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ABSTRACT 

The transient flow (on-off-on) single-rod water-steam critical heat flux (CHF) data 
described in the seventh quarterly report have been reduced and indicate the heat transfer 
was better than expected. Flow decay tests were made with Freon 114 to measure the 
response of the exit void fraction and test the prediction capability of the MA YU code. 
The data trends were predicted well. Single-rod steady-state CHF data were taken at 800 
and 1000 psia with a symmetrical and bowed rod having an axial heat flux variation 
similar to a 112 sine wave. The effect of the bow was to reduce CHF about 10%-15% in 
the 5%-20% steam quality range. The 1 /2 sine CHF data were about 15% higher than that 

of a uniform heater 9 feet long at the same quality. 

SUMMARY 

The transient flow single·rod CHF data described in the seventh quarterly report (GEAP-10221-7) have been reduced 
using the TAPER and TRDATA programs and computer plots of the significant transient variables made. The data indicated 
that for the transients which simulated the flow off and level swell portion of the BWR lnss-nf-1'.'oOIJnt accide11L (LOCA) the 
heat transfer was bettf!r th;:in i;ixpootcd. Whe1 e Lin:! system flow rate was rapidly reduced to a low value near zero for several 
seconds and then reestablished, it was found that no overheating of the rod occurred for several seconds. Typical transient 
flow (on-off-on) and depressurization runs are presented and discussed. Transient depressurization CH F runs have been 
analyzed by the MAYU code and the results show MAYU to be considerably conservative in predicting CHF sooner than it 
actually occurs. 

Tests were conducted with Freon 114 in which the exit void fraction was measured during flow del:ay transients in a 
vertical electrically heated tube. These dalel were taken to test the prediction capabilities of the MA YU code. The results show 
that the MA YU code, despite its simplifying assumptions, does a reasonably good job of predicting the trends observed in the 
transient Freon data The transient data obtianed are believed to be the only data of this type available to date. 

Steady-state CHF data were taken at 800 and 1000 psi with a 0.562-inch o.d. X 6-foot cal rod heater which had a 1 /2 
sine axial heat flux variation with a 1.40 peak-to-average value. Data were obtained with the heater symmetrically mounted in 
a 1.25-in. i.d. tube and also with a bow in the heater 9-1/2 inches from the exit end of the heated length. The effect of the 
bow was to reduce the CHF about 10%-15% in the 5%-20% quality range. Comparison of the 1/2 sine CHF data to that of a 
9-foot uniform heat flux heater showed the former to be about 15% higher. 

Some test data have been obtained for radial heat transfer from a rod with a simulated swell. 

vii/viii 
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1. INTRODUCTION 

1.1 GENERAL 

The work on the Deficient Cooling Program is directed toward extension of out-of-pile heat transfer data in support of 
current nuclear-powered, water-cooled plants. Abrief review of current technology reveals that the ·large bulk of data is of the 
steady- or qu.asi-steady-state class. Thus, a need exists for data taken under transient conditions of power, flow and pressure 
in combination with different geometries. Analysis and study of such data are expected to contribute to the following overall 
objectives: 

a. A firmer understanding and establishment of heat transfer safety limitations, and 

b. Extension of safe operating limits to higher power densities. 

Deficient cooling conditions are considered to be those which result in inadequate cooling of the fuel. They may result 

in potentially excessive cladding temperature which, in combination with the internal gas pressure of the fuel, may cause 
some type of fuel damage. Resultant temperatures depend on the mode or modes of heat transfer that arise during deficient 
cooling condition~. A brief description of these modes uf heat transfer follows. 

Three different modes of heat transfer can generally occur when heat is removed; during high quality conditions, from a 

surface such as a fuel rod: nucleate boiling, with a liquid tilm on the heated surface; transition bolling; and the liquid 
deficient region. Nucleate boiling occurs at very high surface heat transfer coefficients, usually in excess of 10,000 Btu/h-ft2 -°F, 

with steady surface temperatures. Increase of heat flux eventually results in "film dryout" and a change of mode to transition 
boiling, which is usually characterized by temperature oscillations of varying amplitude on the heated surface. The transition 

mode of heat transfer exhibits relatively low heat transfer coefficients, on the order of 1000 Btu/h-ft2 -° For less. Continued 
increase of heat flux eventually results in the liquid deficient regions, with some liquid droplets impinging on the heated 
surface which is mostly steam cooled. 

The heat flux at which transition is made from the nucleate to transition mode of boiling, as evidenced by onset of 
surface temperature oscillations, is usually termed the critical heat flux (CHF). For low qualities, it is also known as the 
departure from nucleate boiling (DNB), or burnout point. Considerable effort has been made on parametric definition of the 
CHF with pressure, coolant flow, vapor quality, and the geometry of the system. These parametric studies serve as design data 
and indicate the operating conditions beyond which fuel surface temperatures increase substantially, with greater risk to fuel 
cladding integrity. 

Most of the work defining limits of CHF has been done with small incremental heat flux increases which would allow it 
to be classified as quasi-steady-state data. However, the actual modes of heat transfer become more complex in some cases 
involving transients, when the dynamic characteristics of the fuel-coolant system come into play. Therefore practical cases of 
transient conditions which are considered worthwhile for study and test under this Deficient Coolil'lg Program are those 
involving: 

a. Transient reduction of flow, 

b. Transien.t increase of power, 

c. Transient decrease of pressure which causes.flashing and potentially deficient cooling conditions due to increased 
void content. 

Furthermore, it is proposed to study, under transient conditions, typical geometry changes such as those due to fuel 
spacer components and those caused by rod bowing and swelling. Such studies are expected to define more clearly heat 
transfer safety limitations, and will eventually result in extension of safe operation to higher limits. 

1-1 
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1.2 PROGRAM OBJECTIVES 

The objectives expected to be accomplished under this program are as follows: 

a. Determine experimentally the CHF and temperature regimes which may occur in water reactor fue·l .assemblies 

due to nonstandard cooling .conditions that result from power, flow, or pressure transients, and determine these 
values relative to steady-state data. 

b. Evaluate temperature regimes likely to be experienced by water reactor fuel assemblies in loss-of-coolant 
accidents, and determine areas of similarity or relationship between these regimes and those found ·in transient 

critical conditions. 

c. Evaluate consequences of fuel rod geometry changes on heat transfer performance from si~ulated tests on single, 

electrically-heated rods. 

d. Provide a plan for further in- and out-of-pile work necessary for more complete performance and definition of the 
performance of water reactor fuel under.deficient cooling conditions. 

1.3 ORGANIZATION OF PROGRAM 

Acquisition of the ATLAS 8500 kW (eventually 17,000 kW) 2400 psi heat transfe~ facility at the General Electric, 
San Jose, California site has stimulated interest in obtaining full length multirod heat transfer data in 4 X 4 and. 7 X 7 heater 
arrays. Such data will be more valuable than most existing data due to its closer sim1,1lation of actual flow and heat 

distributions in large reactor bundles. 

The new facility, which will be ready for op~rati~n in the fall.of 19J1, will have a power supply .. wi.th capability of 

very rapid ·transients. Also, the facility includes a high speed data acquisition sys.tern which is ideally suited for the transit 
power and flow tests required on this program. 

The work scope of this program has been reoriented to include transient power and flow tests in the l~rge J.\TLAS heat 
transfer facility with 4 X 4 heater arrays with typical reactor lengths of. 12 feet. These will use cosine type a~ial ,heat flux 
variation with direct current powered resistance heaters. In addition, Task 8 has been expanded to include sub.channel 
enthalpy measurements in a nine-rod bundle to better evaluate· the local effects of geometry changes. ThE! large .amount of 
work added by inclusion of the 16-rod arrays and subchannei measurements necessitated some reorientation within the 
program subtasks of specific tests considered of lesser priority, or that had been accomplished elsewhere since 'the inception 

. . 

of this program. 

Tasks 3, 4, 5 and 8 in Table 1-1 below designate the revised experimental program. Tasks 4 and 8 show the·inclusion of 
16-rod transient work and 9-rod subchannel measurements, respectively. 

1-2 
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Table 1-1 
TASK DESIGNATION AND CONTENT 

Title 

Planning and Analysis 

Design 

Manufacture 

One-Rod Exploratory Transient 
CHF Tests 

Multirod Transient Tests 
9- and 16-Rod 

One-Rod Tests with Geometry 
Changes 

Data Reduction and Analysis 

Project Administration, 
Reporting, and Recommendations 

Multirod Geometry Changes 
9-Rod 

1-3/1-4 

Content 

a. Review current technology and plan appropriate 

tests to integrate with required safety programs 

b. Analysis as necessary to determine test parameters 

a. Design new equipment or modifications of existing 

equipment to carry out test plans 

a. Manufacture or purchase new equipment required 

Exploratory tests involving 

a. Steady-state and transient flow, power, and pressure 

b. Modifications of heaters for nonuniform axial heat 
flux 

Tests involving: 
a. Steady state and transient CH F condition .. s. 

Power transients with 16-rod tests only 

b. Combinations of intra-bundle clearance, power 
distribution, and spacer components. 

a. Steady-state CHF with simulated swelling at 
constant coolant pressure drop 

a. As required for test Tasks 1, 3, 4, 5, and 8 

a. Administration of entire program 

b. Regular and topical reporting 

c. Future recommendations for continued efforts 

a. Steady-state CHF data with spacer components and 
simulated fuel rod bowing and swelling 

b. Subchannel flow and enthalpy measurements. 
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2. EXPERIMENTAL WORK 

2 .1 SINGLE ROD TRANSIENT CRITICAL HEAT FLUX DATA (R. T. Lahey, B. S. Shiralkar) 
The single-rod CHF data described in the Seventh Quarterly Progress Report (GEAP-10221-7) has been reduced using 

TAPER and TRDATA. These data indicated that for the transients which simulated the flow off and level swell portion of 
the BWR loss-of-coolant accident (LOCA) the heat transfer was better than expected. Specifically, where the system flow rate 
was rapidly reduced to zero or a low flow value, it was found that no overheating of the heater rod (held at constant power) 
occurred for several seconds. This contrasts with present BWR design practice which assumes that the heat transfer coefficient 
immediately drops to zero, initiating a rod temperature excursion. Apparently the quasi "pool boiling" mode of heat transfer 
is sufficient to maintain temporary cooling of the heated rod for representative values of heat flux and exit qualities. 

The flow transients which were performed can be roughly divided into two main categories, those in which the heater 
power was held constant and those in which it was decayed at its maximum rate ("'5%/sec) in order to more accurately 
simulate the LOCA. The 1500 psig heat transfer loop at APED has operational limitations such that during single-rod testing 
the system pressure cannot be maintained at lower power levels representative of those existing during the LOCA. Thus, the 
constant power flow transients were performed at <f>/106 > 0.2 which was higher than representative. The combined flow and 
power decay transients were intended to more accurately simulate the LOCA sinr.e the heat flux would be more 
representative at the time of CH F. Unfortunately." the minimum power level possible still produced a higher heat flux than 
desired. Nevertheless, it is significant to note that even at these higher heat fluxes the rod cooling was quite good and, in fact, 
no temperature excursions were noted during the flow-off interval of the postulated LOCA (- 2 seconds). 

The complete results of the single-rod transient flow and pressure experiments will be documented along with the 
details of the TAPER data reduction code in a topical report to be issued. At this time, however, it would be well to present a 
limited number of results, including computP.r plots showing the variation with time of the principal variables, to indicate the 
trends seen in the data. Table 2-5 in the Seventh Quarterly Progress Report (GEAP-10221-7) lis.ts the detailed conditions and 
results of these experiments. Several of the latter runs were selected for discussion here and the principal conditions are 
shown in Table 2-1 for quick reference. 

Briefly, runs 130, 131, 132, and 139, Figures 2-1 through 2-4, were flow on-off-on transients made at the following 
initial conditions: 

1. <f>:= 0.212 X 106 Btu/h-ft 2 

2. Exit quality.about 4.5% 
3. G =:: 0.5 X 106 lb/h-ft2 

Run 136, Figure 2-5 .• was made at a higher heat flux (<f> = 0.270 X 106
) and exit quality (7 .2%) but at the same initial 

mass flux. 
The test technique for the flow transient was to set up a condition which gave no CH F for a certain flow off time 

and, holding all other parameters constilnt, gradually· increase the duration of the off time. Figure 2-1 (run 130) shows the 
results of a typical flow transient. Note that even though the flow was off for 5.24 seconds there was no temperature 
excursion noted. In Figure 2-2 (run 131) the flow off time was increased slightly, to 5.32 seconds, which caused a small 
tPmpPrntmP. inrlication on the tie11ter surface. In Figure 2-3 (run 132) the flow off time was extended to 5.48 seconds, which 
caused a more pronounced temperature excursion. It can be noted that rewetting of the heater rod uccurrM as the 
reestablished flow reached the position of the thermocouples at the end of heated length. Similarly, in Figure 2-4 (run 139) it 
can be noted that the effect of extending the flow off time still more, to 5.56 seconds, was to cause the surface temperature 
of the rod to reach a higher value (6 X 150 = 900°F) before it rewets. Finally, in Figure 2-5 (run 136) the effect of running 
the flow transient at an elevated heat flux (270,000 Btu/h-ft2

) is to cause a rapid temperature excursion which caused an 
automatic power trip at about 1200° F. 

Fi!lure 2-6 (run 164) shows the results for a combined flow and power transient. This run had initial conditions of 
<f>/106 = 0.228 Btu/h·ft2

, G/106 = 0.321 lb/h-ft2 and an exit quality of 5.4%. It can be seen that there was a small 
temperature indication on the thermocouples which immediately rewet and cooled when the flow returned to its initial value. 

Figures 2-1 through 2-6 are typical of the test results for the single-rod flow on-off-on transients. As noted previously, 
the cooling during the low flow condition was apparently adequate to prevent overheating for an appreciable length of time. 

The final series of single-rod runs were performed under transient conditions of system pressure. The purpose of these 
runs was to investigate the effect of depressurization on the ciritical heat flux phenomenon. It was found during the 
experiments that it was quite difficult to obtain a CHF during the depressurization. In general, the overtemperature 
indications occurred after the blowdown valve closed. This indicates that no catastropic "flash off" of the liquid film occurs 
during depressurization and that.the CHF is apparently well described in terms of quasi steady-state phenomena. 

Figures 2-7 through 2-10 show the results of several typical depressurization transients. In Figure 2-7 (run 167) it is 
seen that no overheating of the rod is indicated. When the power (heat flux) was increased and the transient repeated, it is 

2-1 
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Table 2-i 
TRANSIENT FLOW (ON-OFF-ON) AND PRESSURE 

(TRANSi ENT FLOW EXTRACTED FROM GEAP 10221-7, SEVENTH QUARTERLY) 

noted in Figure 2-8 (run 171 I that a strong CHF occurred subsequent to valve closure. Similarly, at a lower mass flux, 
Figures 2-9 and 2-10 (runs 172 and 1731 indicate a CHF subsequent to the blowdown. The magnitude of the temperature 
increase is considerably higher in run 173 which had the higher heat flux. 

These test runs were analyzed using the transient code MAYU which has been described in a previous quarterly report 
(GEAP-10221-5). The analytical results are compared with the data in Table 2-2. It can be seen that MAYU correctly predicts 
the occurrence of CHF. However, it is conservative in every case in that it predicts CH F will occur sooner than observed; The 
reason for this discrepancy is not fully understood at this time. It may be related to the assumptions made in MA YU or it 
could be due to the fact that the use of a steady-state CH F correlation for transients is inherently conservative. Future efforts 
in multirod transient analysis will be directed towards explaining this anomaly and investigating the general applicability of 
steady-state CH F correlations for transients. 

2.2 FREON 114 TRANSIENT VOID DATA AND COMPARISON TO 
ANALYTICAL PREDICTION (l. E. Schnebly, R. T. Lahey) 
Tests have been conducted in which the exit void fraction was measured during flow decay transients in a 

vertical heated tube. The purpose of these tests was to obtain transient void fraction data for comparison with the predictions 
of the computer code MAYU. This code solves equations derived from a simplified transient analysis of two-phase flow with a 
change of phase during transient conditions of flow and pressure. This analysis and the computer code MA YU have been 
described previously in the fourth and fifth quarterly reports, GEAP-10221-4 and GEAP-10221-5. 

A schematic of the Freon test loop facility used in these tests is shown in FiQUre 2-11. The test section con~isted of a 
vertical 0.55-inch inside diameter stainless steel tube placed in the small test section part of the loop. Upward flow through 
the 5-foot length of the tube was heated by the electrical resistance to a current passed through its length. The cross-sectional 
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Figure 2-3. Flow Transient Run 132 
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Figure 2-4. Flow Transient Run 139 
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Table 2-2 
DEPRESSURIZATION CHF DATA COMPARED TO ANALYTICAL PREDICTION 

Initial Conditions 
Exit Actual Predicted 

Steam Duration Time To Time to 
Run Quality of Slowdown CHF·DATA CHF-MAVU 

Number l/>/103 G/106 (Wto/o) (Sec) (Sec) (Sec) 

167· 669 0.96 5.8 2.85 No CHF No CHF 
171 829 0.99 8.5 2.83 4.2 2.53 
172 638 0.52 13.6 2.75 6.0 3.15 
173 714 0.49 15.1 2.85 4.13 1.64 

average void fraction was measured at the exit end of the heated length with a capacitance void meter. This instrument 
measures the void fraction of the fluid passing through a 6-inch long cylindrical section by determining the average dielectric 
constant of the fluid. A fast time response (time constant ,.:;; 5 milliseconds) makes this instrument suitable for transient 
conditions. 

Figures 2-12 and 2-13 show the measure.d trans.ient void response in two typical flow decay runs with other test 
conditions held constant. The void fraction predictions ot a version of MAYU containing Freon 114 thermodynamic 
properties are also shown in these figures. The steady-state, Zuber-Findlay void correlations 1 with a variable distribution 
parameter, C0 , was used in MAYU to calculate the void fraction from the transient quality predictions of the code. 

The time response of the void fraction predictions of MAYU shown in Figure 2-12 are seen to agree closely with the 
measured time response. However, the magnitude of the predicted values are less than the measured values from the beginning 
of the transient to establishment of steady-state conditions at the end of the transient. This can be attributed in part to the 
assumption of thermodynamic equilibrium (i.e., no subcooled voids) in MAYU. The test case shown in Figure 2·12 had high 
(for Freon 114) inlet subcooling. Thus the predictions of MAYU early in the transient, when there was a longer subcooled 
length in the test section, should be lower than the measured void fraction. Near the end of the transient when the lower flow 
rate is reached, the subcooled length will be shorter and the effect of subcooled voids will be less. Thus the predictions of 
MA YU would be expected to be closer to the measured void fraction near the end of the flow decay transient; Another 
possible cause, for disagreement between the measured and predicted values, is the use of values of C0 and V gj in the 
Zuber-Findlay void correlation which were based on data taken in water rather than Freon 114. 

Figure 2-13 shows the void fraction response to a much slower flow transient run at about twice the initial mass flux 
with much lower sul.Jcooling. The predict.ions of MAYU are closer to (slightly above) the measured value at the beginning of 
tho transient then i1·1 Llie µrevious case wlrh higher subcooling. l\lear the end of the transient shown in Figure 2-13, the 
predicted void fraction drops slightly below the measured values. It is possible that boiling occurred upsteam of the test 
section in a preheater which was used to maintain low subcooling at the inlet. Such boiling could have occurred at the lower 
mass flux at the end of the transient and contributed substantially to the higher measured void fraction. 

The transient void data just described are apparently the only data of its type available to date. It provides an 
opportunity to check the prediction capability of transient codes such as MAYU. It has been shown that, despite the 
simplifying assumptions made in MAYU, it does a rather good job of predicting the trends observed in the transient void data 
discussed above. 

2.3 EFFECT OF AXIAL HEAT FLUX VARIATION AND BOW ON SINGLE-ROD CRITICAL 
HEAT FLUX WITH ANNULAR FLOW (E. E. Polomik, Y. H. Kong) 

Tests were conducted with a calrod heater (indirect heating from an electrically heated element insulated from an 
enclosing sheath) which had an axial heat flu_x variation as shown in Figure 2-14. Peak-to-average heat flux variation was 1.40 
with the maximum flux at the exit or downstream end of the heater. Thermocouples were brazed into the sheath of the 
calrod, as shown on Figure 2-14 for detection of CHF. Two test geometries were tested. One with the heater assembled 

Zuber, N ., and Findlay, J. A., '"Average Volumetric Concentration in Two-Phase Flow Sytems,'" Trans. ASME, JHT. November 1965. 
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symmetrically in a 1.25-inch i.d. vessel which resulted in a 0.344-inch annulus. The second was with the downstream 3 feet of 
the heater bowed to result in a minimum annular cle.arance of less than half the symmetrical clearance which was 0.150 inch 
as shown in Figure 2-15. 

The heater and test vessel were mounted in the test loop similarly to the arrangement shown in the last quarterly 
report, GEAP-10221-7, Figure 2-12. The exception was that the after heater was connected in parallel with the vane flow 
meter so that it served, in effect, as a preheater to maintain low subcooling values for the water entering the test·vessel. The 
two-phase exit from the test vessel flowed directly to the steam drum. 

Tests for steady-state CHF were conducted at 800 and 1000 psia for both the symmetrical and bowed geometries. The 
results are listed in Table 2-3. Plots of these results are shown on Figures 2-16 and 2-17 for 800 and 1000 psi a, respectively. 

In addition to the 1/2 sine axial flux and bowed data, Figures 2-16 and 2-17 also display some uniform axial critical 
heat flux data taken i.n the same vessel with a 0.540-inch o.d. X 9-foot long electrical heater (0.355-inch annulus). The latter 
data are shown on the figures for comparison, and are listed in Table 2-4. These steady-state data were taken for comparison 
to transient flow and pressure data, reported above in subsection 2.1, which will be done in a forthcoming topical report. 

Examination of Figures 2-16 and 2-17 shows the following trends: 
1. One-Half Sine/Symmetrical CHF Compared to Bowed. 

2. 

The effect of bow on the CHF is not large, and it results in a reduction of about 10%-15% in the CHF in the 5%-20% 
quality range at the higher mass fluxes. At the lowest mass flux with qualities of 25%-30% the bow resulted in a slightly 
increased CHF. These deviations, due to bow, are not considered very significant as they border the accuracy and 
scatter usually obtained with this type of data. 

The data indicate a slightly higher CHF at the lower pressure of 800 psia in the low quality region. 
One-Half Sine/Symmetrical CHF Compared to Uniform. 
Neglecting heated and boiling length effects, the 1/2 sine and bow data are about 15% higher than the uniform flux 
data. This result is unexpected as previous data of other investigators have shown a decrease of about 10% in CHF with 
an axial sine type of heat flux variation. This effect may be due to the use of a severely truncated axial sine wave u.sed 
to obtain these data (Figure 2-14). Additional data will be taken with a nine-rod array. using the same typ·e of heaters, 
which should help clarify the results. 

2.4 SINGLE-ROD SIMULATED SWELL-PRE.LIMINARY RESULTS (E. E. Polomik, Y. H. Kong) 
A swell on a fuel rod was simulated by bra~ing a copper sleeve onto the nickel sheath of a calrod, with a 1 /2 s.ine axial 

heat flux variation and thermocouple instrumentation as described in the previous section 2.3 (Figure 2-14). Details of. the 
geometry are shown on Figure 2-18. The same test loop arrangement was used as described in subsection 2.3. The purpose of 
this test is to determine the effect of a swelled portion of a rod on radia.1 heat transfer from the interior of the rod. 

Two sleeve designs have been tested. One was designed to double the mass flux at the minimum sleeve annulus as shown 
on Figure 2-18, and the other sleeve had a minimum annulus of 0.197 inch which increased the mass flux 50%. 

Tests with the first sleeve, Figure 2-18, indicated about 200° F higher temperatures at thermocouple 8 relative to all of 
the other couples. some higher relative temperature may be expected in that area due to stagnation and a lower heat transfer 
coefficient. However, the test on this first sleeve is not considered reliable because (1) subsequent tests showed some erratic 
thermocouple operation indicating pickup from the power supply, and (2) when the sleeve was cut off the rod it was found 
that brazing material had penetrated only about 1 /8 inch, from the ends of the sleeve, into the sleeve-rod joint. 

A second test, with the braze fully penetrating the length but having considerable porosity, still showed thermocouple 8 
higher but very sensitive to the power supply a·nd extraneous pickup was suspected. Another sleeve of this type will be made 
so the test can be rerun. 

The second sleeve, which increased the mass velocity 50%, was tested and in this test no power pickup was indicated 
and temperatures appear more reasonable with thermocouples 5 and 6 slightly higher than the others. 

More detailed results will be reported when the data are reduced and analyzed, and the brazed area between the rod and 
sleeve examined. 
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Run 
Number 

1 R210 
1 R211 

1 R187 
1R188 
1R189 
1R190 
1R209 
1 R213 
1R214 
1R222 
1R223 

l.250in~ 
l.D. 

VESSEL 

Mass Flux 
G/106 

(lb/h-ft2 ) 

0.485 
0.492 

0.247 
0.251 
0.256 
0.257 
0.245 
0.251 
0.248' 
0.248, 
0.244 

GEAP,102~1·8 

. Table 2·3 (Continued 

Inlet 
Rod · Subcooling 

Assembly (Btu/lb) 

Bowed 33.3 
Bowed 72.8 

{ Radially 
Symmetrical 46.6 

68.4 
102.5 
123.5 
46.4 

Bowed 95.9 
45.7 
97.3 
77.5 

... 

Maximum Exit 
Heat Flux Steam 

at Exit-CHF Qualify 
</J/103 (Btu/h·ft2 ) (Wt%) 

685 15.8 
826 12.7 

574 25.9 
621 24.7 
693 22.8. 
746 22.4 
572 26.2 
663 22.9 
605 27.7 
684 24.4 
655 26.3 

. 0.150 In. 
BOW 

~L--..+--------+--------+--~----+-+--+--
0.562 in. 
CALROD 

0.344 lfl. 
SYr.tiETRICAL 

ANNULUS 

18 In. 

Figure 2-15. Schematic of Single-Rod Bow 
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Table 2-4 
SINGLE-ROD STEADY-STATE CRITICAL HEAT FLUX RESULTS 

UNIFORM AXIAL HEAT FLUX 
'r: VESSEL l.D.: 1.250 INCHES 

HEATER ROD: 0.540 INCHES O.D. X 9-FOOT HEATED LENGTH 

_! 
Mass Flux Exit 

G/106 Inlet Inlet Average Steam 
Run (lb/h-ft2

) Rod Temperature Subcooling Heat Flux Quality 
Number By Orifice Assembly (° Fl (Btu/lb) (Btu/h-ft2 x 10-3 ) (%) 

Pressure = 800 psia 

Radially 
118 0.251 Symmetrical 454.7 77.7 394 30.7 
119 0.258 409.5 126.2 466.6 29.8 
120 0.263 436.5 98.3 448 31.3 
121 0.500 478 49.6 536 21.4 
154 0.502 466.2 63.5 562 20.6 
1[j!j 0.!512 424.4 110.7 656 18.1 
156 0.528 392.7 144 701 14.5 
157 0.956 458 73.2 831 12.6 

ti 158 0.983 471.7 57.4 802 13.4 
159 0.998 496 28.8 679 14 
160 0.953 458.9 71.1 823 12.7 

Pressure= 1000 psia 

" 
Radially 

108 1.001 Symmetrical 520.3 31.4 678 14.3 
109 1.068 496.3 60.1 786 11.6 
110. 0.951 478.6 79.1 837 12.7 

109R 0.932 493.2 64.8 754 12.9 
108R 0.931 520.9 29.2 666 15.7 

175 0.975 476.8 83 831 11.3 
111 0.515 501.1 52.4 528 20.8 

· 112 0.497 .. 1166.'1 105.1 609 18.4 
113 0.503 431.1 133.8 680 17.6 
114 . 0.495 304.3 183.1 754 14.8 
116 0.495 484.3 72.5 566 21.1 
115 0.253 464.4 98.2 420 32 

" 
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1000 psi SUBCOOLED T E~IT = 408-4500F 

TYPfC::AL TEST VALUES 

MASS FLUX (lb/h-tt2) 

REYNOLDS NO. 

NUSSELT NO. 

HEAT TRANSFER COEFFICIENT 

HEAT FLUX UNDISTURBED (Btu/~) 

0.562 in. 

1x106 

175 x 103 · 
351 

2330 
279,000 

lll SINE/SYMMETRICAL 
CALROD HEATER . 

TCe8 e7 

COPPER SLEEVE BRAZED l'O HEATER 0.0. 

2 x 106 

143 x 103 

297 
4850 

279,000 

·•4 

e5 

1/2 in. 

END OF 6 ft HEATED LENGTH 

Figure 2-.18. Schematic of Single-Rod Simulated Swell . { . . 
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