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FOREWORD

The Shippingport Atomic Power Station located in Shippingpert, Pennsylvania was
the first large-scale, central-station nuclear power plant in the United States
and the first plant of such size in the world operated solely to produce electric
power. This program was started in 1953 to confirm the practical application of
nuclear power for large-scale electric power generation. It has provided much of
the technology being used for design and operation of the commercial, central-
station nuclear power plants now in use,. i

' Subsequent to development and successful operation of the Pressurized Water Reactor
in the DOE-owned reactor plant at the Shippingport Atomic Power Station, the Atomic
Energy Commission in 1965 undertook a research and development program to design
and build a Light Water Breeder Reactor core for operation in the Shippingport
Station.

The objective of the Light Water Breeder Reactor (IWBR) program has been to develop

a technology that would significantly improve the utilization of the nation's nuclear
fuel resources employing the well-established water reactor technology. To achieve
this objective, work has been directed toward analysis, design, component tests,

and fabrication of a water-cooled, thorium oxide fuel cycle breeder reactor for
installation and operation at the Shippingport Station. The LWBR core started
operation in the Shippingport Station in the Fall of 1977 and is expected to be
operated for about 3 to 4 years. At the end of this period, the core will be removed
and the spent fuel shipped to the Naval Reactors Expended Core Facility for a
detailed examination to verify core performance including an evaluation of breeding
characteristics.

In 1976, with fabrication of the Shippingport IWBR core nearing completion, the
Energy Research and Development Administration established the Advanced Water Breeder
Applications (AWBA) program to develop and disseminate technical information which
would assist U. S. industry in evaluating the LWBR concept for commercial-scale
applications. The program will explore some of the problems that would be faced
by industry in adapting technology confirmed in the IWBR program. Information to
be developed includes concepts for commercial-scale prebreeder cores which would
produce uranium-233 for light water breeder cores while producing electric power,
improvements for breeder cores based on the technology developed to fabricate and
operate the Shippingport IWBR core, and other information and technology to aid in
evaluating commercial-scale application of the LWBR concept.

A1l three development programs (Pressurized Water Reactor, Light Water Breeder
Reactor, and Advanced Water Breeder Applications) have been administered by the
Division of Naval Reactors with the goal of developing practical improvements in
the utilization of nuclear fuel resources for generation of electrical energy using
water-cooled nuclear reactors.

Technical information developed under the Shippingport, LWBR, and AWBA programs has

been and will continue to be published in technical memoranda, one of which is
this present report.

Revised 11-27-78
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Critical heat flux experiments were performed
with an alternating heat flux profile in an
internally heated annulus, The heated length
was 84 inches with a square wave alternating
heat flux profile over the last 12 inches
having a maximum-to-average heat flux ratio

of 1,76, Test data were obtained at pressures

* . from 800 to 2000 psia, mass velocities from

0.25 x 106 to 2.8 x 106 1b/hr-ft2 ang inlet
temperatures ranging from 400 to 600 F, Two
different electrically heated test sections
were employed both with 72 inch uniform and

12 inch alternating heat flux sections. The
second test section had a 0.44 inch hot patch
with a peak-to-average heat flux ratio of 2.7
superimposed on the alternating flux profile at
the exit end,

Critical heat flux results with the alternating
heat flux profile and with the superimposed hot
patch were shown to be equivalent to those
obtained in previous tests with a uniform

heat flux profile except for several data points
at low mass velocity and high enthalpy for which
there is an apparent experimental bias in the

‘uniform heat flux results,

Critical Heat Flux

Tests with High Pressure Water

In An Internally Heated Annulus with
Alternating Axial Heat Flux Distribution

(AWBA

INTRODUCT ION

Development Program) .

The Advanced Water Breeder Applications project at Bettis Atomic

Power Laboratory is evaluating a number of prebreéder concepts to

support the development of water-cooled breeder reactors initiated and

currently being demonstrated

with the Light Water Breeder Reactor at

Shippingport, Prebreeder reactors would be required to produce the U-233

necessary for the operation of water-cooled breeder reactors which would

burn thorium and U-233,

One prebreeder concept involves the use of alternate thoria and urania

peilets in a fuel rod that would be identical in size to fuel rods in

existing commercial reactors,

These rods could then be directly backfitted with

a minimum of mechanical and hydraulic development and testing., At beginning

of life only a small amount of the themmal power (on the order of 10%) would
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be generated in the thorium. Neglecting axial conduction, the surface heat
flux distribution would be a square wave, Axial conduction will smooth the
heat flux distribution but the basic character will remain the same,

The testing described in this report was conducted to investigate
the effect of this type of heat flux distribution, compared to a more
uniform distribution, on the CHF power capability of a rod, The specific
purpose of this experiment was to obtain a data base from which a )
preliminary evaluation of the CHF performance of a reactor using an alternatiﬁg

fuel pellet design could be made,

TEST DESCRIPTION

The electrically heated test section consisted of a 0,303 inch 0.D. 316
stainless steel tube with a 0.049 inch wall installed in a 0,518 + 0,007 inch
I.D, ceramic housing (see Figure 1). The diameter and tolerance on the I.D.
are the mean and standard deviation of measurements from a group of ceramic

tubes selected from the batch, The test section was centered within the ceramic

wr -

housing by means of tube segment spacers (see Figure 1 and 2) at 6 axial levels
along the 84 inch heated length with the uppermost sbacer being located 13,0
inches below the end of the heated length, The ceramic housing was contained
within a 1,0 inch 0.D, 316 stainless steel tube with a 0,083 inch wall which
served as the backup housing. for the test assembly,

The alternating heat flux effects were‘fepreSented by fabricating a
square wave electrical resistance path only over the upper section of the
heated rod assembly as shown in Figure 2, The alternating high and low
electrical resistance heated rod section was assembled by furnace brazing
copper~nickel (Alloy 706) blugs to the inside of the stainless steel tubing,
The stainless steel tubing wall thickness in this region was 0,025 inches,

The uniformly heated portion of the heated rod assembly was sized such
that the heat flux emanating from its surface was equal to the mean heat flux
from the shorter section tube containing the alternating resistors. As
shown in Figure 2, the dimensions of the heated rod assembly were such that
the nominal flat heat flux profile extended over the initial 72,00 inches
of the test section, and the altemating heat flux profile was restricted -
to the final 12,00 inches, _

Two nominally. identical heater rod assemblies were built and tested,

One of the heater rod assemblies was reamed out at the upper end to a
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wall thickness of 0.016 inches to provide a local hot patch over the
final 0.440 inches of heated length with a peak-to-average heat flux
ratio of 2,7:1.

The uniform and alternating heater sections were butt welded together
with 0,12 inch overlap as shown in Figure 2, Extensions were butt welded
(also with 0,12 inch overlap) to each end of the heater tube rod assembly
in order to provide an(electrical connection between the tubes and thé
electrical terminals, The exit extension was a nickel tube with an
outside taper which was fitted into a tapered hole in the exit electrical
terminal, The‘CHF thermocouples were led out through the inside of the
extension. The inlet extension was composed of a solid nickel piece
connected by a length of braided copper cable, which allowed for
differential thermal expansion between the heated rod assembly and the
test section housing, The nickel connector was tapered and fit into a
tapered hole in the inlet electrical terminal,

" The detailed test section assembly is shown in Figure 3 including
the éxit end connections, electrical terminal and instrumentation. A
flange assembly was bolted around the carbon steel electrical terminal,
One side of the flange assembly was fastened to the test section pressure
boundary by means of a 1,0 inch connector, The other side of the flange
assembly was attached to a set of fittings which provided mountings for
the exit and CHF thermocouples and the connection to the test loop. The
inlet acocmbly was very similar to the exit.

The as~-built characteristics of the alternating heat flux section
of the heater rod assembly were examined in a number of ways to make an
accurate determination of the heat flux profile, Each rod section was
X~rayed after brazing to accurately locate the copper-nickel plugs. The
plug length waé found to be 0,345 + 0,005 inches and the épaces between
plugs (the high heat flux cteps) were found to‘be 0.335t8f835 inch with
the exception of one space centered at 6,375 inches from ghe end of the
heated length of the first assembly which was 0,305 inches in length, The
lengths of the alternating flux regions of the two assemblies were found

to be 12,00 and 12,04 inches.
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The nominal heat flux profile in the alternating heat flux region is
shown in Figure 4, An electrical resistance profile of the second aséembly
was determined by applying electrical power to the assembled rod and making
a continuous voltage drop measurement aiong the length of the rod. The
local=-to=-average heat flux ratios for the hot and cold sections averaged

1.76 and 0,197 with standard deviations of 4.1 and 10,8%, respectively.,

The average maximum=-to-minimum heat flux ratio for the region was 8,93

at approximately 100°F, which extrapolates to approximately a 10:1 ratic
at 700°F,

The test section was installed in High Pressure Loop 22 of the Bettis
Thermal and Hydraulic Laboratory., A general schematic of the test loop is
shown in Figure 5, A Crocker-Wheeler direct current generator supplied
electrical power to the test section with maximum ranges of 100 volts and
1300 amps. The loop water chemistry was controlled to a pH of about 7,0
and an oxygen content of less than 0,1 ppm, The lbop and test section were
designed for a pressure of 2500 psia and a temperature of 636°F, The
test section was hydrostatically tested to 3750 psia at foom temperature

prior to -installation ir the Lloop.

INSTRUMENTATION

Test section power was measured continuously by recording voltage
drops across the test section and across a calibrated shunt which was
used to measure current, Voltage and current readings are estimated to
be accurate to within +1.0% and +0,8%, respectively,

The flow rate was measured by reading the pressure drop across each

of two nominally identical orifices in series in one of two flow legs.

The orifice>diameters were 0,140 inch for nominal mass velocities below 1.0x10

. .. 2 ) A .
lb/hr-ft” and U.30 inch tor higher nominal mass velocities, Each pair of

orifices installed in its flow leg was calibrated with a weigh tank., Flow

rates calculated from the two orifice readings agreed within 1% for the large

orifices and within 3% for the small orifices, The water temperature at the
orifices was measured by two thermocouples accurate to about iZOF.

Staihless steel sheathed chromel-alumel thermocouples were used for
water temperature indication, Four water thermocouples were positioned
in the flow, two upstream and two downstream of the heated length. Two

asbestos-insulated chromel-alumel wall thermocouples were spot welded

6
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inside the stainless steel tubing near .the exit end of the testwsection
as shown in Figure 2- for detection of CHF,

Flow orifice pressure drops were measured by transducers
connected across pressure taps located just upstream and downstream of
the flow orifices,

The steady-state data acquisiton system consisted of automated tape.
recorders, oscillograph recorders for CHF thermcouple monitoring and
strip chart recorders for generator current and test section voltage drop.
The oscillographs were electrically coupled to thé‘tesﬁ section power
supply such that the test section power was automatically reduced by 447% when
a CHF temperature excursion was'indicated. An Integrating
Digital Voltmeter (IDVM) was used to aetect all thermocouple and

DP cell readings and these data were recorded on magnetic tape.

TEST PROCEDURE

There were four types of test runs performed, all at sfeady-state conditions
after stabilizing the conditions in the loop for about 15 minutes. The types of
runs were voltage pickup runs, heat balance runs, critical heat flux runs
and runs made at 98% of critical heat flux., Four voltage pickup runs were
made with each test section assembly to establish the correction factors to be
applied to the wall thermocouple readings to account for the voltage pickup
inherent in each thermocouple weld,

Elevern heat balance runs were made'at subcooled conditions with low
mass velocity to provide the basis for estimating the heat losses during
all test runs, . Heat losses were correlated with inlet temperature and
test section power, ' | A

' The balance of the test consisted of dual test runs made at the
experimentaliy determined critical heat flux (CHF) and at a heat flux
just below CHF (98%). The pressure, mass velocity and inlet temperature
for the run were established and the heat flux was slowly raised to 75%
of an estimated CHF value. The heat flux was then increaséd in 5% increments
until CHF was indicated by an observed rapid increase of either of the wall |
thermocouple readings, at which time if possible a complete line of data was

recorded, Following a CHF run, the power was reset to approximately 98%
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of the CHF power level and a complete line of data was recorded, These
98% runs served as a backup indication of nominal fest section conditions
for the CHF runs where a rapid CHF prevented the recording of a full line
of data on magnetic tape.

Several replicatiaon runs were made throughout the test, In_addition
to the automatic recording of éll.data, oscillograph charts were also saved

and examined,

EXPERIMENTAL RESULTS

Alternating Heat Flux Data

The CHF and 98% test data obtained in the alternating heat flux test
section are presented in Table 1 where the ﬁypes of runs are identified as
CHF and 98, 4 . '

- System pressures, mass velocities and inlet fluid températures were
determined from instrumentation readings using standard data reduction
tééhniques. The inlet enthalpy was obtained from the inlet temperature
using fluid properties tables, The averagé channel heat flux was based on
electrical power input as determined from voltage and current measurements,
The exit enthalpy was calculated from heat balance equations using the
average heat flux, inlet conditions and a small heat loss corrénrion hased on
data from a series of heat balance runs.,

To evaluate the CHF penalty due to an altemmating heat flux
profile compared to a uniform profile, a set of uniform heat flux data
frbm a nominally identical test section was employed, This set of data
was obrained from Keterence L and the two data sets are compared on a heat
fldx ratio basis in Figure 6.‘ The ratio of the average alternating heat
flux to the average uniform heat flux for comparable CHF data points is plofted
against mass velocity and against exit quality, Only those data points are
displayed for which comparable uniform heat flux data were available,

In Figure 6 all of the data points except one lie within a 10%
deviation band of unity, The one data point lies below the band at
1200 psia, 1.0 x 10b lb/hr-ft2 mass velocity and 500°F inlet temperature
(Run No, 42), There is a trend of flux ratios.approaching 1,10 at low mass .

velocity which shows up again at high quality, This trend was also observed

A
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in Reference 1 and is not judged to be a valid experimental result, It is
believed that a portion of the uniform heat flux data base reported in
Reference 1 has an expérimental bias to low values of CHF, As a result the
CHF ratios resulting from use of'these erroneous data points are greater

than 1,0,

Alternating Heat Flux Data with Exit Hot Patch

The CHF and 98% test‘dgta obtained in the hot patch alternating
heat flux test section are presented in Table 2, In this portion of the
test, the pressures, mass velocities and inlet temperatﬁres at CHF were
not recorded and hence the baékup values from the 98% runs ére used for
these quantities in the table,

The hot patch data are evaluated by comparison to the alternating
heat flux data on a flux ratio basis in Figure 7, The fatio of the
average test section heat flux from the hot patch altemating flux test
to the average test section heat flux from the alternating flux test

is plotted against mass velocity and against exit quality, Only those

. data points are displayed for which comparable fluid conditions were. tested,

In Figure 7, all of the data points except one lie within a 10%
deviation band of unity, The one data point lies above the band at
1200 psia, 0,25 x 106 lb/hr-ft2 mass velocity and 500°F inlet temperature
(Run No, 168), It is noted that the mass velocities of the two test runs
used to form the ratio in this case differed by about 3%, There are no
abparent trends of the data with either mass velocity or exit quality,
Figure 7 demonstrates conclusively that there was no CHF penalty in the
test due to superimposing the subject hot patch on the alternating heat
flux profile at the test section exit,

Diséussion

All of the CHF data obtained in both tests at four mass velocities

are displayed in Figures 8, 9 and 10 together with the uniform heat flux

data from Reference 1. The one data point with a heat flux ratio less than

' 0,90 referred to above‘appears in Figure 10, This data point is at a low

flux level and does not appear to deviate substantially from the other data.
A CHF penalty would most likely appear at higher heat fluxes and lower inlet
temperatures, Since Run No, 64, on the same 1,0 x 106 mass- velocity plot but
with a lower inlet temperature, falls into the general data population, it
is judged that Run No, 42 does not indicate a CHF penalty but only data .

scatter,
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The instrumentation errors inherent in this type of experimentation ’ »
together with an inexact definition of the CHF phenomenon make it

difficult to pinpoint CHF with accuracy. Experience has shown that a )

"~ deviation of about +10% is not unusual in the experimental determination

of critical heat flux power levels, Examination of the data reported
leads to the conclusion that there was no significant CHF penalty due to

the alternating heat flux profile with or without an exit hot patch,

CONCLUSIONS

Critical heat flux tests were performed with an alternating heat flux
profile.and with an exit hot patch superimposed upon an alternating heat
flux profile, Seventy-three CHF points were obtained and compared to

baseline data to determine the effect of the heat flux profiles on

‘critical heat flux performance,

No significant CHF penalty due to the alternating heat flux profile

was observed, In fact, for the range of variables tested, the critical heat

flux performance of the alternating heat flux test section was indistinguishable »

within the accuracy of the experimental technique from that of a comparéble

uniformly heated test section except for several CHF points at low mass ' !
velocity and high enthalpy. It is believed that there is an experimental

bias in the uniform heat flux data base for thése conditions such that

there would not be an actual increase in CHF for an alternating heat flux,

Superposition of a 0,44 inch hot patch of up to 2,7:l peak-to-average heat flux

ratio on the test section had no discernable effect on the critical heat

flux capability of the rod tested,

Beference

1. WAPD-TM-1419, '"Critical Heat Flux Experiments with a Local Hot Patch
in an Internally Heated Annulus,'" E, P, Mortimore, S. G, Beus,
dated February 1979,
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TABLE 1

Critical Heat Flux Data -
Alternating Heat Flux Test

MASS AVERAGE CALCU=

VELOCTTY INLET MEASURED HEAT FLUX LATED
X 10=6 TEMPER= INLET X lp=6 EXIT

RUN PHRES= (LK/HR= aTHIRE ENTHALPY (BTU/HR= ENTHALPY

NO, TYPE (PSIa) FTS® (DEGWF o) (aTU/LB). FTSQ) (rTU/LR)
32 CHF 2000  0.220  599,0 613.5 04125 9226
33 98 2000 0.220 598,9 613,3 0e122 914 ,.8
30 CHF 2000 0.431 - 601,0 616,5 04150 808,5
31 98 2000 0.431 601 .4 617.1 0e148 80644
28 CHF 2000 0.899 600,11 =~ 615,1 0e244 767.7
29 98 2000 0.901 600,5  615.7 0.240 765,0
26 CHF 2000 1,79 599,4 614.1 0,372 731.9
27 98 2000 1.79 599,% 614,42 04363 728.8
24 CHF 2000 2,53 599 .8 614,6 0,469 715,.6
25 98 2000 2.53 599,7 614.6 0437  T12.7
16 ~ CHF 2000 0.216 50N, 4 488,13 0e.161 900,8
17 98 20600 0.216 500,3 488,1 04156 888,0
34 CHF 2000 0.218  500n,2 487,9 04159 890,.8
18 CHF. 2000 0.426 500,5 . 488,4 0233 795,.0
19 98 2000 - 0,426 501,1 489,1 04231 792.8
20 CHF 2000 0.901 50n.5 -~ 4B8,4 0.384 7298
21 98 2000 0.901 - %500,3 488,1 0,376 724,7
%6 CHF 2000 0.908 ° 4988 486,4 +382 724,8
97 ° 98 2000 0.908 - 500,3 “88,1 0.371 720,0
22 CHF 2060  1.79 500,5 = 488,4 04561 669,1
23 98 2000 1.79 500,95 488,.4 . 0e548 662,7
70 - CHF 2000 2.20 499,7 487 .6 0e644 655,.1
71 98 2000 2,20 499,9 487 .6 04630 651.3
48 CHF 2000 0,228 400,4 3777 0.205 879,5
49 98 2000 0.228 40n,3 377.6 0.198 863,2.
50 CHF 2000 0.448 400,3 377.6 00323 785,.1.
51 98 2000 0.448 400,2 377.5 0316 77641
52 CHF 2000 0.917 .  400,4 377.8 04489  6B1.8
53 98 2000 0.916 400 ,9 37842 Det83 678,6
69 MAX* 2000 1.79 399,8 377.0 04731 61140

* No CHF achieved at maximum power of generator,
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TABLE 1 (Continued)

MASS AVERAGE  CALCU=
VELOCTTY INLET MEASURED HEAT FLUX  LATED
' X 10=¢ TEMPER= INLET X 10=6 EXIT

RUN PRES« (|.B/HR= ATHRE ENTHALPY (BTU/HR= ENTHALPY

NOe TYPE (PSIA) FT50) (DEGeF o) (6Tu/zLe) FTSQ) (gTU/LB)
36 CHF 1600  0.214 499,0 486,5 00162 904,9
37 98 1600 0.215 499,1 48646 0.158 892.8
92 CHF 1600 0.220 - 500,0 487,7 0.162 894,2
93 98 1600 0.221 500,1 487,8 04157 880,2
38 CHF 1600 0.424 499,2 486,8 0.216 771.8
39 98 1600 0.425 499,2 486 .8 0.209 T61.6
40 CHF 1600  0.907 499,3 486 .8 0,348 704,40
41 98 1600  0.907 499,1 486,7 . 04342 70043
94 CHF 1600 0.906 50n,7 488,5 De343 702.8
T 98 1600  0.906 1 501,0 488 ,8 0,338 700.1
72 CHF 1600  1.80 499,7 487.3 0539 65841
73 98 1600 1.80 499,7 487.3 0,532 655,8
74 CHF 1600  2.17 500,6 488,46 0,606 6479
78 98 1600 2,17 00,4 480 ,1: 04599 645,46
58 CHF 1600 0,227 40n,6 377.5 0e198 86543
59 98 1600 0.228 4ni,2 378,1 0192 84B,.8
56 CHF 1600  0.448 391,8 37546 0.288 . 738.6
57 98 1600 0,448 398,8 375.6 0,281 729,2
56 . eHF 1600  0.920 399,2 37640 0,470 666,8
55 98 1600 0.922 398,9 375,7 0+659 659.1
&8 MAX* 1600 1,79 399,8 376.7 0+733 61140

* .No CHF achieved at maximum power of generatdr.
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TABLE 1 (Continued)

MASS _ AVERAGE  "CALCU®
VELOCITY  INLET MEASURED HEAT FLUX LATED
| | X 1026  TEMPER® INLET X 1026 EXIT
RUN PRESe (LB/HRe ATURE ENTHALPY  (BTU/HRe ENTHALPY
NO., TYPE (PS]A) FTSQ) - (DEG,F,)  (BTU/LB) FTSQ) (BTU/LB)
46 CHF 1200  0.217 500,14  487,9 0,147 863,5
47 $8 1200  0.217 5001 487,9 0,143 852,1
90  CMF 1200  0.226 499,5 487,53 0,147 847,2
94 98 1200 0.226 499,0 486,7 0,144 837,9
44 CWF 1200 0.426 500,0 - 487,9 0,195 743,0
45 98 1200 o0.426 499,6 487,4 0,490 735,1
42  CHF 1200  0.905 500, 9 488,9 6,310 682,6
43 98 1200 0.906 5011 489,1 0.302 677,41
8 WF 1200  0.89% 501,3 489, 4 0,314 6876
85 % 1300 Ordes 5016 489,7 64307 683,56
76 - CHF 1200 1.80 500,1 488,0 0,509 649,1
77 98 1200 1.80 500,0 487,9 0,501 646,7
78  CHF 1200 2.03 500,7 488,6 0,543 641,5
79 98 4200 2.05 500,3 488,2 0,534 6379
60 CHF 1200  0.227 400,0 376,5 0,187 834,9
64 98 1200 0.228 40001 376,5 0,181 820,0
62 CHF 1200  0.447 399, 4 375,8 0,27 716,0
63 98 1200  0.446 399,1 375,5 01264 75814
64 CHF 1200 0.890 399,3 ©375,7 0,434 652,9
65 98 1200 0.892 397,2 373,55 . 0,425 644,2
66 CHF 1200 1.80 399,2 375,6 0,725 6Q7,4

67 98 1200 1.7 . 399,6 376,1 0,710 603, 4
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Alternating Heat Flux CHF Test with Hot Patch

=13
TABLE 2

Critical Heat Flux Data -

RUN
- NO., " TYPE
113 - GHF
114 98
115 CHF
116 98
117 CHF
118 - 98
119 CHF
120 98
131 CHF
132 98
121 CHF
122 98
123 CHF
124 98
125 CHF
126 98
127 CHF
128 98
129 CHF
130 98
155 CHF
156 98
158 CHF
159 98
160 CHF
161 98

PRES®
(PSTA)

2000
2000

2000

2000°

0
0

N NN N TN
OO oo oo oo
: o0 ' oa

oo Qo
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o
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2000
2000

2000
2000

2000
2000
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[ R e )

N
[} =)
o0
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oo
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- MASS

- VELOCITY
X 10-6
(LB/HR=

FTSQ)

0.233
0,233

0.448
0,448

0,902
0,902
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TEMPER™=

ATURE

"(DEG,F,)

599 ,5
599,5

600,0
600,0

596,8
596,8

599,5
599,5

569,5

599,55

499,5
499,5

499,9
499,9

499,6
499,6

499,5 -

499,5

499,3
499,3

399,6
399,6

398,6
398,6

398,0
398,0.

MEASURED"

INLET

ENTHALPY
(BTU/LB).

614,3
614,

615,0
615,0
610,2
610,2
614,93
614,3

614,2
614,¢

487,1
487,1

487,7

487 ,4
487 ,4

487,2
487,2

487, 0
487,0

376,8
376,8

375,8
375,48
375,1
375,1

AVERAGE.
HEAT FLUX

X 10=6

(BTU/HR~

FTsQ)

0,123
0,120

0,156
0,156

0,244
0,240

CALCU-
LATED
EXIT
ENTHALPY
(BTU/LB)
902.0
895,0

807.2
806,6

761.9
759, 4
728.2
725,7
713.9
714,9

1880.8
866,0

798.4
789,7 -
726,64
719,5

' 669.2
667,6
648.1
644,7
871.6
853,;9

87.9
77,8

681.9
668,0
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TABLE 2 (Continued)

MASS AVERAGE CALCU~

VELOCITY  INLET MEASURED HEAT FLUX  LATED
X 10=6 TEMPER= INLET X 10=6 EXIT

RUN . PRES= (LB/HR= ATURE ENTHALPY (BTU/HR= ENTHALPY

NOe TYPE (PSIA) FTSQ) (DEG.F,)  (BTU/LB) FTSQ) (BTU/LB)
139 CHF 1600  0.223 49949 487.6 0.159 882.2
140 98 1600 0.223 499,9 487.6 0.154 869,8
137 CHF 1600  0.448 5003 .  4BR.0 - 0.222 765.4
138 90 1600 0.448 SO0 488,00 0.217 759,2
161 CHF 1600 0.900 50000 487.7 0.337 699.2
142 98 1600 0.900 50040 487,7 04329  694,2
163 CHF 1600 1.80 50043 488,0 0,518 651,3"
l4¢ 98 1600 1.80 50043 488,0 0,503 647.5
145  CHF 1600 2,15 - 500.4  488,2 00639 658.1
146 98 1600 2.15 5004 488,2 0,625 654,64
147 CHF 1600 - 0.222 40047 377.6 0.185 841,2
149 CHF 1600 0,447 399,.4 376.3 0.288 739,2
150 98 1500 0,447 399,464 376.3 0,282 731,.6
151 CHF 1600 0.892 4006 377.5 0.485  686.8
152 98 1600 0,892 40046 77,5 0.476 681,1
153 MAX* 1600 1.79 4003 377.2 0+716 605.9

% No CHF achieved at maximum power of generator.
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TABLE 2 (Continued)

AVERAGE CALCU=-

MASS -
VELOCITY  INLET MEASURED HEAT FLUX  LATED
o : X 10-6 TEMPER= INLET X 10=6 EXIT
RUN PRES= (LB/HR= ATURE ENTHALPY  (BTU/HR= ENTHALPY
NOe . TYPE (PSIA) FTSQ) - (DEGF.)  (BTU/LB) . FTSQ) (RTU/LB)
168 CHF 1200  0.224 50041 488,0 0,163 891.3
169 98 1200  0.224 500.1 -~ 48840 0.157 875.7
170 CHF 1200  0.447 499.7 ~ 487,5  0.211 7534
171 - 98 1200 0447 - 499,.7 4B7.5 = 0,206 - T45.8 .
172 CHF 1200  0.8%  499.,8  4B7.6 0,324 692.8
173 98 1200 0.8%  499.8 487.6 0.318 689,0
174 CHF 1200  1.80 . 50060 487.8 0,476 6394
175 98 1200 1.80 50000  487.8 0.462 63449
176 CHF 1200 2.01 50043 488,2 0.516 634,3
177 98 1200 2.01 50043 488,2 0.497 628,9
162 CHF 1200  0.228 4012 377.7 0,193 849.,9°
163 98 1200 0.228 401e2  377.7 0.186 832,1
les CHF 1200  0.451 4019  378.5 0.278 726.7
165 98 1200  0.451 401.9 378,5 0,273 720,4
166 CHF 1200  0.903 399.6 37640 0,422 - 641.6
167 98 - 1200 0,903 ° 399,.6 376.0 0,409 633.4
186 MAX* 1200 1.79 40149 378.5 0.720 6086

* No CHF achieved at maximum power of generator.
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TABLE 2 (Continued)

MASS . AVERAGE CALCU-
VELOCITY  INLET MEASURED HEAT FLUX  LATED
. X 10-4  TEMPERe INLET X 106 EXIT

RUN PREs= (LB/HR- ATURE . ENTHALPY  (BTy/HR- ENTHALPY

NO. TYPE (PSIA) FTSQ)  (DEG,F,) (BTU/LB) FTSQ) (BTU/LE)
178 CHF 800 0,222 399,2 374,9 0,172 8041
179 98 800  ¢,222 399,2 374,9 0,164 784,1
180 CHF 800  0.444 4nn, 1 375,9 h,240, 678.5
181 98 800 0,444 400,1 375,9 0,237 674,7
182  CHF 800 0,910 402,9 378,9 0,400 628.5
183 98 800 0.910 402,9 378,9 . 0,396 626,0
184  CHF 800 1,79 - 400,2 375,9 . 0,673 591.0

185 98 800  1.79 400,2 375,9 0,659 5865
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FIGURE 1: Partial Axial View of Alternating Heat Flux
Test Section, Ceramic Housing and Backup Housing

Nagative No., 51944-2



NICKEL TERMINAL CONNECTOR

FIGURE 2. ALTERNATING HEAT FLUX HEATER ROD DETAIL
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FIGURE 3. ALTERNATING HEAT FLUX TEST SECTION EXIT ASSEMBLY
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LOCAL-TO-AVERAGE HEAT FLUX RATIO
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~FIGURE 4. AXIAL HEAT FLUX PROFILE
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FIGURE 5. SCHEMATIC DIAGRAM OF BETTIS LOOP NO. 29
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CHF RATIO

CHF RATIO
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ALTERNATING HEAT FLUX TO UNIFORM HEAT FLUX CHF RATIO
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TEST SECTION AVERAGE HEAT FLUX (BTU/HR-FT2)X10~6

SUMMARY OF CHF DATA AT 2000 PSIA
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TEST SECTION AVERAGE HEAT FLUX(BTU/HR-FT2)X 1076
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