0.610 (24) No Near unpowered rods
8N 0.610 (24) Yes '
8K 0.610 (24) Yes
6J 0.991 (39) No - _ Negative heat transfer
coefficient (T, < T\)
9G 0.991 (39) Yes
111G 0.991 (39) Yes
2H 1.22 (48) Yes
5H 1.22 (48) ‘ Near unpowered rods
5J 1.22 (48) Yes
8H - 1.22(48) Yes
8K 1.22 (48) Yes
8N 1.22 (48) Yes
8E . 1.22 (48) Yes
12D : 1.22 (48) Yes .
3C : 1.52 (60) No " Near housing
10M 1.52 (60) Yes
3m 1.52 (60) No Near housing
11G 1.52 (60) Yes . :
6J 1.52 (60) No ' Negative heat transfer
coefficient (T, < T,)
10H 1.52 (60) No Near unpowered rods
7G 1.52 (60) Yes -
9 1.52 (60) Yes
6G - 1.562 (60) No Near unpowered rods
13M 1.52 (60) No Near housing




TABLE A-4
SUMMARY OF DATA SELECTION BETWEEN O AND 1.52 m (0 AND 60 in.)
ELEVATIONS, RUN 36362

Connected
Thermocouple Elevation Used for
Location. [m({in.)] Analysis? Reason
6J 0.305 (12) Yes
9G 0.305 (12) Yes
11E 0.305 (12) Yes ,
5H 0.610 (24) No Near unpowered rods
8N 0.610 (24) Yes
8K - 0.610(24) Yes
6J 0.991 (39) Yes
9G 0.991 (39) Yes
11G 0.991 (39) Yes
2H 1.22 (48) Yes
5H 1.22 (48) No . Near unpowered rods
5J 1.22 (48) Yes :
8H 1.22 (48) Yes
8K 1.22 (48) Yes
8N 1.22 (48) Yes
12D 1.22 (48) Yes
8E 1.22 (48) Yes
3C 1.52 (60) No Near housing
10M 1.52 (60) Yes '
3M "~ 1.52(60) No Near housing
11G 1.52 (60) Yes
6J 1.52 (60) Yes v
10H 1.52 (60) No " | Nearunpowered rods
7G 1.52 (60) No Non-steady-state
al 1.52 (60) Yes ]
. 6G 1.62 (60) No Near unpowered rods
13M 1.52 (60) No Near housing

A-5



TABLE A-5 :
SUMMARY OF DATA SELECT!ON BETWEEN O AND 1.52 m (0 AND 60 in.)
‘ ELEVATIONS, RUN 36463

Connected
Thermocouple Elevation Used for
Location {m(in.)] Analysis? Reason
6J 0.305(12) Yes
9G 0.305 (12) Yes
11E 0.305(12) Yes _
5H 0.610 (24) - No Near unpowered rods
8N 0.610 (24) Yes
8K 0.610 (24) Yes
8E 0.610 (24) No , Non-steady-state
6J 0.991 (39) Yes
9G 0.991 (39) Yes
11G 0.991 (39) Yes
2H 1.22 (48) "~ Yes
~ 5H 1.22 (48) No ~ Near unpowered rods
5J 1.22 (48) Yes :
8H 1.22 (48) Yes
8K 1.22 (48) Yes
8N 1.22 (48) Yes
12D 1.22 (48) Yes
8E 1.22 (48) Yes
3C 1.52 (60) No Near housing
10M - 1.562 (60) Yes :
3M 1.52 (60) No Near housing
11G 1.52 (60) Yes
6J 1.52 (60) Yes
10H 1.562 (60) No Near unpowered rods
7G 1.52 (60) Yes -
9l 1.562 (60) Yes .
6G 1.52 (60) No . Near unpowered rods
13M 1.52 (60) No Near housing




TABLEA-6 |
SUMMARY OF DATA SELECTION BETWEEN 0 AND 1.52 m (0 AND 60 in.)
ELEVATIONS, RUN 36564

Connected
Thermocouple Elevation Used for
Location [m{in.)] Analysis? Reason
6J 0.305 (12) Yes -
9G 0.305(12) Yes
11E 0.305 (12) Yes »
5H 0.610 (24) No Near unpowered rods
8N 0.610 (24) Yes :
8K 0.610 (24) Yes
8E 0.610 (24) No Non-steady-state
6J 0.991 (39) Yes
9G 0.991 (39) Yes
111G 0.991 (39) Yes
2H 1.22 (48) Yes '
5H 1.22 (48) No Near unpowered rods
5J 1.22 (48) Yes
8H ' 1.22 (48) Yes
- 8K 1.22 (48) Yes -
8N 1.22 (48) Yes
12D 1.22 (48) . Yes
8E 1.22 (48) Yes ,
3C 1.52 (60) No Near housing
10M 1.52 (60) Yes _
3M 1.52 {60) No Near housing
111G 1.562 (60) Yes
6J 1.562 (60) : Yes
10H 1.52 {60) No Near unpowered rods
7G 1.562 (60) Yes ’
9l 1.52 (60) Yes
6G 1.52 (60) No Near unpowered rods
13M 1.52 (60) No Near housing




TABLE A-7
SUMMARY OF DATA SELECTION BETWEEN O AND 1.52 m (0 AND 60 in._)
ELEVATIONS, RUN 36766

Connected
Thermocouple Elevation Used for
Location [m(in.)] Analysis? - Reason
6J 0.305 (12) Yes
9G 0.305 (12) Yes
11E 0.305 (12) Yes ‘
5H 0.610 (24) No Near unpowered rods
8N 0.610 (24) Yes
8K 0.610 (24) Yes
8E 0.610 (24) Yes
6J 0.991 (39) Yes
9G 0.991 (39) Yes
11G 0.991 (39) Yes
2H 1.22 (48) Yes
5H 1.22 (48) No Near unpowered rods
5J _ 1.22 (48) Yes '
8H 1.22 (48) Yes
8K .1.22 (48) Yes
8N 1.22 (48) Yes
12D 1.22 (48) Yes
8E 1.22 (48) . Yes
3C 1.562 (60) No Near housing
10M 1.52 (60) Yes '
3M 1.52 (60) No Near housing
111G 1.562 (60) " Yes .
6J. . 1.52 (60) Yes:
10H 1.52 (60) No Near unpowered rods
9l 1.52 (60) Yes
6G 1.52 (60) No Near unpowered rods
13M 1.52 (60) No Near housing




TABLE A-8
SUMMARY OF DATA SELECTION BETWEEN 0 AND 1.52 m (0 AND 60 in.)
ELEVATIONS, RUN 36867

Connected .
Thermocouple Elevation Used for
Location [mlin.}] - Analysis? Reason
- 6J 0.305(12) Yes
9G 0.305 (12) - Yes
11E 0.305 (12) Yes
5H 0.610 (24) No - Near unpowered rods
8N 0.610 (24) Yes
8K 0.610 (24) Yes
8E 0.610(24) _ Yes
6J 0.991 (39) Yes
9G 0.991 (39) Yes
111G 0.991 (39) Yes
2H 1.22 (48) Yes ,
5H 1.22 (48) No Near unpowered rods
5J 1.22 (48) Yes
8H 1.22 (48) Yes
8K 1.22 (48) " Yes
8N 1.22 (48) Yes
12D 1.22 (48) Yes
8E 1.22 (48) Yes _
3C 1.52 (60) No . Near housing
10M 1.52 (60) Yes :
3M 1.52 (60) No : Near housing
11G 1.52 (60) Yes :
6J 1.562 (60) Yes
10H 1.52 (60) No Near unpowered rods
9l 1.52 (60) Yes
6G 1.562 (60) No Near unpowered rods
13M 1.52 (60) No Near housing




oLv

MASS FLOW = +36KG/SEC

4
(n

030
30

061
o611

99
99
99

122
1¢22
le.22
1,22
1,22
1,22

1.52
le52
1l¢52
1e52
152
1¢52
1,52
1le52
1e52
1le52

ROD
LOCATION

64
96

AVE

8N
12F

Ave

64
96
SE

AVE

2H
54
8H
8K
8N
120

AVE

4d
116
64
10H
76
91
111
11€
106
7

AVE

HEAT FLUX
(WATT/5QNM)

14 47,05
13€5,04

14 16605

23E0.76
2135,37

2228406

38133,48
3777.09
3741047

3784,01

44 €9,77
4510436
392,79
4323,75
4469445
4346495

4350,59

54 €8, 90
53€3449
56 29,4 34
53C5% 16
5065,61
50€82453
5514463
5335426
51 37,09
52(7.2%

5315493

TABLE A-9a

CALCULATED RESULTS AT VARIOUS THERMOCOUPLE
" LOCATIONS FOR EIGHT STEAM COOLING TESTS
RUN 32753

INLET VAPOR TEWP » 131,7 DEG °

WALL SURFACE TcHP
: DEG C

146,73
146,75

146,74

154486
151,54

153,20

168,73
171.38
169444

169,85

179,48
179409
179,87
176445
178,90
172,79

177,76

190,10
191455
19140
191425
191,14
191,07
189,34
192,472
192497
188437

190,97

& RID-CENTERED SUBCHANNEL ENERGY BALANCE
+ COBRA-IV-I ANALYSIS '

VAPIR TEMP (DEG C)

ROD*

134469
134.59

134,064

137397
137,72

137,85
14%.73
14529
145012
149,38

151.38
151466

" 149.7"

151,01
151490
151400

151,34

161453
162,06
162.P0
161405
160,58
160037
162,66

162,17
160,92

160676

161448

COBRA+

136,27
134,27

134,27

137,41
137.26

137434

163494
143,93
143455

163481

149467
149,34
1649435
149,88
150409

149428 °

149,60

158462
153418
158,85
158469
157,60
15859
158453
159429
158.80
158492

15871

TOTAL POWER ® 58426 KW

NU /PR%®¢,33

ROV*

4917
46462

47.89

56088
62465

5376

65452
56473
60447

60491

61627
63432
51405
66476
63,75
80e72

64448

71484
68,133

73,68

65488
62,55
62,414

77625

65428
5978
70498

677y

COBRA+

4753
45439

46,446

5508
60.61

57,84

60,89
53,98
56488

57¢25

5764
58453
50433
62499
59.85
71494

60425

65439
62044
64,97
61425
57.,18
58,81
67e44
59482
56437
66068

62404

REYNOLIS NIl

ROD®*

20041,0
2004347

200428

197436
1983643

19790,0 .

19191,3
19135,
1918847

1917240

1878469
1878745

‘1881443

1885844
1878640
1893645

1882840

16286,8
1823965
1822345
1827064
16828461
1829045
1827948
182095
182354
18345,.3

1826604

CO3RA+

2026649
2066547

20666,41

2011049
1957949

19393%,4

1952646
17396,.8
20064 .5

1982846

1366747
18523,0
1939%,.8
1916607
1945449
193488

19176,1°

18334,9
1939948
13670,1
1870042
13766443
18704.6
1987645%
19)79,1
1964247
18753 .4

1876246



LL-v

MASS FLOwW = 436KG/SEC

z
L1

¢30
030

o 61

061

99
«99

1.22
1,22
le22
1e22
1,22
1.22
le22

le52
le52
1452

ROD
LOCATION

96
11E

AVE

8N
8K

AVE

96
116
AVE
2H
8H
8K
8N

120
8E

AVE
10K
76
91

AvVe

TABLE A-9a (cont)

CALCULATED RESULTS AT VARIOUS THERMOCOUPLE
LOCATIONS FOR EIGHT STEAM COOLING TESTS

HEAT FLUX
(WATT/SQM)

1320415
1376466

1348,40

22¢4,11
2142,75

22C3,43

36C0,11
3547495

3574403

42°%0s76
4269,50
3766417
4171015
4250e46
418,82
42C6439

4154475
50 16443
4R 6484
4844,38

4925.,89

RUN 36160

INLET VAPUR TEMP = 144e% NEG ¢

WALL SUKFACE TENMP
DEG C

154,03
157,09

155456

163.14
160,78

[ ]
161.96

177.13
173646

17529

186424
182,449
185,06
183.82
188415
188476
189,34

186427
198499
201459
200439

200,32

* RID-CENTERED SUBCHANNEL ENFRGY BALANCE
+ COBRA-IV-l ANALYSIS

VAPJR? TEMP (DEG C)

ROD*

147.24
14727

147.26

1506%6
150,23

150439

157445
157452

157.%9

163,22

163452
161,73
163,29
163,170
163,82
163,56

163.25
172440
172,00
171.m1

172497

COBRA¢

146493
146499

146496

149,94
143,83

149.88

156424
155495

156.10

161,73
161441
161636
161 .83
162414
161443
162 405

161.71
170462
169,434
16894

169463

r

TOTAL POWER = 52.i89 K

NU /PR$%,33

ROD#

T7.67
5579

66473

70420
80691

7555

704115
85,70

77,93

69447
85465
b6lett
7574
65¢24
62049
60491

6se71
6987
59491
6le98

63492

COBRA¢+

T4e18
54423

6421

67445
77425

72435

66015
78413

72.14

65435
7724
60047
70,80
61440
57¢17
57483

64,432
65460
55412
5649

59407

REYNOLDS NO.f

ROD*

19769.8
1969062

1973040

19453,0
1951648

19484.9

18927.8
1901646

18972,.2

18566,7
1864946
1863040
1862342
18509.,5
18492,1
18487.0

18565.5
18052,1
18001.4
18033,4

180290

CNIRNe

20237.0
2013644

2018607

19529,0
1352047

- 19576 ,8

19206,3
19329,7

¥
19267,0

17238,3
184938,5
1831462
1891746
19163,.5
18801.0
18777,.8

1891243
'18300,3
18515,2
1356843

1366166



cLv

MASS FLOW = 429KG/SEC

z
1.4

30
«30

e 61
o61

099
«99

1,22
1422
1,22
1,22
1422
1le22
1422

RQOD
LOCATION

96
11E

AVE

8N
8K

AVE

96
116

AVE

2H
54
9H
8K
8N
12D
8E

AVE
10M
116

76
£ 2

Ave

CALCULATED RESULTS AT VARIOUS THERMOCOUPLE
LOCATIONS FOR EIGHT STEAM COOLING TESTS

HE AT FLUX
(NATT/S5QN)

1070.98
1116483

1063491

1826479

1738433
1787.56

29 704 63
2878432

2869.47

3448448
34 €802
30 794 69
3343,33
3448423
3373,89
3412449

3370459
4118432
4162.77
3940617
3920406

4037483

TABLE A-9a (cont)

RUN 36261

INLET VAPOR 1EMP = 141,7 D5 2

WALL SURFACE TiMP
DEG C

149,77
152412

150495

160,10
15773

158491

172,26
168,00

170,13

182402
178436
160,738
180.21
184429
182461
183,88

181,74
193,69
189,04
195,58
194,495

193,31

* ROD~CENTERED SUBCHANNEL ENERGY BALANCE
+ COBRA-1V-I ANALYSIS '

VAPJR TEW®
ROD *

146447
144449

1464,%8

147,68
147,55

147,61

154,63
154475

154,71

160445 °
160.75
158436
160.52
160.93
161,05
160,63

160,48
169463
170,65
169,26
169435

169,65

(DEG C)
COBRA+

144,415

144421

144,418

147416
147405

147,10

153 446
153416

153,31

158495
158463
158457
159,03
159.36
158 464
159,26

158492
167484
166,81
166455
166414

166484

NU /PR%¢,33

ROD®

81,33
58677

70405

58460
6788

634i24

64430
34449

74039

60466
15652
5376
6457
5584
59431
55472

60677
63,31
84,10
55¢21
56407

64,467

COBRA+

76,472
56467

66470

56423
64471

60647

60417
75458

67,88

56479
67,453
52461
60442
52430
53449
52455

56452
59,01
69,84
50423
50457

57441

TOTAL POWER = 42.,R1 KW

REVYNOL)S ND!

ROOD*

16135.2
1608449

1611040

15851.0
15903.1

1587740

15458,8
15543406

1550142

1515040
1521642
1520346
1518442
1509640
1512647
151090

1515541
14748417
1481744
1472044
16473640

L475546

CORAS

16533,.6
16468,3

15500.9

16318,7
1592761

- 15372,.,9

15710,1
15326,8

1576745

15726,3
15106,2
15661,.,3
15452,9
15657,.7
15666,8
15375,1

15463,7
14367,.6
15514,1
15159 44
15190,.1

1520746



gL-v

MASS FLOW = ¢1BKG/SEC

z
(n)

¢ 30
e30
¢ 30

061
061

«99
99
*99

122
1e 22
1422
1422
1422
1,22
1e22

le52
1le52
le52
le52

RGOD
LOCATION

6J
96
l11E

AVE

8N
8K

AVE
6d
116

AVE

2H
54
8H
8K
8N
120
8E

AVE
10M4
116

6J
31

AVE

TABLE A-9a (cont)

CALCULATED RESULTS AT VARIOUS THERMOCOUPLE
LOCATIONS FOR EIGHT STEAM COOLING TESTS

HE AT FLUX
(WA TT/7SQM)

689,14
659461
667485

678487

11 21.27
1070663

110,95

18 254 65
1768,80
17724 74

1769,06

2123490
21 484 25
18 G64 76
20%9,14
2123474
2077496
21C1,73

20175493
25364 44
25¢€3e82
26 €Ce91
24 204 50

2550442

RUN 36362

INLET VAPOR TEWP = 1378 DEG °

WALL SURFACE TEMP
DEG C

148401
145,70
148,408

147426

154465
152495

153,80

166478
166423
163417

165439

176460
174445
174,478
174675
177.62
177.21
177.21

176412
186435
182426
186438
167.06

185451

4 KJID-CENTSRED SUBCHANNEL ENERGY BALANCF
+ COBRA-1V-1 ANALYSIS

VAPOR TENP (DEG C)

ROD*

140,68
140,59
140,061

140,563

143081
143,62

143475

151427
150424
150691

151,01

156464
15644
15515
156471

. 15713

157425
156,R8

156457
165.827
166.30
167,170
165429

166404

COBRA+

140,28
140,27
140,33

140,29

143,28
143,17

143,22

169467
149,59
169,429

149,51

155,09
154,78
154,71
155417
155450
154479
155440

155,06
164,03
162,96
163,94
162,30

163431

TOTAL POWER s 26043 KW

NU /PR#%#,33

ROD*

38009
526143
37.37

42463

41,81
46438

444009

46007
45481
56684

4957

40486
47,23
37425
43492
39.33
37490
39466

41,16
bbe 44
62.84
53469
41468

51¢16

COBRA+

36613
49434
35,99

40449

39.85
43,96

41490

41,81
42439
50428

44,83

37497
42,13
36043
40452
36452
35462
37.01

38,03
42467
50421
44,486
36677

43,63

REYNOLIS 4Dt

ROD*
992545
995640
992546
9936,0

9798.9
9822,5

9810,7
9550.7
956269
960043

9571,3

936344

93859
9403,.8
9385,1
9342,6
934845
9353,0

936849
913661
917242
911442
913467

91393

CO3RAS
10012.9
102295
10191 .3
10184 ,6

9939,1

868.5

9903,.8

9585.7
975542
9810,2

9717.0

ITH1 .4
93356,5
9536,7
959246
9732.2
959048
935960

9596,7

929646
9538 .4
9332.4
9633%,9

42601



pi-v

MASS FLOW = 411KG/SEC

z
(M)

30
«30
« 30

061
061

e 99
99
99

l.22
1422
1le22
le22
1e22
1.22
le22

1e52
1652
1,52
le52
le52

RQOD
LOCATION

6J

96

11E
AVE

8N
8K

AVE
6J
96

116

AVE

AVE

10M
116
6J
76
91

AVE

TABLE A-9a (cont)

CALCULATED RESULTS AT VARIOUS THERMOCOUPLE"
LOCATIONS FOR EIGHT STEAM COOLING TESTS

RUN 36463

HE AT FLUX
(WATT/5QM)

414,34
366458
413456

4CB8s16

6€0e15
643470

6€1493

1067464
10€1e50
1065483

10€1s 66

1276496
12614560
1140440
1238,02
1276487
12494134
12¢€3,63

1248412

1525.,00
1541446
161185
149,03
1455429

1518e52

INLEY VAPOR TEMP = 133,09 DEG

WALL SURFACE TENP
0EG ¢

143,04
141442
1434681

142475

148,01
146479

147440

159.84
160.16
158432

159444

168468
167441
168408
166487
166,31
169433
169,31

168,443

178447
175441
177424
170,447
178442

177460

* POD-CENTERED SUBCHANNEL ENERGY BALANCE
+ COBRA-IV-I ANALYSIS

VAPJ® TEWMP (DEG C)

ROD &
136,75
136466
136468
136459

139.R3

139470

139,77

147,18
1464776
146083

146,02

152,47
152,77
151,00
152454
152,95
153607
152,71

152450

161e87"

16724592
163,82
161,13
160,99

161.P4

COBRA®+

136435
136434
136440

136436

139.29
139,19

133424

145458
145449
145420

145,42

150491
150461
150452
150,97
151431
150 ¢62
151420

150,88

159471
158,62
159460
158,39
157499

158,486

TOTAL POWER = 15,89 KW

NU /PR#$#%,433

ROD*

26499
344119
23476

28431

33.74
36092

35033

34039
32,02
36084

34042

30070
34043
26409
33,74
304138
29,90
29463

30,69

34437
45.89

44424

32,106
31.492

37.70

COBRA+

25.440
32.05
22485

26677

31465
34442

33,04

30457
29427
32,32

30472

28404
30607
25437
30645
27464
26404
27419

27.83

31401
35,19
364492
2776
27423

31.22

REYNOLIS MOt

ROD#*

6100,8
611404
6095.1

6103,4

603665
6047.2

6041,.8

588645
58872
590049

589145

577846
578549
579462
5791e7
577062
576942
577240

578042
563843

565342

5634,0
564161
56428

56419 -

DI+

6166,1
629849
6276,5

6247,2

6146,.1
6095,1

6120,.6

5323 44
632749
6351 ,3

6000.9

63%9%.,7
576663
5963,6
594%,3
6037,.8
5938,6
5324 ,6

5343 ,.8

575162
536049
5783.2
583643
52%3,5

5835,0



GL-V

MASS FLOW = o0B8KG/SEC

z
1,))

30
«30
30

e61
061

99
99
099

1,22
Le22
122
1s22
1,22
1,22
1le22

1452
le52
1.52
1452
1452

ROD
LOCATICN

6J
96
11€

AVE

8N
8K

AvEe

64J
96
116

AVE
2H

8H
8K
8N
12D
BE

AVE

10
116
64d
76
91

AVE

TABLE A-9a (cont)

CALCULATED RESULTS AT VARIOUS THERMOCOUPLE
LOCATIONS FOR EIGHT STEAM COOLING TESTS

HE AT FLUX
(WATT/SQNM)

328404
313,98
327442

323,15

538449
509,63 .

524406

869,013
$6e25
6 43484

B 6437

1011.,00
1022459
9 (2488
9E0.17
101093
9E9,13
10C0e45

9ERL16

12C7.3¢
1220441
1276414
1155.15
11%22.18

12C2.25

RUN 36564

~INLET vAPOR TENP = 132,8 0EG {

WALL SURFALE TEHp
LEG C

141642
140426
142404

141e24

146419
145,04

145461

157.73
158435
156485

157464

166029
165466
166425
164,456
167.01
166692
167,01

166424

176437
174482
175443
176470
175494

. 175665

* ROD-CENTERED SUBCHANNEL ENEPGY BALANCE
+ COBRA-IV-I ANALYSIS

vAPI® TEWP (DEG C)

POD e

135,70
135461
135453

135,64

138485
13R,72

138,179

146436
145,93
146400

146410

15177
152,08
150,027
15104
152.27
15243R
152,02

1514R0

161,08
162,12
162493
160,59
160e%9

161446

COBRA+

135430
135,29
135435

135,31

138,28
138,22

133,25

1644463
144,52
144424

144446

150000
149,90
149,71
150617
150441
149672
150439

150404

159,07
157497
159,01
15779
157441

158 425

TOTAL POWER ® 12,58 KW

NU /PR®$,33

R0De

23455
27.:78
21,00

244111

29489
32,89

31,39

306 44
274143
31,00

27462

27624
23447
22415
30622
26480
26408

26093

30416
36074
33496
27456
28451

32439

LOBRA+

22,03
26,01
20011

22471

2773
30447

23,10

26446
24465
26,171

25494

24432
25445
2le 40
26475
23,84
22453
23456

23498

26671
27.81
29479
23441
23 e85

26031

REVYNOLDS NOo!

ROD*

473604
4T44e3
€733.1

473749

4687¢4
469543

469144

457147
€570e5
4579.1

4573.7

4488,7
4469046
4497,8
4498.5
448147
4481,5
4483,1

448848

437667
4379,7
43717
4377,1
4382,6

437746

SD3RA+

482943
49439
49394

£904,.9

4846,3
4770,5

©398.%

4682 ,0
430242
4327,2

477045

472%.7
§452,1
4526,6
45346 ,0
4701944
4636,2
4518 44

4630,9

451044
4652 ,8
4508 .8
£321,7
$531,.9

4565,1



qlL-v

MASS FLOW = ,05KG/SEC

4
(m)

«30
30
+ 3D

e61
o 61
+61

*99
099
99

1,22
1e22
le 22
le22

l.22

1422
le22

le52
152
1452
1.52

RQOD
LOCATION

6J
. 96
11E

AVE

8N
8K
8E

AVE

64
96
116

AVE

2H
54
8H
8K
8N
12D
8¢
AVE
10M
116
6J
91

AVE

TABLE A-9a (cont) -

CALCULATED RESULTS AT VARIOUS THERMOCOUPLE
LOCATIONS FOR EIGHT STEAM COOLING TESTS

HEAT FLUX
(NATT/SGM)

209448
2C0451
.2C9409

2(6e 36

343488
325445
3£3.10"

340,81

£C64e96
546479
538487

546487

645,61
653,02
576¢57
62593
645,57
631,65
628,88

621,03
771402
T 19,34
8 14093
T 35,78

775427

RUN 36766

INLEY VAPOR TEMP = 130.6 DEG o

WALL SURFACE TENMP
DEG C

138486
136,49
139,406

138,480

142464
142405
143426

142465

153447
154408
153435

153463

160,74
161440
161419
159457
161,53
161673
162463

161426
171,44
170.70
170,77
170468

170,90

¢ RQU-CENTERED SUBCHANNEL ENERGY BALANCE
+ COBRA-IV-l ANALYSIS

VAPIR TEYDP (DEG C)

RNQ *

133,47
133,389
133440

133441

136461
136448
L36sK 4

136454

144,11
143,6°
143475

143,R4

149,51
149,81
148,01
149458
150,00
150,12
149475

149¢54%
158,80
150,84
160,54
15R421

159,37

COBRA¢

132,82
132,70
132477

132476

135,58
135455
135,59

135,57

142.14
141490
14166

14190

147439
147434
147.00
147449
147,78
147422
147467

147441
156446
155426
156433
154473

155470

TOTAL POWER =

NU /PR#%,33

RQD*

16407
16423
13428

15.86

23439
23498
2Le54

22497

23479
21,409
22453

224 47

22471
224123
17.30
2% 77
22,08
2Lleled

19455

2le 44

23.51

274 64
30.98
226479

26423

COBRA+

14.35
14033
1374

lésl4

19,98
204595
18489

19481

19.70
18.04
18455

18476

1914
4B8e36
16,08
20452
1855
17.21
16.86

18410
19.91
19454
21.83
17.88

19479

803 KW

REYNOLDS NO!

ROD*
304243
306462
3041,8
304248

3014.8
3017.7

301247

301560

2943,1
29424 &
2945,0

294345

289446
289049
289846
269848
288948
288845
288665

289245
2820,0
261869
281547
282540

2819.9

CNIRAS

ILNE S
3270,1
326%,%

3226,7

3137,7
3091,.4
308660

3109,0

2991,1°
3054,5
3362,1

3035,9

3383%,.7
2591 ,5
3220,2
3323,.5
3373,2
3316,.%
3011,.1

3718,3
2927,2
3919,3
292549
2742,8

2356,1



LV

MASS FLOW » ,05KG/SEC

z
(n)

030

030 -

*30

o6l
061
61

99
+99
299

1.22
1.22
1422
le22
1le22
le22
1l.22

1,52
1,52
1,52
1452

ROD

LOCATION

6J
96
11€

AVE
8N
8K
8E

AVE

10M
116
6J
91

AVE

HE AT FLUX
(WATT/SQM)

174,81
1€7¢32
174448

172420

286496
27158
254466

2 84440

4€3,10
456429
449,068

46436

538,76
544493
48le14
522433
53672
527,10
533.13

526459
643,40
6504 35
680605
6134929

£ 646495

-TABLE A-9a (cont)
CALCULATED RESULTS AT VARIOUS THERMOCOUPLE .

LOCATIONS FOR EIGHT STEAM COOLING TESTS

RUN 36867

INLET VAPUR TcMP = 130,65 DEG 3

WALL SURFACE TENMP?
DEG ¢

137.52
137425
137,92

137456

141443
140485
141441

141,23

150,20
150443
149480

150014

156445
156467
156.5¢@
155432
157.19
157627
157475,

156475
165455
163,24
163,50
164445

164,28

* PJD-CSNTERED SUBCHANNEL £NERPGY BALANCE
+ COBRA-1V-] ANALYSIS

VAPIR TEYP
PN)*

133,05
132,97
132,99

133,00

135.74%
135453
135,67

135,68

142404
14177
141,93

141,91

146475
147,01
145,87
146,81
147.17
147,27
146496

146,78
154487
155456
156474
154,17

155416

(DEG C)

COBRA+

132,27
132,19
132,25

132,424
134,69
134,65
134469
136,68
140,15
139,98
139,83
139499
144469

144464
144437

144479

144499
164449
144493

144,470
152446
151448
152429
151.01

151481

NU /PR*¢,33

RQOD*

16418
16020
14466

15,68

2074
21437
2lell

21,07

23,21
21.28
22479

22443

22412
22445
17,28
2404y
21,39
20496
17466

21019
23,4110
33,10
34067
23436

28456

COBRA+

13,80
13,72
12475
13.42

17454

18,02

18404
17487

18464
17465
18¢26

18018

18e2b
18,07
15474
19,83

17461

16e45
10458

17451 -

19623
2ls72
22497
17493

20446

TOTAL PUWER =  64(70 K

REYNOLIS NIl

ROD®
29731
297445
2971.8
2973,1
2947,5
295042
29478
294865

2889.%

2889,9 -

289240
28900 4

284804
284646
2852.8
285245

2844,1 -

2643.4

284248

284742

27857
2790,9
27859
279165

2768845

cNIRAS

313%,47
3250,0
32518

3212,.5%

3110,.4
3045,3
3064,1

306546

237946
3)64.4
3378,1

3340.7

3038,.8
2346,9
296649
237144
303344
2972,.8
236261

237040
289644
2392,.3
2838le6
2309,.1

2924,1



8L-v

MASS FLOW = ,BOLBM/SEC

z
(1IN

12
12

24
24

39
39
39

48
48
48
48
48
48

60
60
60
60
60

60
60
60
60

ROD
LJCATION

64d
96

AVE

8N~
12F

AVe

6J
96
5E

AVE

2H
54
8H
8K
8N
12D

4J
116
6J
10H
76
91
111
11E
106
74

AVE

CALCULATED RESULTS AT VARIOUS THERMOCOUPLE
LOCATIONS FOR EIGHT STEAM COOLING TESTS

INLET VAPOR TEMP #269.0 DE; ©

* ROD-CENTERED SUBCHANNEL ENSRGY PALANCE
+ COBRA-IV-l ANALYSIS

TABLE A-9b

RUN 32753

HEAT FLUX WALL SUPFACE TENP

(BTU/HR-SQFT) DEG F an)e
48465 296411 276,46
479400 296414 274427
448483 296413 274,85
754460 310474 280484
676482 306475 279490
715071 307475 280412
1215405 335,71 294432
1167.18 340449 293452
1165489 336499 293,22
1159.37 337,73 293469
1416472 355,06 304049
14 29475 354437 304,98
12 €2, 38 355477 301,61
13704 4% 349460 304e56
14 16462 356402 305461
137,80 343,03 305,41
1378,95 351497 304041
17 33041 376416 322,75
17C64 33 376450 323,72
1764426 376451 325,22
16€1e51 376424 321,00
1615, 09 376405 321,04
1610435 375.93 320457
1747490 372461 324061
1661405 378489 323,91
1628424 379435 321,47
1650447 371407 321,76
1686092 375476 322,67

VAPIR TEYP (DEG F)

CIBRA+

273,69
273,68

273,69

279435

279407

279,21

291409
291407
290440

290485
301440

300481
300484

- 301,78

302,416
300,71

301.28

317.51
318453
317,93
317465
315,68
317445
317435
318,72
317485
318606

317467

TOTAL POWER =55422

NU /PR*#*,33

RJD*

43417
46062

47,89

56668
62,465

59476

65452
566473
60447

60491

61le27
63.32
51405
66476
63475
80e72

64048

T1.84

608433
73.88
65,88
62455
62414
77625
65428
5978
7098

6779

COBRA+

47453
45439

4be 46

55408
60461

57.84

60489
53,98

56488

57425

57484
58493

. 950633

62499
57485
T1e94

60425

65439
62044
644,97
61425
57.18
58481
67044
59482
5637
66468

624 0%

8TU/SEC

REYNOL)S WOl

ROD*

2004148
20043,7

20042.8

1974346
1963643

19790.0
19191.3
19135.9
1918847
19172.0

1878449
1878745

-18614.3

1585844
1878644
18936e5

18828.0

1826648
182395
1822345
182704
1628441
1829045
18279.8
1820945
182354
1834543

1826644

CIBRA+

202663
20569547

20466,1

2011049
196793,9

- 19895 ,,4

19324,6
19336,8
2006445

19828,6

196867,7
18523,0
19095,8
191568,7
1945%54,9
19348,8

19176,1

18B36,9
190998
18570,1
187002
18764 45
1870646
1887645
19073,1
13%62,7
13753 46

1376245



61V

MASS FLOW & oB81LBM/SEC

z
(B4, }]

12
12

24
24

39
39

ROD
LICATION

96
11¢€

AVE

8N
8K

AVE

AVE

CALCULATED RESULTS AT VARIOUS THERMOCOUPLE
LOCATIONS FOR EIGHT STEAM COOLING TESTS

HEAT FLUX
(BTU/HR-SQFT)

4 18043
4 3ke34

427439

71763
679 16

668039

1141.,08
1124455

1132481

1347.,31
13¢€2476
12¢€3.22
13(6e23
134721
1318,17
1323,25

13156088
16(9,01
1539,41
1535¢ 46

15¢€1.30

WALL SURFACE TEMP

DEG

309426
314475

312,01

325466
321.40

323453

350463
344,423

347453

367.23
360448
365411
362488
370466
371.77
372481

367e2R
390.1¢
334487
392,70

392.58

* ROD-CZNTERED SUBCHANNEL ENERGY BALANCE .
+ COBRA-iV-l ANALYSIS

TABLE A-9b (cont)

RUN 36160

INLET VAPDR TEMP ®292.0 NES F

F RID*

297,04
297.08

29706

302482
302459

302,70

315,42
315,54

315,48

325,73
326433
323,12
325,92
326457
326429
326,21

325,85
342631
341,61
341.26

341,73

VAPIR TEWP (DEG F)
COBRA+

295447
296458

296452

301.89
301,69

301.79

313,24
312471

312498

323,12
322454
322445
323429
323486
322458
323469

323,07
333,11
336.82
336409

337434

TOTAL POWER #50.13

NU /PR#¢,33

RIV*

77667
55479

66473

70420
80.91

7585

70415

345470
7793

69447
85465
6leb4
75474
65424
62449
60,91

68.71
67,87
59.91
61498

63492

COBRAY

T4el8
54423

64,21

67645
7725

72435

66415
78,13

T2.14

65035
77424
60647
70080

61440

5717
57,83

64,32
654 60
5512
56049

59407

8TU/SEC

REYNOLIS YJ.I

ROD*

19769.8
1969062

19730.0

19453,0
1951648

1948449

18927,8
1901646

1897242

1856647
L8649,6
1863046
1862342
1850945
18492,1
18487.,0

18565.5
18052,1
18001.,4
1803344

15029,0

cDARA

2023740
20136,4%

2018647

19629,0
1952067

-13374,8

19204.3
19329,7

1926740

13233,3
18%981,9
199142
18917,0

‘19163,9%

18381°,0
187777.8

18912,5
13300.3
1851642
18568'e3

1346146



- 0zv

MASS FLOW = ,65LBM/SEC

4
{IN)

12
12

24
24

39
39

60
60
60
60

ROD
LOCATION

96
11E

AVE

8N
8K

AVE

AVE

10M
116
16
91

AVE

TABLE A9b (cont)

CALCULATED RESULTS AT VARIOUS THERMOCOUPLE
LOCATIONS FOR EIGHT STEAM COOLING TESTS

INLET VAPOR TchP =287.0 NES F

HEAT FLUX WALL SUPFACE TEMP
(BTU/HR=SQFT) DEG F
339446 301459
323,99 305.82
346472 303,70
5€2418 320,18
5£0498 315)91
5 €6e 58 318,04
925,71 342,07
‘912,30 334,440
919,01 338423
1063402 359,64
11C5455 353,404
976,13 357441
10 29,69 356439
1062,94 363,73
10 €94 38 360,70
108le 61 362498
10¢€8433 359,13
13C5.33 380,64
1319,42 372427
12 48,87 384,05
1245066 382.90
1279,82 379.97

* FID-CENTERED SUBCHANMNEL cNFRGY BALANCE
+ COBRA-IV-1 ANALYSIS

RUN 36261

VAPIR TEMP (DEG F)

RD) *

292404
292,08

292,96

297,82
297659

297,70

310.%2
310,54

310648

320,80

321.35
31R,113
320.R3
321458
321,89
321,P4
320486
337.34
339,1¢%
33beb4
336429

337.36

COBRA ¢+

291,47
291458

291452

296,88
296469

296478

308422
207.69

307.96

318.10
317.53
317443
313 .26
318,84
317456
318,67

318406
334,11
332425
331,479
331,06

332.30

TOTAL POWER

54007

NU /PR®¢433

RJD*

8ls33
38677

70605

58460
67.88

63.24

64,30
84649

74439

60466
7252
53476
64457
55¢8%
5931
55472

60.»77
63,31
d4el0
55e21
96407

64067

CIBRA¢+

7672
56467

66470

56423
64,471

60647

60,17
75458

67.68

56479
67453
52481
60412
52438
53 049
52455

56452
59401
69086
50623
50657

57641

BTU/SEC

REVYNOLIS NJf

ROD*

16135,2
1608449

1611060

1585140
15003,1

1587740

15458,.8
1554346

1550162

1515060
15216,2
1520346
15184.2
1509640
1512647
15109.0

15155,1
14748,7
16481744
1472064
14736,0

14755.6

cJ3RAs

16333,6
1666843

1650049

15318,.7
13927.1

153272,9

15710,1
15824,8

15767,.5%

1572643
15106,2
15661,3
1%5452,9
156%7.7
15666,8
15375,1

156463,7

14967,8
15514,1
151959 ,¢
1513J,.1

15207.6



Le-v

MASS FLDW = ,40LBM/SEC

b4
(IN)

12
12
12

24
24

ROD _ HEAT FLUX WALL SURFAC
LICATION (BTU/HE-SQFT) DEG
6J 218,43 298443
96 209,07 294427
11E 218,02 297454
AVE 21517 297,08
8N 358456 310,38
8K 329,34 307432
AVE . 348495 308,85
64 578465 332620
96 570414 331,21
116 . S¢€le88 325.71
AVE 570e23 329.71
2H 673,18 349,88
5J 680,90 346,01
8H 6Clel9 346460
8K 652466 346455
8N 673e14 352,08
120 658,62 350,98
8¢t 6Ebel6 350,98
AVE 657,98 349,01
10M 2C3.94 367444
116 812,62 360407
64J 849,73 367449
91 T€7419 36R,471
AVE 8 C6437 365493

TABLE A-9b (cont)

CALCULATED RESULTS AT VARIOUS THERMOCOUPLE .

LOCATIONS FOR EIGHT STEAM COOLING TESTS

INLET VAPUR

¢ RJID=-CENTERED SUBCHANNEL £NFRGY BALANCE
+ COBRA-IV-l ANALYSIS

RUN 36362

TEMP #2800 DF5 =

E TEMP VAPIR TEMP (DEG F)

F ROD*

285022
285406
285410

285413

290485
290653

290675

3064429
303452
303.b4

303,02

3134P5
314,50
311627
314,087
314,83
315,04
314,89

314,01
330457
332,62
333,R7
329452

331,69

COBRA+

284450
2R4 448
284459

284453

283490
289471

269 480

301440
301426
300672

301413

31117
310,61
310 447
311,31
311.91
310463
311672

311612
327425
325432
327.08
324414

325495

NU /PR#%,33

ROD*
3809
52643
37,37
42463

4le81

46438

44,09

46407
45481
56004

49057

40,86
47,23
37,25
43492

39,33

39490
39466

4lelb
46044
62484
53469
41,63

5le 16

COBRA+
36013
49,434
35499
40449

39.85
43496

41.90

41481

42439
50028

44483

37497

42,13
36043 -
40452
36452
35462
37.01

38403
42467
50621
444086
36477

43,463

TOTAL PJWER =25,05 BTU/SEC

REYNOLDS N2l

ROD®

9925,5
995649
992546

. 993640

979849
982245

9610.7

9550647
956240
960003

957163

93634%
9368549
9403,8
93851
9342,6
93485
9353.0

9368,0
9136461
917242
911442
913447

9139,3

SO%A

1031249
1022349
10191,.3

" 101%64,6

9339,1
9858,5

93503,.8

9585,.7
9755,.,2!
931062

¥T717,0

9761 o4
933643
9506,7
959246
9732,2
9599%,8
955940

'959647

294,56
963344
9332,.4
963849

7625,1



(44N

MASS FLOW = ,24LBM/SEC

.
(IN)

12
12
12

24
24

39
39
39

60
60
60
60
60

RGO
LOCATION

64
96
11E

AVE

8N
3K

AVE

6J
96
116

AVE

2H
54
" 8H
8K
8N
120
8E

AVE

10M
116
64
76
91

AVE

TABLE A-9b (cont)

CALCULATED RESULTS AT VARIOUS THERMOCOUPLE
LOCATIONS FOR EIGHT STEAM COOLING TESTS

INLET VAPUR TEMP =273,0 DEG F

HEAY FLUYX wALL SURFACE TENMP
(BTU/HER=SQFT)
131,33 289,46
12570 286455
121,08 290485
129,37 288496
215,58 298443
2C4,02 296,23
209,80 297433
347491 319,71
342,79 320429
337,82 316498
342,84 318499
4C4e74 335,63
4C9436 333,34
3 €14 46 334,55
362440 332437
4Cae71 336477
365,99 336480
‘ 40,52 336,77
365460 335,17
483436 353,24
488458 347,74
510,89 351,03
4¢€2445 353425
4€l,26 353.16
4Ele 31 351468

* ROD-CENTERED SUBLHANNEL ENERGY BALANCE
+ COBRA-IV-1 ANALYSIS -

NEG F

‘RUN 36463

VAPIR TEYP (DEG F)

RND*
278414
27738
278,02

278,05

. 283,70

2834%7
283,5R°

296492
296,17
296429

2964%6

306044
306,99
3034”0
306657
30732
307,52
306,87

306450

322,73
324466
326,07
322414
321e73

323,50

COBRA+

277443
277441
27752

27745

282472
282454

202463

2964404
293,88
293436

293.76

303,63
303.10
302493
303.75
304435
303,11
IN4elb

303,58

319448
317.51
219429
317410
316438

© 317,95

TOTAL POWER =15406

NU /PR*#*,33

ROu*

26499
34419
23476

28431

33,74
36492

35.33

34439
32,02
36.i84

34442

30,7V
34,43
26009
33,74
30,38
23490
23463

30469

34437

45489
44,24
32,16
31482

37,70

COBRA+
25440
32405
22485
26077

3le65
34442

33404
30457

29027
32432

30.72

28404
30,07
25437
30645
27464
26404
2719

27.83

31.01
35.19
34492
2T+ 76
27423

3l.22

BTU/SEC

REYNULDS NO.!

ROD*
610068
6114e%
6095.1
610304

6036653
604702

6041.8

588645
58872

590049
5891e5

577846
578549
579462
579167
577062
576942
577240

578062

563863
565342
563440
5641.i1
564248

564149

COBRA+

616661
629849
527545

626762

51461
6095,1

612046

592344
602749
6351.3

600049

635%.7
576643
5343 ¢4
5345,3
6337,.8
59380
532640

5343.8

575162
596369
578342
593643
534365

5835,0



gv

NASS FLOW = o18LBM/SEC

1
(IN)

12
12
12

24
24

48
48
48

48
48
48

60
60
60
60

ROD
LOCATION

6J

96

11E
AVE

8N
8K

AVE
6J
116
AVE
2H
8H
8K
8N
12D
8E
AVE
10M
116
6J
76
91

AVe

TABLE A-9b (cont)

CALCULATED RESULTS AT VARIOUS THERMOCOUPLE

LOCATIONS FOR EIGHT STEAM COOLING TESTS

INLET VAPDOR TEnP ®27140 DEG ©

HEAT FLUX WALL SURFACL TEMP
(BTU/HR=SQFT) DEG F

1(3.97 286456

69452 284446
1C3,78 287,66
12,42 286,23
170468 295,14
1€1453 293,07
1¢6411 294,11
275445 315491
271439 317,06
267646 314433
271443 315,76
320044 331,32
324012 330,19
266417 331,25
310,67 328,21
320042 332,61
313,51 332446
317,10 332,62
313,21 331,24
362469 369,47
3t6e82 346467
4Che4B 347,77
3€6e13 350,06
3¢5419 348,70
381,06 348,53

* ROD~CSNTERED SUBCHANNEL ENFERGY BALANCE
+ COBRA-IV-l ANALYSIS

RUN 36564

VAPIR TE4P (DEG F)
COBRA+

RAD¢

276625
276499
2764112

2760116

281.93
281,70

281,81

29545
294468
294.R0

294498

305419
305,74
302409
305.32
306408
306429
305493

305425
321.95

323,82
325.27

.321.P4

320498

322,63

275454
275452
275462

275456

280,90
2R0479

280485

292434
292,413
291,63

292,03

302,00
301,682
301 .48
302,31
302.73
301,50
302,70

302,08

318,133
316434
313,22
316402
315433

316485

NU JPR¢#,33

ROD*

23455
27478
21.00

24411

29.:89
32.89

31439

30e44
27643
31.00

29462

27424
29447
226115
30.22
26440
26458
26008

26493

30416
36674
33,96
27456
23451

32439

COBRA+

22,03
26401
20411

22.71

27473
30047

29.10

26446
24465
26671

25094

24432
25445
21440
26475
23,84
22453
23456

23,98

26471
27481
29479
23441
23485

26431

TOTAL POMER =11,92 BTU/SEC

REYNOLDS N)i

RO0O*

©T736,%
474443
4733,1

4737.9

4687.%
4695,3

469144

4571.7
€57065
4579,1

457347

448847
449046
4497.8
449845
&481.7
448165
4483,1

4488.8

437647
4379.7
43717
4377.1
©38246

437766

<O8RA+
$829,3
€345,9
433744
€306,9

484643
4T770.,9

48008 .4
$682,0
630262
432742
477045

§72367

" 4652,1

§526 46
453440
§719,.4
£53642
4618 44

4630,9

£5104¢
§5652 .8
4508,8
$3521,7
453149

§545,1



ve-v

MASS FLOW = ,12LBM/SEC

4
(IN)

12

12
12

24

24

24

39
39
39

48
48
48
48
LY
48
46

60

60
60

ROD HEAT FLUX WALL SURFACE TEMP
LOCATION (BTU/HR=SQFT)
6J €be 40 281494
9G €3,55 281427
11¢ €6e27 282030
AVE €5041 28 1le64
8N 1C8.99 28876
8K 1C3,15 287469
8E 111,92 289,486
AVE 1C8,02 288477
64 17590 308424
96 173,31 309,34
116 170,80 306403
AVE’ 173,34 308454
2H 2C4463 321432
54 2C6e 98 322453
8H 182,75 322.14
8K 168,39 319,23
8N 2C4462 322476
120 2C0,21 323,12
13 2C2,50 324,73
AVE 2C0,01 322426
10K 244438 340459
116 24647402 339,26
64 258,30 339,433
91 2 33,21 339,22
AVE 245473 330,61

TABLE A-9b (cont)

CALCULATED RESULTS AT VARIOUS THERMOCOUPLE
LOCATIONS FOR EIGHT STEAM COOLING TESTS

INLET VAPUR TEMP s267.,0 DE3 F

* ROD~CENTERED SUBCMANNEL ENERGY BALANCE
+ COBRA-IV-l ANALYSIS

DEG F

RUN 36766

VAPIR TEMP (DEG F)
CORRA+

LA th A

272424
272.08
27212

272,158

277R0
277.67
27777

277.78

291439
29052
290474

290402

301,11
301456
298441
301.24
302,00
302,71
301.55

301,17

317.84
319,71
321,16
316,78

31R.87

271.08

270485 .

270,98
270,97

276404
275499
276406

276403

287.85
207442
286,99

287,42

297.29
297,20
206,460
297447
298,00
296499
297,80

297434

313,67
311,46
313,39
310,51

312,26

TOTAL POMER = 7461

NU /PR*%433

RQD*

16,07
16423
15028

15.86'

23,39
23,98
21.54

22497

23,79
21409
22453

22467

22.71
22,23
17.30
24,77
22408
21,i0%
19,55

2le44
23,51
27464
30,98
22479

26423

COBRA+

14,35
14433
13,74

14414

19498
20455
18,89

19,81

19,70
18404
18455

18.76

19,16
18,36
16,08
20452
18455
17.21
16486

18,10
19,91
19454
21,83
17.488

19.79

BTU/SEC

REYNOL)S NJ,!

ROD*

3042.3
30464,2
3041,.8

3042.8

301448
301747
3012,.,7

301540

2943,1
294264
2945,0

294345

289446
2890.9
289846
2698.8
2889,8
288845
288645

289245
282060

- 2681849

281547
2825.0

2819.9

CIBRAe

3144,8
327%,1
3265,5

3225,7

3137.7
30914
3385,0

3105,0

2991,1
3054,%
3062,1

3033%,.9

3)85,7
2891,%
332042
3023,8%
3)79,2
301646
3011,1

301843
2327,2
3013,.3
2325,9
2742,6

2354,1



Sc-v

MASS FLOW = o11LBM/SEC

4
(IN)

12

12
12

48
48
48
48

48

60
60

60

ROD
LOCATION

6!
96
11E

AVE

8N
8K
3E

AVE

6J
96
116

AVE

2H -
54J

8K
8N
120
8E

AVE
10M
116

6J
91

AVe

HEAT FLUX
(BTU/HR=-SQFT)

$5¢41
£3,03
£5¢ 30

€4458

G60e 95
€6, 08
63,139

G0, 14

146,78
144,62
142,53

144465

170476
172,72
132450
1€5456
170675
1¢7.07
168,98

166,91
203,93
2C6,13
21555
164,61

2C5,06

TABLE A-9b (cont)

CALCULATED RESULTS AT VARIOUS THERMOCOUPLE
LOCATIONS FOR EIGHT STEAM COOLING TESTS

WALL SURFACE TEMP
DEG F

279454
279,05
280425

279461

286457
285454

28654

286421

302435
302478
301.65

302426

313.62
314,01
313.84
311.57
314495
315409
315.94

314,15
329.98
325403
327402
328,400

327671

* ROD-CENTERED SUBCHANNEL £NFRGY BALANCE
+ COBRA-IV-l ANALYSIS

RUN 36867

INLET VAPOR TEMP =26740 DES F

VAPIR TE4P (DEG F)

°0)*

271,48
271,84
271.3%°

271,40
276433
276413
276421
276022
287.85

23719
287.30

287Tek5

296415
296462
293,84
296425
296,00
297,017
29652

296420
310041
312,00
312,24
309651

311629

COBRA®

270,09
269495
270405

270,03

274445
274437
274 445

274442

204427
283496
263.70

283,497

292444
292435
291,87
7292462
292498
292409
292488

292446
306443
304467
306413
303,82

305426

TOTAL POWER = 6435

NU /PR¢¢,33

ROD*

164118

16420 .

l4466
15068

20.74
21637
21,11

2107

23,21
21428
22479

22443

22412
22445
17.28
24049
21039
20496
194166

2le19

23410

33,40
34467
23636

28456

COBRA¢

13.80
13,72
12,75

13442

17454
18,02
18,04

17.87

18,64
17465
13426

18.18

18428
18,07
1574
19.83
17.61
16445
16458

17451
19,23
2ie72
22,497
17,93

20446

BTU/SEC

REYNOLDS NO!

RAD*

2973.1
2974.5
2971.8

2973,2
2947.5
2950,2
2947.8
294845
288944

2088949
289260

289044

2848,4
2840646
285248
285245
284461
284344
284248

284742
278547
279069
278549
279145

278845

<I8RAe

313%,.7
3250.0

3251,.8

321249

3110.4
3365,3

- 30646.1

306046

23796
3064 ,4
3373,1

3360,.7

3038,.8
23%4,49
2366,9
29714
303344
2972,.8
2762,1

297040
2896,4
279243
2398,6
2309,.1

2324,1






APPENDIX B
ERROR ANALYSIS OF CALCULATED
HEAT TRANSFER RESULTS FOR
EIGHT STEAM COOLING TESTS

In this appendix, a simple error analysis is performed for the calculated Nusselt and Reynolds num-
bers (based on COBRA-|V-I calculated vapor temperatures), using specified instrumentation errors.
It will be recalled that the Nusselt and Reynolds numbers were calculated using the following:

Wall surface temperatures calculated from measured cladding inner surface tem-
peratures by an inverse conduction method

Rod heat flux calculated from measured power and individual rod resistances’

Subchannel vapor temperatures calculated by the COBRA-IV-lcode . -

The following assumptions are made when performing the error analysis:

Error in wall surface temperature is equal to error in the measured cladding inner .
surface temperature; that is, errors due to inverse conduction calculations are
neglected. ’

Error in rod heat flux is equal to error in the measured power; errors due to individual
rod resistances and axial power steps are neglected.

Error in vapor temperature calculated by the COBRA-IV-I code is due to the input
rod power, mass flow, and inlet vapor temperature; errors due to calculations and
assumptions made in the COBRA-IV-| code are neglected.

Error due to evaluation of vapor physical properties is neglected.

Error due to rod bundle physical dimensions is neglected.

B-1



With the above assumptions, the relative errors{1) of the calculated Nusselt and Reynolds numbers
can be obtained from equations (3-1), (3-2), and (3-3): '

AR _ A, (B-1)
Re Mv -
ANu _ AP + ATy - Ty (B-2)
u P (Tyw - T -

where -
Re = Reynolds number
Nu = Nusselt number
My = Bundle stream flow rate (kg/sec)
P = - Bundle power (kw)
Tw =  Wall surface temperature (°C)
Ty = Vaportemperature (°C)
The error in the wall and vapor temperature difference is expressed as
ATy - Ty = \/(ATW)? + (ATV)Z : (B-3)

1. “Young, H.D., Statistical Treatment of Experimerital Data, McGraw-Hill, New York; 1962.



The error in vapor temperature is due to the error in the measured inlet vapor temperature and the
calculated vapor temperature rise: ' '

(AT)2 = (AT 12 + [A (T, - T2 (8-)

where
To = inletvapor temperature {OC}

The error due to the calculated vapor temperature rise can be estimated from an energy balance
equation as in equation (3-11):

7\ 2
AP\2  [OM
a (T, - To)]2 = (T, - To)2‘ [(P) +<—M3VL) ] (B-5)

Substituting equations (B-3), (B-4), and (B-5) into equation (B-2) produces

. - ) . 2
ANu _ AP 1 2 2 2|(aP\2 | (AMy )

\

The manufacturer's specified instrumentation errors are as follows:
ATy= =+ 1.390C
ATy = =+ 1.340C
AM,= = 0.0009 kg/sec

AP = =+ (0.001P + 0.03 kw)

'B-3



The calculated errors for the eight steam cooling tests are shown in table B-1. It should be noted
that, because of the small wall-to-vapor temperature difference, the relative errors in the Nusselt
numbers calculated by equation (B-6) are quite large, especially for lower elevations [below 0.61 m
(24 in)]. '

The large errors (more than 20 percent) reported in table B-1 are mostly from lower elevations

[ less than 0.61 m (24 in)] and account for about 19.4 percent of the total data; 81.6 percent of
the total data has a calculated error of less than 20 percent and are mostly obtained from eleva-
tions greater than 0.61 m (24 in.).

B:4



MAS, FLOV »

«30
0 3L

ot
061

e 99
090
099

1.22
1,22
l.22
l.22
1.22
1.22

1,52
1e52
1.%2
le52
le52
1,52
1e52
1e%2
1eh2
1.52

R R )

P e e e e e R

FRRNR N MASS £L0W =

(Iv)
12)
12

26)
8

29)
39)
20)

&8
48)
4R
“«A)
«8)
«g

¢0)
€Q)
¢0)
£J)
€)Y

€0

(4]
Q)
[
(XA

ESTIMATED ERRORS FOR CALCULATED NUSSELT AND
REYNOLDS NUMBERS FOR EIGHT STEAM COOLING TESTS

03F20 KRITEL (JRON | BW/SEC)

pOD

LaCaTINY
)
96

‘AVE

/N
i2¢
AVE

64
ac
5¢

AVE

?H
54
AH
RK
RN
12¢

AVE

%)
116

10OH
76
af
11
11¢f
1.¢
74

AVE

«?5 DFOLENT

TABLE B-1

PN 22753

TATAL °PNVER » 5826 KW (£5,22 BTU/SEC)

ERRQOR IM TITAL POWERe

MU NCo/ (PR NOG)#*%,33

47.%3
£5.39

46,46

£%,08
€Y.61

57,84
£0.89

53.98
£6.°R8

«151

PERCENT

"ERRMR IN NU NR,
(PERCENT)
1%.71
15467

15,69

11426
13,72

12449

T¢97
Te21
Te b4

7+60

6466
6e5C
Te b5
6,88
8439

Tel9

6e21
belé
6011
6011
5.93
6el2
bbb
5495
54R3
fe73

6,17
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TABLE B-1 (cont)

ESTIMATED ERRORS FOR CALCULATED NUSSELT AND
REYNOLDS NUMBERS FOR EIGHT STEAM COOLING TESTS

PN 36160
MASS FLOV & (3F74 KG/SEP (,R10 | aMyecry _ TOTAL PNUER = 52489 KW (50,12 BTU/SEC)
ERRNR JN MASS FINW = 024 PEOrENT ' EFRDF IN TOTAL PNWFRs 0157 PERCENT
' I POD NIl NDo /(PR ND,)*%,33 ERROR IN NU NN,

] CINY LACATINN (PERCENT)
3L 1 2 Qc Téelr 27442
030 ( 12) - 11F £4,23 . 19,24
AVE ) ' (XY 23,38
ebl ( 24) ’5" : +T.45 14,FR2
ol ( 26) RK : TT.2F 17.85
‘ ave 72,35 16434
090 ( 29) : ac £6,1% 9443
¢99 ( 39) 11¢ : 7R,13 11.22
‘ AVE ' 72416 " 10433
1422 ( 48) ) - 2M . 65435 L1 o]}
1422 ( 481 =) 7. 24 9,35
ie?2 (. 4R} RH . buab? 8433
1422 ( &8Y K 704k Re97
122 ( ¢PR) aN 61,40 .. Tetl
1le22 ( 4RY ' 120 57417 Te25
1.22 ( 481©Y R ET74F2 Te26
_ AVE ’ 64432 8412
1457 ( £0) 10M K5.6C 699
lef2 € €6) 7€ Fheal2 6,17

1452 ( ¢0) QY FhetO 6e32

AVE ' B © 59407 6469

a4
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TABLE B-1 (cont)

ESTIMATED ERRORS FOR CALCULATED NUSSELT AND
REYNOLDS NUMBERS FOR EIGHT STEAM COOLING TESTS

oIN 24 24]

MASS FLOW = 2973 MWEISER (A58 1 RYICER)Y TOTAL FOVER = 62691 KW (40,67 RTUISEC)
ERRNR IN MapSE FLNY = «3N PEOFLENT EPRNR TN TNTAL PNVWERSs ¢170 PERCENT
7 enp MU NG /(PR NM,)#% 33 _ ERROR IN NU Ni.

N (TN) 1NCATINN (PERCENT)
30 12) 26 TheT2 : 34463
o3 ( 12) 11¢ £het? 24,65
AVe 66,70 29,64
w61 ( 76V . AN 56423 15.14
o661 ( 24) R¥ 66,7 1831
AVE NS 16,72
,00 ( 29) . ar 60,17 ' 10,47
490 ( 20) 116 75458 13.23
AVE Y 11485
1.22 ( 481 oM : €r,70 8.57
1422 ( 4R) 59 67453 9,99
122 ( GRY RH 526F1 8,89
1e22  4R) K €0412 9,32
1622  4R) - an 52,3P 7.9
1022 C 4R 12n 53,49 8426
1022 ( 4R) RE 52,55 8,04
AVE 56652 _ Be72
1e52 ( €0) 19¥ ca,01 Tef7
1e52 { £0) 11¢ Y 8,79
1.52 ( €9 76 50,72 6485
1452 ( €0 et 23457 6490

AVe ‘ £7etl . Te%8 .



8-9

TABLE B-1 (cont)

- ESTIMATED E‘RRORS FOR CALCULATED NUSSELT AND
REYNOLDS NUMBERS FOR EIGHT STEAM COOLING TESTS

RIIN 2K/ 362
MASS FLOW »  o1F14  XG/SER 1,400 LRM/SEC) ' TATAL POVER = 26443 KV (25,05 BYU/SEC)
FRPAR IN MASS FLNVW ®= S~ OFDPrENT ERRDP IN TNTAL PNWERs 0214  PERCENT
7 . ) RON NU NCo/7{PR NO,) *%,33 Ehnnn IN NU N7,
M (IN)Y -~ LNCATION (PERCENT)

30 t 12) R Y 26413 25426
03¢ ( 12) Qe 49,24 38,65
e30 ( 12) < 11F 35,69 25422
AVE 60.49 28477
okl ( 26) AN : : 30,R5 17,24
ehl 1 260 R AW ‘ 43,06 20.01
AVE : _ 61,60 18463
099 ( 20 ' €d ' 41.R1 11,54
699 ( 29) oc _ 42,20 11.86
_ «90 ( 20) 116 £0.2P 14,17
AvE ‘ 44483 _ 12453
1e22 1 48) R ' 37,07 . 9423
1027 (74R)" 5 62,13 1u.¢7
1.22 ¢ 4AY T PH . 3ke43 © Q4R
1627 &) RK . ' 43052 10.12
1022 { ¢8R aN 16452 R,90
1e22 ( 6P} 120 : o 35,62 . ReB6
1¢22 ( 48) . ] ar ] ’ 37,01 9.10
: Ave 18,03 9,45
1e52 t £€0) o 10M 42467 , . Be91
1652 ( €y) _ ile - 50,21 16427
1e52 € €D) & ‘ YT C B4B7

1e®2 ' B '

P T CR ‘ T 26,77 . Ae06

AVE 43,¢3 0.3
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TABLE B-1 (cont)

ESTIMATED ERRORS FOR CALCULATED NUSSELT AND
REYNOLDS NUMBERS FOR EIGHT STEAM COOLING TESTS

RUN ALK 42

MASS FLOW » 41172 NKEC/SEC 142462 [oMyccr) TOTAL POVER = 15689 KW (15,46 HTUIsEC)

EEENR IN MASS FLNV . «22 DEDAZMT EPRNP [N TNTAL PNWERe «289  PERCENT
7 pnn NIl NP /UPP N Yo% 27 ERROR TN NU N1,

M tTNy tNCaTIan (PERCENT)
3 L 12) €d 25,40 29627
o3 ( 312) ee 224L5 38,41
o3l 121 11k ?22+F5 - ‘ 26464 .
AVE _ 26477 31,37

b1 U 24) AN ' T 21,65 ' 22450
o6l ( 24) . ev 24,42 25,77
AVE 33,04 24414
e96 ( 201 “J 35.57 13,09
«QG ( 20) Q¢ 20,27 13.51
«9S ( 20) 11¢ : 1?.32 ) 15,06
AvVeE 2i0e72 1‘.16

1,27 1 4R) 2u 2°,04 11.22°
1,22 t ¢p) L] 20407 : 11.85
1le22 ( 4R) fH : ?5.37 ) 11,25
1,22 1 4R} aK PN ' 12,51
1622 € 4R) AN 2766 11,08
1e22 t &RY - 12n 2646 10,67
122 ( 48) AE ?7.10 11.C1
AVE ' 274F2 ' 11.38
le52 ( £G) 1M 21,.C1 10468
1leb2 ( €3) e 254109 11,90
1e82  €C) hy 34,402 . ) 11425
leB? ( €4) e ' 27,7k . 9,99
le%2 ( #C) 21 . . 27423 . B : Q.FR3

AVE ’ ' 131,22 16475
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TABLE B-1 (cont)

- ESTIMATED ERRORS FOR CALCULATED NUSSELT AND
REYNOLDS NUMBERS FOR EIGHT STEAM COOLING TESTS

RPHN 2ARAL

MASS ELNW »  o(F53 KE/SEC ( 18R (AM/SER) TOTAL POVER = 12458 KW (11,92 RTU/SEC)
EPRNR IN MASS FLOW =  1.06 DEPFENT ‘EPPre IN TOTAL PNVERe «238  DPFRCENT
- ' ~ FOD NI NP, /(9D NN Y #% .33 ERROR IN NU NO.
" ¢INY LACATIAN - (PERCENT)
3y € 12) . ey T 22402 31,98
e36 ( 12) ac 26401 29,22
o3 1.12) . 11E 20,11 29,30
AVE 2271 33,56
61 ( 24) ' 8w ' 77,73 24484
o6l ( 24) _ aw ) T 30667 Co- 2874
‘AvE ‘ 29,10 26479
-~ «96 { 29) ®d 26446 15017
T e0C t 2G) Q¢ 24465 14,37
<96 ( 20) 116 _ 26e71 : 15,73
AVE 25,94 15409
1e22 t 6R) . _ 26,22 12429
1422 ( 48) _ 5 _ 25445 _ 12469
1622 ( 4R) BH 216y _ 12.10
1622 ( ¢8)Y _ RN 264,75 ) ) 13.87
1e22 4R} AN 23484 124,07
1422 { &89 120 22.53 11466
© le22 ( 4B) RE © . 23,56 T 12405
AVE - " 73,98 ’ 12429
1e52 ( €3) 1u¥ 26,71 11466
1452 -1 €0 11¢ 27.F1 11,96
1e52 1 ES) - Ad ' . 29,79 12427
ie52 L £ LI , ' ' 23441 10,69
tFoy . a1t . : S S U T 10489

1452

Ave S - T 26431 11,49
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TABLE B-1 (cont)

ESTIMATED ERRORS FOR CALCULATED NUSSELT AND
REYNOLDS NUMBERS FOR EIGHT STEAM COOLING TESTS

RN 1A TRA

MASS FLPW @ (544 KE/SER (,12, | RU/S=r) TUTAL POVER = Be03 XKW { 7,61 BTU/SEC)
EFRNR IN MANS FLNW = 1,4~ DEDACNT ERRMP IN TOTAL POVWERe e673  PERCENT
? enp NI NN /PR NO,) *%,33 ’ ERROR IN NU N3,

" (TN LACATINN (PERCENT)
3G ( 312} eJd 14,35 32457
e3v € 12) Qc 14.32 33,94
«2, ¢ 12) 11¢ 12,74 3127
AVE l4.14 ) 32.5%59
W61 ( 24) 8N 10,98 A 27,92
«61 1 249 aw 20.%5 30429
obl 1 26) RE 18,69 2577
AVE 19,f] 27499
096 ( 29) 6 19,76 _ 17.#7
94 ( 291 pig 18,04 16446
099 ( 29) 11¢ 1R,55 17613
AVE _ 1R, 76 17.09
1e22 ( 4R) 2w 19,14 15.15
1,22 ( ¢R) - 18424 14,40
1622 ( 4R)" RH 14,08 14,27
1622 1t tPY RK 202 " 16468
1e22 ( 6PY AN 1R,5% 14,72
1422 ( 48) 12D : 17.21 13,97
1422 ( B)Y RE 16,P¢4 13457
AVE _ - 18,10 14,68
1,52 ( €0) 10 19,01 13,77
1652  €9) 11n _ , . 19,54 _ o 132,232
1e52 t ¢4 tJ ) . _ 21.°3 S 14,24
1e82 € €Y a1 ' oo 17,68 : 12,9

AVE ) - . 19470 13.%6



<-4

MASS FLOV =

o 30
¢30
e3¢

b1
orl
o6l

«99
96
99

“le?2

1.22
1622
1.22

le22.
" le?2

a0l

len2
1652
led2

1452

- o o e em e -

- -

" FERNR TN MASS FLOV e

(TN}
12)

12y

12y

24)

26

Z4)

'v?h

29)
209

«y

4R
‘P
4a)
LRy
)]
4R}

¢0)
€Ny

-6y

£G)

ESTIMATED ERRORS FOR CALCULATED NUSSELT AND
REYNOLDS NUMBERS FOR EIGHT STEAM COOLING TESTS

TABLE B-1 (cont)

ofi53) KG/SFP (4,117 12M/TECH

~ ROD

LACATINN
¥
ac
11F

AVF

&N
RK
RF

AVE
A d
Q¢
11¢

" AVE

1Y)

&
=

FH
RN
an

12n
HE

AVE
1w

116
6dJ

AVE

1,77 OFRCENT

PHN A R4T
TNTAL POVER =

ERROP IN TATAL PNWERe

MU NMg7(P0 NO I #%433

12.80
13,72
12.7¢

13.42

17,54
18,02
18,04

17.,r7

18,44
17465
1P.26,

1“{1“

18,2R
1RU7
1%.74
10,83
17.¢1
16445
16,58

17.51
19,23
2l.72
22,97
" 17e¢3

2Je46

o547

6470 KW { 6435 BTU/SEC)

PERCENT

ERROR IN NU NO,
(PERCENT)
37445
3R466
34071

37.01

29,35
31.79
20,40

30,18

19,90
19,14
20.C4

19,70

17,15
16478
16,55
19,11
16,57
15.R3
15,80

16,83

Seb5
17.33
17.57
15,72

16445



| APPENDIX C
SUMMARY OF DRYOUT TIMES FOR BOILOFF TESTS

This appendix presents the calculated dryout time at various instrumention locations. The average
dryout times listed are the average of the times at the respective elevation.
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TABLE C-1

CALCULATED DRYOUT TIMES AT VARIOUS
THERMOCOUPLE LOCATIONS FOR BOILOFF TESTS

Dryout Time Average Dryout
Elevation [m (in.)] Rod (sec) Time (sec)
Run 35557(a)
0.991 (39) 6J ~125.60 -127.93
9G -124.60
11G ~133.60
1.22 (48) bJ -=170.60 -168.10
8H ~-170.60
8K ~166.60
12D -164.60
1.52 (60) 10M -184.60 -191.60
11G -196.60 :
6J -187.60
7G ~198.60
9l -196.60
7J -185.60
1.70 (67) aJ -200.60 -202.20
6J -202.60
9G -202.60
11G -202.60
10G -202.60 .
1.83(72) 7H -210.60 -206.76
51 -207.60
7K -207.60
9F -207.60
4L -206.60
12F —-206.60
6C -206.60
7J -207.60
6L -209.60
11D -207.60
9K -192.60
12D —-206.60
8G —-206.60
8E -207.60
8F -206.60
aD —209.60
8K -207.60
9E -206.60
7G —206.60

a.

Beginning of test = —270 sec
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CALCULATED DRYOUT TIMES AT VARIOUS

TABLE C-1 (cont)

THERMOCOUPLE LOCATIONS FOR BOILOFF TESTS

Dryout Time Average Dryout
Elevation [m (in.)] Rod’ (sec) Time (sec)
Run 356557 (cont)
1.98 (78) 9F -213.60 -212.52
11F -=204.60
.7F -214.60
8C -213.60
51 -214.60
10D -213.60
7H -214.60
9E -214.60
6L -212.60
8K -205.60
12D -213.60
12F -214.60
2.13 (84) 7H -217.60 -215.04
11F -214.60
" 9C -214.60
8E -215.60
9G -213.60
9F -218.60
9J -213.60
13G -212.60
7E -214.60
2:29 (90) 9J -220.60 ~218.24
8J -217.60
9F -218.60
9G -217.60
7D -217.60
™M -218.60
8D -217.60
8C —-218.60
11E -217.60
6D -218.60
7H -217.60
2.44 (96) 8i -219.60 -219.16
4L -216.60
9F - —-220.60
8E -220.60
M -218.60
7H. —-220.60




TABLE C-1 (cont)

CALCULATED DRYOUT TIMES AT VARIOUS

THERMOCOUPLE LOCATIONS FOR BOILOFF TESTS

Dryout Time Average Dryout
Elevation [m (in.)] Rod - (sec) Time (sec)
Run 35557 (cont)
11D -222.60
8K -217.60
7E -215.60
269(102) - 8J -212.60 -214.73
9L -215.60
8D -210.60
6D -217.60
7E -214.60
5J -211.60
4L -218.60
: 8E -216.60
2.82(111) 8G -219.60 . =22224
11D -224.60
9F —-223.60
6J -223.60
7D -220.60
7M -221.60
9C -221.60
11G -222.60
11E —-223.60
8C -223.60
9G -219.60
3.05 (120) 6E -224.60 -223.10
4L -222.60
8J -222.60
8H -22260
8K -223.60
8D -222.60
Run 35658(b)
0.991 (39) 6J - -142.20 -141.20
9G ~139.20
111G -142.20
1.22 (48) 5J -172.20 -172.70
8H -175.20

b. Beginning of test = =260 sec
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TABLE C-1 (cont)
CALCULATED DRYOUT TIMES AT VARIOUS
THERMOCOUPLE LOCATIONS FOR BOILOFF TESTS

Dryout Time Average Dryout
Elevation [m (in.)] Rod (sec) Time (sec)
Run 35658 {(cont)
8K -172.20
, 12D -171.20
1.52 (60) 10M =187.20 -202.20
‘ 11G -204.20
6J ~-206.20
7G -205.20
9l -204.20
7J -206.20
1.70 (67) 9J -206.20 . -206.40
' 6J -208.20
9G -206.20
111G —-205.20
10G -206.20
1.83(72) 7H -212.20 -208.88
5l -208.20
7K -211.20
9F -214.20
4L -209.20
12F -208.20
6C -208.20
7J -209.20
6L -210.20
11D -209.20
9K -204.20
12D -208.20
8G -209.20
8E —-203.20
8F -208.20
aD -210.20
8K -209.20
9E -207.20
7G -209.20
1.98 (78) 9F -212.20 -213.37
: 11F -208.20 ‘
7K -215.20
8C -216.20
51 -215.20
10D ~-212.20
7H -216.20




TABLE C-1 (cont)

CALCULATED DRYOUT TIMES AT VARIOUS
THERMOCOUPLE LOCATIONS FOR BOILOFF TESTS

Dryout Time Average Dryout
Elevation [m (in.)] Rod (sec) Time (sec)
Run 35658 (cont).

9E ~-216.20
6L -208.20
8K -213.20
12D -213.20
12F -214.20

2.13 (84) 7H -214.20 —-209.76
’ 11F -210.20
8C -208.20
8E -211.20
9G —-209.20
9F -210.20
9J -208.20
13G -207.20
7E ~209.20

2.29(90) 9J - —=214.20 -215.75
8J -217.20
9F -216.20
9G -215.20
7D -212.20
M -216.20
8D -215.20
8C -217.20
11E -214.20
6D -216.20
7H -219.20

2.44 (96) 8l -212.20 - =217.42
4L -211.20
‘9F -220.20
8E -220.20
™ -217.20
7H -221.20
11D —-222.20
8K -219.20
7E -213.20

2.59(102) 84 -221.20 -216.45
9L -211.20
8D -220.20
6D -218.20
7E -217.20




TABLE C-1 (cont)

CALCULATED DRYOUT TIMES AT VARIOUS
THERMOCOUPLE LOCATIONS FOR BOILOFF TESTS

C-7

_ Dryout Time Average Dryout
Elevation [m {in.)] Rod {sec) Time (sec)
Run 35658 (cont)
5J -210.20
4L -212.20
8E -221.20
282{(111) 8G -224.20 -219.29
11D -217.20
9F -219.20
6J -212.20
7D —-219.20
M -218.20
aC -219.20
11G -222.20
11E -222.20
8C -219.20
9G -219.20
3.05 (120) 6E -218.20 -215.37
4L -210.20
8J - -213.20
8H -220.20
8K -213.20
8D -217.20
Run 35759(c)
0.991 (39) 6J -135.50 -136.83
9G -137.50
11G -137.50
1.22 (48) 5J -176.50 -175.00
8H -176.50
8K -172.50
12D -174.50
1.52 (60) 10M -189.50 -193.33
111G -186.50
6J —-186.50
7G -201.50
9l -194.50
7J -201.50
c. Beginning of test = —280 sec




CALCULATED DRYOUT TIMES AT VARIOUS

TABLE C-1 (cont)

THERMOCOUPLE LOCATIONS FOR BOILOFF TESTS

: Dryout Time Average Dryout
Elevation [m (in.)] Rod (sec) Time (sec)
Run 35759 (cont)

1.70 (67) 9J -202.50 -202.90
6J - =205.50
9G —202.50
11G -201.50
10G -202.50

1.83(72) 7H —-209.50 —-207.50
bl - =209.50
7K —-209.50
9F —-208.50
4L —-208.50
12F —-206.50
6C -208.50
7J -208.50
6L -209.50
11D -208.50
9K -196.50
12D -208.50
8G -208.50
8E -203.50
. 8F —-208.50
9D —-209.50
8K -202.50
9E -208.50
7G -209.50

1.98(78) 9F -213.50 -213.50
11F -204.50
7K -216.50
8C -216.50
5l -215.50
10D -215.50
7H -216.50
SE -210.50
6L -212.50
8K -214.50
12D -216.50
12F ~-209.50

2.13 (84) 7H —-219.50 -216.06
11F -216.50
9C -213.50
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TABLE C-1 (cont)

CALCULATED DRYOUT TIMES AT VARIOUS
THERMOCOUPLE LOCATIONS FOR BOILOFF TESTS

v Dryout Time Average Dryout
Elevation [m (in.)] Rod (sec) Time {(sec)
Run 35759 (cont)

8E -218.50
9G -21450
9F -217.50
9J =21450
13G -212.50
, 7E -217.50
2.29 (90) 9J -219.50 -220.06
8J -219.50
9F -220.50
9G -219.50
7D -218.50
M -215.50
8D -220.50
8C -220.50
11E -220.50
6D -223.50
7H -222.50
2.44 (96) 8l ~-219.50 -222.39
41 -219.50
9F -226.50
8E -224.50
M -22450
7H ~22550
11D ~22450
8K -221.50
7E -215.50
2.59(102) 8J -209.50 -213.00
aL ~211.50
8D —212.50
6D -215.50
7E -210.50
5J —-206.50
4L —-220.50
. 8E -217.50
2.82(111) 8G -223.50 -221.23
11D -22250
9F -222.50
6J -22250
7D -220.50
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TABLE C-1 (cont)
CALCULATED DRYOUT TIMES AT VARIOUS

THERMOCOUPLE LOCATIONS FOR BOILOFF TESTS

Dryout Time Average Dryout
Elevation [m (in.)] Rod (sec) Time (sec)
Run 35759 (cont)

™M -218.50
aC —-22150
111G -220.50
11E -219.50
8C -220.50
" 9G -221.50

3.05 (120) 6E —-224.50 -223.33
4L -22250
8J -223.50
8H -223.50
8K —-222.50
8D —223.50
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