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ABSTRACT 

An experimental program was conducted to characterize 

critical heat flux (CHF) in a sodium-heated steam 

generator tube model at a proposed PLBR steam gener­

ator design pressure of 7.2 MPa. Water was circulated 

vertically upward in the tube and the heating sodium was 

flowing counter-current downward. The experimental 
2 

ranges were: mass flux, 110 to 1490 kg/s.m (0.08 to 
6 2 

1.10 10 Ibm/h.ft ); critical heat flux, 0.16 to 1.86 

MW/m^ {0.05 to 0.59 10^ Btu/h.ft^); and critical quality, 

0.48 to 1.0. The CHF phenomenon for the experimental 

conditions is determined to be dryout as opposed to 

departure from nucleate boiling (DNB). The data are 

divided into high- and low-mass flux regions. The high-

mass flux data and dryout data obtained previously from 

the same sodium-heated test facility are correlated. The 

resulting correlation extends over a pressure range of 7.0 

to 13.0 MPa (1015 to 1890 psia) and mass flux range of 

540 to 3250 kg/s.m^ (0.40 to 2.40 10^ Ibm/h.ft^). The 

length of the transition boiling region is also determined 

for selective high- and low-mass flux conditions. 

vii 
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U INTRODUCTION 

The steam generator for the PLBR plant proposed by GE is designed to operate at full 
2 6 2 

power at about 7.2 MPa (1040 psia) outlet pressure, 1500 kg/s m (1.1 x 10 Ibm/h'ft ) mass 

flux and 17% outlet quality. The steam generator is designed to avoid critical heat flux 

(CHF) based on the use of existing Westinghouse-Hwang critical quality correlation. This 

correlation was selected because at the start of the PLBR design phase it represented the 

largest experimental data base obtained from a sodium-heated test section at conditions 

near the proposed PLBR steam generator design. However, some extrapolation to conditions 

not covered in the Westinghouse test is required. Consequently, tests have been conducted 

at ANL and GE to produce data at conditions applicable to the proposed PLBR steam 
2 

generator design. Preliminary test results were first obtained in November 1976 in the 
3 

GE-DNB Loop during shutdown procedures of the GE-DNB Effects test. A test matrix for 
CHF tests covering both nominal and reduced water mass fluxes was planned for a second 

test section installed in the GE-DNB Loop during January 1977. These latter tests were 

completed in February 1977. 

The ANL Steam Generator Test Facility (SGTF) has been used during 1976 to generate 

data to support the CRBRP steam generator design. The SGTF has a 13.1 m (43 ft) test 

section compared to a 4.88 m (16 ft) test section in the GE-DNB Loop and, consequently, 

lower critical heat flux conditions can be achieved in the SGTF loop than in the DNB loop 

for prescribed high-mass flux conditions. CHF tests covering proposed PLBR thermal-

hydraulic conditions are planned at ANL in early 1977. These tests are planned to 

complement the GE data and provide a large data base to support the proposed PLBR steam 

generator design. 

This report summarizes the GE-CHF test results. The CHF data are divided into high-

and low-mass flux regions and compared with several CHF correlations available in the 

technical literature. A new simple correlation is formulated to represent the current high-
3 

mass flux data and data previously obtained from the same sodium-heated test facility 

during the GE-DNB Effects program. 

Characteristics of the transition boiling region for selective high- and low-mass flux 

conditions are described, and the length of the region is determined, based on thermocouples 

mounted on the outside surface of the tube wall for selected high- and low-mass flux 

conditions. 

1 
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2. TEST SECTION AND TEST FACILITY 

The test section consists of a hockey-stick shaped central tube of 10.1 mm (0.398 in.) 

inside diameter by 15.8 mm (0.624 in.) outside diameter enclosed by an outer shell as 

schematically represented in Figure 1. The tube has a straight 4.88 m (16.0 ft) active 

heating length defined as the section between the center lines of the sodium outlet and the 

sodium inlet nozzles. Over the active length, the tube is enclosed by a 35.0 mm (1.38 in.) 

inside diameter shell. Both the central tube and the surrounding shell are fabricated from 

2-l/4Cr-lMo. The tube is centered by 4 small 3-pin spacers located at 0.78, 1.77, 2.52, and 

3.28 m and a prototypical LMFBR plant spacer at 4.27 m from the active water inlet 

section. Temperature wells containing Resistant Thermal Devices (RTDs) are located in the 

sodium and water inlets and outlets. Pressure taps are located at the water inlet and outlet. 

The test section is insulated to reduce heat losses and measurement errors. 

The test article was installed in the experimental facility shown schematically in 

Figure 2. Water is circulated vertically upward in the test section and is heated by 

downward flowing sodium. The sodium is electrically heated and is circulated by an 

electromagnetic pump. The sodium flow is measured with an electromagnetic flow meter 

and the water flow with a venturi meter. Additional details of the test article and test 

facility are contained in References 3 to 5. 

The test article instrumentation consists of 92 thermocouples mounted on the outer 

shell and 6 thermocouples on the outer surface of the inner tube, as schematically 

represented in Figure 3. The shell thermocouples are arranged with variable axial spacing of 

30.5 cm (12 in.) near the water inlet end and 5.1 cm (2 in.) over the region from z = 3.05 to 

4.42 m (10.0 to 14.5 ft) measured from the active water inlet section. Two thermocouples 

are mounted at each axial location and spaced 180 circumferentially. 

Two sets of 3 thermocouples are mounted on the outside surface of the tube wall. The 

sets are centered at 4.72 and 4.88 m (15.5 and 16.0 ft) from the active water inlet section. 

The individual thermocouples in each set are spaced 15.9 mm (0.625 in.) axially and 120 

circumferentially as illustrated in Figure 1. Each thermocouple is held in place with a 

mounting block, 3.2 mm deep by 6.4 mm wide by 11.4 mm long, tightly strapped to the outer 

tube surface. The tube thermocouples are fabricated from 2.3 mm (0.09 in.) diameter wire 

flattened to about 1.1 mm (0.043 in.) in a cavity within each block. 

2 
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3. EXPERIMENTAL PROCEDURES 

Pressure transducers used in the DNB Test Loop were calibrated with on-line digital 

readout equipment against calibrated pressure standards. The RTDs were calibrated out of 

the test facility in an independent laboratory to an uncertainty of ±0.1 C. The shell and 

tube wall thermocouples were calibrated by using the sodium inlet and outlet RTDs as 

standard references during isothermal sodium runs. The isothermal runs were conducted at 

288°, 385°, and if82°C (550°, 725°, and 900°F) and sodium flow rates corresponding to the 

minimum and maximum flow rates for the test matrix. The results of the isothermal 

calibrations were used to determine calibration constants for the shell and tube wall 

thermocouples and heat losses for the test article. 

2 
Tests were conducted at seven different water flow rates from I'tO to l't90 kg/s-m 

6 2 
(0.1 to 1.1 10 Ibm/h-ft ) with 7.2^ MPa (1050 psia) nominal test section inlet pressure and 

16 J/g (7 Btu/lb) nominal inlet subcooling. At each water flow rate a test series was 

conducted with the sodium flow rate specified and the sodium inlet temperature was 

increased until temperature oscillations were observed with the tube-mounted thermo­

couples at z = 'f.88 m (16.0 ft) indicating CHF at this location. The system was then 

stabilized, and with the tube thermocouples at z = ^.88 m (16.0 ft) still oscillating, the data 

were collected on the data acquisition system. The next test condition in a test series was 

obtained by further increasing the sodium inlet temperature until the temperature 

oscillations were observed with the tube thermocouples at z = ^̂ .72 m (15.5 ft). Additional 

runs for each test series were obtained by further increasing the sodium inlet temperature to 

move CHF down the tube. 

A total of up to 10 data scans (8 normal) were repeated for each test condition. For 

each data scan a total of 111 experimental measurements were collected with an HP-211'fa 

data acquisition system in 8 seconds. The data were punched out on a paper tape for 

reduction with a timeshare terminal. For each test, the system was allowed to stabilize to a 

steady-state condition before the scans were initialized. 

6 
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*. DATA REDUCTION 

A computer program, called THAN-PLBR, modified from the Thermal-Hydraulic 

Analysis computer program, THAN, was used to process the test data to provide heat flux, 

heat transfer coefficients, and steam or water properties for various positions along the test 

section and at the CHF point. 

Prior to data treatment with THAN-PLBR, the shell and tube thermocouples were 

calibrated by using a separate computer program. This calibration procedure and some of 

the specific tasks performed by the computer program THAN-PLBR are discussed in the 

following subsections. A more complete description of THAN is contained in Reference 3. 

A sample output from THAN-PLBR is presented in Figure i^. 

4.1 THERMOCOUPLE CALIBRATION 

The shell and tube wall thermocouples were calibrated by using the sodium inlet and 

outlet RTDs as standard references. During this calibration, the test section heat losses 

were experimentally determined. To accomplish these tasks, data were obtained at three 

different temperatures and nearly isothermal, steady-state sodium flow without water or 

steam in the tube. These data were used in a computer program that calculates the 

calibration constants and heat losses and stores them in the form of the constants of 

quadratic equations. This calibration procedure was performed both prior to and 

immediately following the CHF test series. There was no significant variation between the 

results of the two calibrations. Additional details on the calibration procedure are described 

in Reference 3. 

*.2 SHELL TEMPERATURE 

The corrected shell temperatures are averaged at each station. The averaged 

temperatures are fitted with a smooth fourth-order spline curve. The spline curve can be 

based on a prescribed number of data points to limit the curve smoothing, thereby forcing 

the spline function and the temperature points to agree within a specified tolerance. Sets of 

6 points were selected for the spline curve to fit the shell temperature. 

*.3 BULK SODIUM TEMPERATURE, HEAT FLUX AND CHF LOCATION 

The sodium bulk temperature, Tj^, is determined from the average shell temperature, 

T , at each station from iteration with 2 equations. One equation is: 

7 
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INPUT DATA--DNB EFFECTS TEST -PROO 
eO.3 10 FEB 77 1230 PL20-3A 

•THAN" 

SENSOR LOCAT» 
STATION (FT)» 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

n 
12 
13 
14 
IS 
16 
17 
16 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 

» 

FLOW 
Tt'-MP 
TLM'^ 

0.500 
1 .500 
2.500 
3.500 
4.600 
5.500 
6.500 
7.500 
8.000 
8.500 
9.000 
9.250 
9.500 
9.750 
10.000 
10.167 
10.333 
10.500 
10,667 
10.833 
11.000 
11.167 
11.333 
11 .500 
11.667 
1 1 .833 
12.000 
12.333 
12.500 
12.667 
12.833 
13.000 
13.167 
13.333 
13.500 
13.667 
13.833 
14.000 
14.167 
14.333 
14.500 
14.750 
15.000 
15.250 
15.500 

RATE = 
IN 
OUT = 

PRESS IN » 

PRESS OUT » 
PRcS 
TL-

FLCW 

S DROP= 

TEMPERATURE (F) 
1 TC300 
571 .8 
575.5 
580.4 
585.9 
592.2 
599.3 
611 .3 
622.9 
629.3 
639.9 
647.8 
653.4 
658.8 
663.2 

0. 
674.2 
678.5 
685.0 
692.0 
696.5 
701 .5 
709.0 
710. 1 
715.3 
720.5 
724.7 
729. 1 
737.4 
744.9 
750.8 

0. 
758.8 
763.9 
768.6 
768.9 
776.4 

0. 
796.9 
803.8 
812.8 
619.3 
824.2 
826.4 
629.4 
632.4 

TCI 20 
572.3 
577.6 
583.3 
590.6 
598.4 
605.6 
618.0 
628.9 
635.3 
646.3 
654.4 

0. 
663.6 
667.8 
672.5 
677.5 
680.2 
684.2 
688.8 
696.0 
700.9 
704.8 
710.5 
714.6 
719.7 
725.3 
730.5 
742.4 
748.2 
753.7 
759.2 
764.9 

0. 
772.5 
779.5 

0. 
792.4 
829,3 
809.2 
815.9 
822. 1 
827.2 
830.0 
832.5 
636.5 

SODIUM 

3933.4 
839.9 
570.2 

PEfMTUPES 
^STER= 

CONDEN;^ER a 
PUMP INLET" 

570.2 

/ 5. 
/ 839. 
/ 570. 

/ 836. 

AVO 
572.0 
576.6 
581 .9 
588.2 
595.3 
602.4 
614.7 
625,9 
632.3 
643. 1 
651 ,0 
656.2 
661 .2 
665.5 
671 . 1 
675.8 
679.4 
684.6 
690.4 
696.2 
701 .2 
706.9 
710.3 
715.0 
720. 1 
725.0 
729,8 
739,9 
746,5 
752.3 
757.0 
761 .8 
766.3 
770.5 
779.5 
781 ,2 
789,5 
796.9 
806,5 
814,3 
819. 2 
825,7 
628.2 
630.9 
834.5 

7 922 
9 543 
2 548 

1042 

1035 
17 

5 538 
520 
538 

SMOOTH 
CURVE 
572.6 
576.3 
581 .3 
587.4 
594.8 
603.5 
613.6 
626. 1 
633.6 
642. 1 
651 .3 
656.0 
660.8 
665.8 
671 .3 
675.3 
679.7 
684.8 
690.3 
695.9 
701 .4 
706.3 
710.8 
715.3 
719.9 
724.7 
729.6 
740.5 
746.3 
751 .8 
757.0 
761 .7 
766.6 
771.7 
777. 1 
782.6 
789.6 
797.5 
805.8 
813.3 
819.6 
826.6 
830.9 
632.9 
833.0 

H20 

.8 / 

.4 / 

.4 / 

.3 / 

.7 / 

.29 / 

.8 / 

.6 / 
,5 / 

SMOOTH CURVE 
AVO 
0.57 
-0.27 
-0.60 
-0.86 
-0.61 
1 .05 

-1 . 10 
0. 17 
1 .32 

-1 .05 
0.38 

-0. 12 
-0.44 
0.32 
0. 19 
-0.55 
0.37 
0.20 

-0. 10 
-0.29 
0. 15 
-0.63 
0.53 
0.35 

-0. 18 
-0.31 
-0. 15 
0.64 
-0.27 
-0.44 
-0.03 
-0. 12 
0.32 
1 .20 

-2.39 
1 .44 
0.01 
0.58 
-0.76 
-1 .01 
0.38 
0.82 
2.62 
1 .97 

-1 .48 

872.0 ( 
543.4 
548.4 
695.3 

693. 1 
389.94 

8.7 
8.4 
8.6 

TC300 
0.85 
0.76 
0.88 
1 .49 
2.60 
4.22 
2.24 
3. 15 
4.30 
2.14 
3.77 
2.69 
1 .93 
2.66 

671.31 
1 . 10 
1 .22 

-0.21 
-1 .72 
-0.54 
-0. 14 
-2.76 
0.72 
0.01 
-0.61 
-0.04 
0.53 
3. 11 
1 .36 
1 .03 

756.98 
2.95 
2.71 
3. 14 
8. 17 
6. 17 

789.56 
0.58 
1 .94 
0.56 
0.28 
2.33 
4.42 
3.50 
0.58 

: LBM/HR) 
(F) 
(F) 

(PSIA) 

(PSIA) 
(PSD 

(F) 
(F) 
(F) 

MINUS 
TC12C 
0.29 
-1 .30 
-2.09 
-3.21 
-3.64 
-2.13 
-4.46 
-2.83 
-1 .68 
-4.25 
-3.04 

656.04 
-2.82 
-2.02 
-1 . 14 
-2. 19 
-0.49 
0.61 
1 .52 

-0.03 
0.44 
1 .49 
0.34 
0.69 
0.26 
-0.58 
-0.84 
-1 .85 
-1 .90 
-1 .92 
-2.26 
-3. 19 

766.60 
-0.75 
-2.39 

782.61 
-2.86 

-31.84 
-3.46 
-2.59 
-2.53 
-0.69 
0.82 
0.43 
-3.55 

/ MV 

TUBE T , C . Wl = 8 5 6 . 1 «2 = 8 3 4 . 9 »3 = 7 8 8 . 6 ( F ) 
«4 -• 8 4 0 . 4 «5 = 8 3 0 . 2 «6 = 8 3 2 . 2 ( F ) 

TUBE ID • 0 . 3 9 6 3 TUBE OD = 0 . 6 2 4 0 SHELL ID = 1 . 3 8 0 0 INCHES 

Figure 4b. 
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BASIC DATA--DNB EFFECTS TEST PROG "THAN" 

20.3 10 FEB 77 1230 PL20-3A 

LOCAT BOIL "TEMPERATURES 
(FT) LEN3TH*SHELL NA OD ID 

»H20 PROPERTIES 
H20 "QUALITY VOID PSIA 

ENTHALP»HEAT FLUX 
BTU/LBM«BTU/HR.FT2 

-0 
0. 
1. 
1. 
1. 
2. 
3. 
4. 
5. 
6, 
7. 
8. 
8. 
9. 
9, 
9. 
9. 
10. 
10. 
10. 
10, 
10, 
10, 
11. 
11. 
11 
11 
11 
11 
12 
12 
12 
12 
12 
13 
13 
13 
13 
13 
13 
14 
14 
14 
14 
14 
14 
14 
14 
l^ 
15 
15 
IG 

75 
50 
50 
641 
64 
50 
50 
50 
50 
50 
50 
00 
50 
00 
25 
50 
75 
00 
17 
33 
50 
67 
83 
00 
, 17 
33 
.50 
.67 
.83 
.00 
33 
.50 
.67 
.83 
.00 
. 17 
.33 
.50 
. 67 
.83 
.00 
. 17 
.33 
.50 
.75 
.75 

-2 
-1 . 
-0. 

0, 
0. 
1. 
2. 
3. 
4. 
5. 
6. 
6. 
7. 
7. 
7. 
8. 
8. 
8. 
8. 
8. 
9. 
9. 
9. 
9. 
9. 
9. 
10, 
10 
10, 
10 
10, 
11 
11 
11 
11 
11 
11 
12 
12 
12 
12 
12 
12 
13 
13 

. 750 

.75 

.00 
,25 
.50 
.00 

13 
13 
13 
13 
14 

39 
14 
14 

66 
86 
86 
66 
86 
86 
36 
86 
36 
61 
86 
11 
36 
53 
69 
86 
03 
19 
36 
53 
69 
86 
03 
, 19 
,36 
.69 
.86 
.03 
. 19 
.36 
.53 
.69 
,86 
,03 
. 19 
. 36 
.53 
. 69 
.86 
. 1 1 
. 11 

0 
572. 
576. 

577. 
581 . 
587. 
594. 
603. 
613. 
626. 
633 
642. 
651 . 
656. 
660. 
665. 
671 . 
675. 
679. 
684. 
690. 
695. 
701 . 
706. 
710, 
715, 
719, 
724, 
729, 
740, 
746, 
751 
757, 
761 
766 
771 
777 
782 
789 
797 
805 
613 
820 
829 
629 

13.109 
. 1 1 
.36 
.61 
.86 
.36 

629 
835 
639 
640 
839 

6 
3 

0 
3 
4 
8 
5 
6 
1 
6 
1 
3 
0 
8 
8 
3 
3 
7 
8 
3 
9 
4 
3 
8 
3 
9 
,7 
6 
,5 
3 
,8 
,0 
,7 
,6 
,7 
, 1 
,6 
,6 
. 5 
,7 
. 5 
,4 
,2 
.2 

.2 
, 8 
. 8 
.9 
.9 

570. 
570. 
575. 

2 
2 
6 

0. 
561 . 
566, 

6 
9 

0. 
541 . 
547. 

7 
1 

543. 
543. 
548. 

4 
1 
5 

0. 
0. 
0. 

0. 
0. 
0. 

x»«««»K»NUCLEATE BOlLING»«»*«««« 
576. 
581 . 
587. 
594. 
602. 
613. 
625. 
632. 
640. 
649. 
653. 
658. 
662. 
667. 
671 . 
674. 
678. 
681 . 
685, 
689, 
693, 
697, 
701 . 
706, 
710, 
715, 
725, 
730, 
736 
742 
748 
754, 
760 
766 
773 
780 
787 
795 
802 
810 
823 
822 

3 
1 
2 
3 
8 
1 
6 
8 
6 
0 
5 
1 
9 
8 
2 
6 
1 
7 
5 
3 
3 
,6 
,7 
,2 
.8 
,6 
.6 
.9 
.4 
. 1 
.0 
, 1 
.4 
.9 
.6 
.6 
.8 
.2 
.8 
.7 
. 1 
.4 

567. 
571 . 
576. 
581 . 
587. 
594. 
602. 
607, 
613. 
619. 
622. 
626. 
630. 
634. 
636. 
639. 
641 . 
644. 
646, 
649. 
651 . 
654, 
657, 
659, 
662 
665 
672 
675, 
678 
682 
686 
690 
694 
698 
702 
706 
71 1 
716 
721 
728 
734 
733 

6 
8 
5 
5 
3 
3 
6 
7 
3 
5 
9 
5 
4 
3 
9 
4 
9 
4 
9 
4 
9 
5 
2 
9 
.8 
.8 
, 1 
,4 
,9 
,4 
, 1 
,0 
.0 
. 1 
.4 
.8 
.4 
.2 
. 1 
.2 
.2 
.6 

547. 
550. 
551 . 
552. 
552. 
551 . 
551 . 
551 . 
551 . 
553. 
553. 
555. 
557. 
559. 
559. 
560. 
560. 
560. 
560. 
560. 
559, 
558, 
558, 
557, 
556, 
555, 
554 
553, 
552 
551 
550, 
550 
549 
548 
547 
547 
546 
545 
545 
544 
544 
543 

6 
4 
9 
3 
0 
4 
0 
1 
8 
0 
9 
5 
3 
1 
9 
5 
8 
9 
7 
3 
6 
9 
1 
3 
,5 
,7 
,0 
,2 
,4 
,6 
,8 
,0 
,2 
,5 
,8 
. 1 
. 5 
.9 
. 3 
, 8 
.2 
,5 

549. 
549. 
549. 
549. 
549. 
549. 
548. 
548. 
548. 
548. 
548. 
548. 
548. 
548. 
548. 
548. 
548. 
548. 
548. 
548. 
548. 
548, 
548, 
548. 
548, 
548, 
548, 
548, 
548 
548, 
548, 
548, 
548 
548 
548 
548 
548 
548 
547 
547 
547 
547 

2 
2 
2 
1 
0 
0 
9 
8 
8 
8 
7 
7 
7 
7 
6 
6 
6 
6 
6 
5 
5 
5 
5 
4 
,4 
4 
,4 
3 
,3 
,3 
,2 
,2 
,2 
. 1 
. 1 
. 1 
.0 
.0 
.9 
,9 
,9 
.8 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0, 
0, 
0. 
0. 
0, 
0, 
0. 
0, 
0, 
0, 
0, 
0, 
0 
0 
0 
0, 
0 
0 

0001 
0096 
0221 
0366 
0541 
0752 
1008 
1155 
1314 
1487 
1578 
1673 
1769 
1869 
1937 
2007 
2078 
2152 
2228 
2306 
2387 
2470 
2557 
2647 
2740 
2837 
3039 
3147 
3257 
3372 
3490 
3612 
,3739 
,3869 
,4004 
,4143 
,4287 
.4436 
.4569 
,4746 
,4992 
.4980 

«**«««x«FiuM "301 LING««»*»««« 
822 
825 
829 
833 
839 

.4 

.7 

.7 

.6 

.9 

795 
798 
802 
806 
839 

. 1 

.4 

.4 

.4 

.0 

734 
738 
742 
746 
637 

.9 

.3 

.3 

.3 

. 1 

547 
547 
547 
547 
547 

.8 

.8 

.7 

.7 

.6 

0 
0 
0 
0 
0 

.4980 

.5043 

.5121 

.5197 

.5323 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0, 
0, 
0, 
0. 
0, 
0, 
0, 
0, 
0 
0, 
0 
0, 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

001 
140 
268 
373 
460 
535 
599 
627 
653 
677 
688 
699 
709 
719 
725 
731 
737 
743 
749 
754 
760 
766 
771 
777 
782 
788 
798 
804 
,809 
,814 
,820 
825 
,830 
.835 
,840 
,845 
,851 
,856 
, 861 
.866 
.874 
.873 

.873 

.875 

.878 

.880 

.884 

1042. 
1041 . 
1039. 

1039. 
1039. 
1038. 
1038. 
1037. 
1037. 
1036. 
1036. 
1036. 
1035. 
1035. 
1035. 
1035. 
1034. 
1034. 
1034. 
1034. 
1034. 
1034. 
1033. 
1033. 
1033, 
1033, 
1033. 
1032, 
1032, 
1032, 
1032, 
1031 , 
1031 , 
1031 , 
1031 , 
1030 
1030, 
1030, 
1029, 
1029 
1029 
1028 
1028 
1027 
1027 

1027 
1027 
1026 
1026 
1025 

3 
1 
9 

8 
4 
9 
4 
9 
4 
8 
4 
1 
7 
5 
3 
1 
9 
7 
6 
4 
2 
1 
9 
7 
5 
3 
1 
9 
,7 
3 
,0 
.8 
,5 
3 
,0 
,7 
,4 
, 1 
.6 
.4 
, 1 
.7 
.3 
.7 
.7 

.7 

.3 

.9 

.5 

.7 

641 . 
640. 
547. 

648. 
654. 
562. 
572. 
683. 
596. 
613. 
622. 
632. 
643. 
649. 
655. 
661 . 
668. 
672. 
677. 
681 . 
686. 
691 . 
696. 
701 . 
706, 
712, 
718, 
724, 
730, 
743, 
750, 
757 
764, 
772, 
780, 
788 
796 
806 
814 
823 
833 
842 
853 
868 
868 

868 
672 
877 
882 
890 

2 
8 
6 

6 
8 
7 
0 
2 
7 
0 
4 
7 
7 
6 
6 
8 
2 
6 
0 
6 
3 
2 
2 
4 
,8 
,4 
, 1 
,1 
3 
3 
,2 
,3 
.6 
,3 
, 1 
.2 
.6 
.3 
.3 
.5 
. 1 
.9 
. 1 
.9 
.0 

.0 

. 1 

. 1 

.0 

.2 

0. 
61260. 
61052. 

61720, 
66783. 
75401. 
89706, 
108456, 
131498, 
158773, 
173646, 
188358, 
203453 
210690 
217011, 
222882 
229369 
234392 
240193 
246874 
254205 
262213 
271079 
280682 
290757 
301163 
311923 
323035 
334498 
358520 
370986 
383845 
397049 
410598 
424492 
438728 
453306 
468225 
483485 
499083 
615021 
531295 
547907 
573493 
573522 

176169 
175839 
175488 
175123 
5512 

AV3 NUCL BOIL HEAT FLUX = 215662. BTU/HR.SOFT.F 
P.-{ S1.3C00LED = 2.009 NUCLEATE = 86.337 FILM = 5.981 TOTAL = 94.328 KW 
:;£LTA T NUCL = 190.02 DELTA T FILM = 60.23 DELTA(DELTA T) = 129.79 
OHLO»1036477. 1-PR=0.679656 HFG3645.16 C3CR= 673622. XCR=0.497968 

*«»«»«»»«« CHF CORRELATIONS «»««»»»«« 

\ D-EXP 
% 0-COR 

XCR XCISE XCISM XAI XWES XGE1 XGE2 XGE3 XGE4 XDOR 
0 . 4 9 8 0 . 5 1 8 0.4P.3 0 . 5 6 5 0 . 4 6 9 0 . 4 3 6 0 . 4 6 2 0 . 4 6 5 0 . 4 7 4 0 . 5 7 3 

4 . 0 6 - 1 5 . 0 2 1 3 . 4 4 - 5 . 8 6 - 1 2 . 4 9 - 7 . 3 2 - 6 . 5 6 - 4 . 8 9 1 5 . 0 9 
3 . 9 1 - 1 7 . 6 7 1 1 . 8 5 - 6 . 2 3 - 1 4 . 2 7 - 7 . 9 0 - 7 . 0 2 - 6 . 1 4 1 3 . 1 1 

OCR IT FOR XEXP FROM DOROSCHUK IS 
Qi-RIT FOR XDOR FROM DOROSCHUK I S 

6 7 3 4 6 4 . 
4 9 5 5 1 5 . 

Figure 4c. 
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FBRD-00020 

COR.-r.LATING DATA *1--DNB EFFECTS TEST PROG "THAN" 
20.3 10 FEB 77 1230 PL20-3A 

LOCAT»HEAT TRANSF COEF «SLIP "PRESS DROP TWO "SPECIFIC VOL 
"(BTU/HR.SQFT.F) (ID) »RATI0»(PSI) PHASE*(CUFT/LBM) 

(FT) » 

-0. 
0, 
1 . 
1 . 
1 . 
2. 
3. 
4. 
5. 
6, 
7, 
8. 
8. 
9. 
9. 
9. 
9. 

10. 
10. 
10, 
10. 
10. 
10. 
11 , 
11 
1 1 , 
11 , 
11 , 
1 1 
12 
12 
12 
12 
12 
13 
13 
13 
13 
13 
13 
14 
14 
14 
1-1 
14 
14 
14 
K1 
15 
15 
15 
Iti 

75 
50 
50 
641 
64 
50 
50 
50 
50 
50 
50 
00 
50 
00 
25 
50 
75 
00 
17 
33 
50 
67 
83 
.00 
, 17 
,33 
,50 
67 
.83 
,00 
.33 
,50 
.67 
.83 
.00 
. 17 
.33 
.50 
.67 
.83 
.00 
. 17 
.33 
,50 
.75 
.75 

NA(OD) WALL 

0. 
4529. 
4520. 

4519. 
4511 . 
4501 . 
4489. 
4475. 
4457, 
4437, 
4425. 
4412. 
4398. 
4391 . 
4383. 
4375. 
4367. 
4362. 
4356. 
4351 . 
4345. 
4339. 
4332. 
4326. 
4319. 
4312. 
4305. 
4297. 
4290. 
4274. 
4265. 
4256. 
4247. 
4238. 
4228. 
4218. 
4207. 
4197. 
4186. 
4174. 
4163. 
4150. 
4138. 
41 19. 
4120. 

. 750 
, 75 
.00 
.25 
.50 
.00 

4120. 
41 14. 
4108. 
4102. 
4092. 

0. 
3082. 
3078. 

3078. 
3075. 
3073. 
3071 . 
3069. 
3067. 
3064. 
3062. 
3060. 
3057. 
3055. 
3053. 
3051 . 
3049. 
304 6. 
3047. 
3046. 
3045. 
3044. 
3043. 
3042. 
3042. 
3041 . 
3040. 
3040. 
3039. 
3037. 
3036. 
3035. 
3034. 
3033, 
3032, 
3031 . 
3030, 
3028. 
3027. 
3025, 
3024, 
3022. 
3020. 
3018. 
3018, 

2925, 
2922, 
2920, 
2917, 
2871, 

H20 

0. 
-43772. 
-43365. 

U 

0, 
2260, 
2257. 

« 

1 . 
1 . 
1 . 

"FRICT 

000» 
000" 
000* 

0. 
0. 
0. 

44 
54 

»»»c»»»x»NUCLEATE BOILING 
-37572, 
56923, 
27047, 
27815, 
36603, 
53935, 
78227. 
78298. 
63538. 
48510. 
40441. 
32045. 
25710. 
22047. 
20704. 
20117. 
20184. 
20644. 
21522. 
23042. 
25226. 
27954, 
31178, 
35069. 
39821. 
45716. 
63344. 
75685. 
93576. 
119858. 
161769. 
238117. 
417507. 
453306. 
468225. 
483485. 
319851. 
243570. 
202670. 
177992. 
154872. 
134916. 

2275. 
2065, 
1983, 
1985, 
i!017. 
2050. 
2070. 
2068, 
2052. 
2029, 
2010. 
1983, 
1951 , 
1925. 
1913. 
1907. 
1906. 
1909. 
1915. 
1926. 
1938. 
1952. 
1965. 
1977. 
1990. 
2001 . 
2023. 
2032, 
2040, 
204 8, 
2055. 
2062. 
2067. 
2072. 
2076. 
2079. 
2032. 
2084, 
2084. 
2085. 
2084. 
2088, 

2, 
2. 
2, 
2, 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

Kc«*jic»x«»FlLt-1 1 
942. 
923. 
902. 
882. 
19. 

64 1 . 
633. 
622. 
612. 
19. 

2 
2 
2 
2 
2 

135* 
167* 
210* 
261* 
321" 
394" 
482* 
533* 
589* 
648* 
680" 
713" 
746" 
781" 
805* 
829* 
854" 
879" 
906" 
933* 
,961" 
,990" 
,020" 
,052" 
,084" 
, 118" 
188" 
,226" 
.264" 
,304" 
.346" 
.388" 
,433" 
.478" 
.525" 
.574" 
,625" 
.677" 
.730* 
.786* 
.872" 
.868" 

0. 
0. 
0. 
1 . 
1 . 
1 . 
1 , 
2. 
2. 
2. 
2. 
2. 
2. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
3. 
4, 
4. 
4. 
4. 
4, 
4, 
5, 
5 
5 
5 
5 
6 
6 
6 
6 
6 
7 
7 
7 
8 
8 

SOILING 
.668* 
.891* 
.918" 
.946" 
.990" 

8 
8 
8 
9 
9 

56 
67 
83 
03 
26 
55 
91 
1 1 
33 
57 
70 
83 
97 
12 
22 
33 
44 
55 
67 
79 
91 
04 
17 
31 
46 
60 
93 
09 
27 
,45 
.63 
.83 
.03 
.24 
.46 
.68 
.92 
, 16 
,42 
.68 
. 10 
. 10 

ACCE 

0. 
0. 
0. 00 

GRAV 

0. 
0. 
0. 

40 
72 

| « « X « * « « X 

0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0, 
0. 
0. 
0. 
0. 
0. 
0. 

2 
2 
2 
2 
2 
2 
2 
2 
2 

00 
07 
14 
23 
33 
43 
56 
63 
70 
78 
82 
86 
91 
95 
99 
02 
06 
09 
12 
, 16 
,20 
,24 
28 
,32 
,37 
,42 
52 
.58 
.64 
.71 
.77 
.84 
.92 
.00 
.08 
. 17 
.26 
.36 
.46 
,57 
,75 
74 

« X ] K X X V » X 

. 10 

.44 

.78 

. 1 1 

.79 

2 
2 
2 
2 
3 

.74 

.79 

.84 

.90 

.00 

0. 

2. 
2. 
2. 
2. 
2. 
2. 
2. 
2. 
2. 
2. 
2. 
2. 
2, 
2, 
2. 
2, 
2. 
2, 
2, 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

2 
2 
2 
2 
2 

77 
00 
24 
44 
62 
78 
92 
98 
04 
10 
13 
16 
18 
21 
22 
24 
26 
27 
29 
30 
32 
33 
36 
36 
37 
39 
41 

MULT" 

1 . 
1 . 
1 . 

1 . 
1 . 
1 . 
1 . 
2. 
2. 
3. 
4. 
4. 
4. 
5. 
5. 
6. 
6. 
6. 
6. 
6. 
6. 
7, 
7, 
7, 
7, 
8, 
8. 
8. 
9, 
9 

4310, 
,4410, 
.451 1 
,461 1 
,4711 
,4912 
,5012 
.51 13 
,5213 
.5314 
.5415 
. 5515 
.5616 
.5717 
.5717 

.5717 

.5813 

.6013 

.61 13 

.6413 

00 
00 
00 

14 
35 
63 
98 
42 
96 
65 
05 
49 
98 
24 
50 
77 
05 
25 
46 
67 
89 
13 
38 
65 
g2 
21 
51 
83 
, 16 
86 
,24 
,64 
,05 
,48 
,92 
,39 
.88 
.38 
,91 
,46 
,04 
. 64 
.26 
.24 
.21 

.21 
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N o v eff / 

Here, h.̂ , is the sodium heat transfer coefficient, determined from Dwyer's equations for the 
7 8 inside surface of an annulus. ' The parameter K ,, is an effective sodium thermal 

conductivity to account for both molecular and eddy conduction after Dwyer. The 
3 

parameter B is determined from the following analytical relationship: 

^(D^^ - D 2) 
B = 5 - g - 5 (2) 

o 

The parameter 6 in Equation (1) is a spacer adjustment factor intended to account for 

mixing downstream of the tube spacers and the entrance region. The mixing is believed to 

increase stream turbulence near the shell-side of the annulus and, consequently, increases 

the actual shell-side sodium heat transfer coefficient. This mixing causes the slope of the 

shell temperatures to differ drastically from that of the corresponding bulk sodium 

temperatures. Because of this, the determination of the CHF location and heat flux curve 

are very difficult without first determining the bulk sodium temperatures, and the 

calculation of the bulk sodium temperatures are dependent upon the 6 factors. The 3-values 

vary between 0.0 and 1.0, depending upon the axial distance from the spacer with no 

variation between tests. Not varying the 3-values between tests results in only relatively 

small errors. 

Another relationship between the bulk sodium temperature and the heat flux is: 

^ N ^N ^^N 
^ ' TTD. d Z ^^' 

1 

Iteration with Equations (1) and (3) results in T|^ for each of the axial measurement stations. 

Two separate and distinct processes of CHF have been observed, namely, departure 
9-11 from nucleate boiling (DNB) and dryout. Since all of the current data fall into the 

annular flow regime associated with liquid film dryout-type CHF, an abrupt change in q" at 

the CHF point was adopted for treating the current data. An abrupt change in q" follows the 

recommendation for treating dryout, as opposed to a smooth change for DNB-type CHF, 
2 

adopted by other research engineers. The CHF point is located by first fitting the bulk 
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sodium temperature with a smooth fourth-order spline curve, based on sets of 10 sequential 

points. Selective trial methods have shown that the intersection of two separate split 

curves, as required to represent an abrupt change in q" at CHF, corresponds very closely to 

the axial location of the minimum second derivative of the smooth curve representing Tj^. 

Consequently, the CHF point was located at the axial position corresponding to the minimum 

second derivative. The bulk sodium temperature points were then fitted with two separate 

curves, split at the CHF point to replace the initial smooth curve. The final bulk sodium 

temperature points, before CHF, were fitted with a fourth-order spline curve based on sets 

of 10 points, and after CHF, were fitted with a low-order, least-square curve fit. A final 

heat-flux curve is determined from the split sodium temperature curves by using Equation 

(3). The CHF point occurs at the maximum heat flux as shown in Figure ^t-a. 

The refinement in the data evaluation achieved by including the effect of radial 

sodium temperature distribution in the analysis results in the CHF point generally calculated 

to be several inches downstream (relative to the water flow) of the location predicted based 

on the assumption that the sodium bulk temperature gradient is equal to the shell 

temperature gradient. A different technique, employed by ANL to account for the same 
12 phenomenon, resulted in similar relative predictions. These predictions have been 

confirmed during tests conducted by ANL in the SGTF, by observing that the predicted CHF 

location corresponds to the axial location of an internal thermocouple, embedded in the tube 

wall, which was recording oscillations in the transition boiling region. 

Other temperature distributions, shown in Figure 'fa, of the outside and inside tube 

wall and the bulk water, and steam quality at CHF are determined from a heat balance 

repeated in step-wise fashion along the test section. 

5. RESULTS 

5.1 CHF CORRELATION 

The CHF test results at 7.2 MPa nominal pressure have been divided into two groups, 

namely, for high- and low-mass flux regions and are summarized in Appendix A, Tables A-1 

and A-2, respectively. These regions are intended to be representative of nominal LMFBR 

operating conditions for the high-mass flux region and severely partially plugged steam 
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generator tube conditions for the low-mciss flux region. The CHF results for these regions 

are separately discussed in the following two subsections. 

5.1.1 CHF for High-Mass Flux 

The experimental ranges of the high-mass flux CHF data are: 

• pressure, P 7.2 MPa (10^0 psia) 

• mass flux, G 5'f0-1^90 kg/s.m^ (0.40-1.10 10^ Ibm/h-ft^) 

• critical heat flux, q^ 0.69-1.86 MW/m^ (0.22-0.59 10^ Btu/h-ft^) 

• critical steam quality, X 0.'f8-0.89 

A typical computer-generated plot for each high-mass flux test series is presented in 

Appendix B, Figures B-1 through B-10. All the experimental CHF results, as summarized in 

Table A-1, are presented in Figures 5 and 6. Figure 5 shows that the critical steam quality, 

X , for fixed pressure and mass flux for the range of test conditions is independent of heat 

flux, q". Figure 6 shows that the critical steam quality decreases rapidly with mass flux for 

fixed pressure. 

The critical steam quality data are compared in Figures 7a-d with other known 

correlations which'come quite close to the range of parameters investigated in the current 

study. In Figures 7a and 7b the experimental X -values are compared with X -values 
13 11 *" 

predicted with the CISE and Doroschuk correlations, respectively. Both of these 
correlations are based on data obtained from electrical-heated test sections. In Figures 7c 

1 2 

and 7d similar comparison is made with the recent Westinghouse-Hwang and GE 

correlations, respectively, based on data obtained from sodium-heated test sections. The 

relative standard deviations of the data comparisons are as follows: 

o(%) 
13 CISE 7.2 

Doroschuk 9.9 

Westinghouse-Hwang 7.2 

GE - 1976^ 8.2 

Thus, any of the above correlations could be used to predict critical quality over the 

experimental ranges with uncertainties up to about 20% at a 95% probability level. 
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The Doroschuk and Westinghouse correlations are further compared with the data 

in Figure 5. Figure 5 shows that the Westinghouse correlation generally underpredicts the 

critical quality data, while the Doroschuk correlation overpredicts. The data show, contrary 

to the Westinghouse correlation, that critical quality is independent of the critical heat 

flux. The trend of the data confirms that the CHF phenomenon is of the dryout type as 

opposed to DNB. The Doroschuk correlation consists of two parts , one for dryout and 

another for DNB. The dryout portion has Xc independent of heat flux as demonstrated with 
2 

the current data. The previous GE data obtained mostly at higher pressures up to 13 MPa 

also demonstrated that X is independent of heat flux over the experimental ranges. 

A simpler and more accurate critical steam quality correlation than the previously 

referenced correlations was fitted to the GE sodium-heated CHF data obtained during the 
2 a 

current and previous investigations. The derived empirical correlation is : 

0.9^^ (1 - P )^*°^'^ 
X = ^ (U) 

The data are compared with predictions with Equation W in Figure 8. The relative standard 

deviation is i^J% for all the GE data and 3.8% for the current data at a nominal pressure of 

7.2 MPa. The experimental ranges of the data supporting the correlation are: 

P =7.0-13.0 MPa (1015-1890 psia) 

G = 5^^0-3250 kg/s.m^ (0.'f0-2.^0 10^ Ibm/h-ft^) 

q" = 0.69-1.86 MW/m^ (0.22-0.59 10^ Btu/h-ft^) 
c 

D. = 10.1 mm (0.398 in.) 

Figure 9 presents a comparison of the X predictions and the Equation W correlation 

with other dryout-type CHF data obtained from a sodium-heated steam generator tes t , with 
[If. j 5 

a 10.0 mm (0.39't in.) inside diameter tube conducted at ANL, ' at conditions encom­
passed by the GE data. The agreement between the ANL-inferred dryout data and Equation 
W predictions is very good. 

a 2 
In U.S. customary units: Q ^gg /, _ p \1.05'f for G in Ibm/h ft . 

X_=-
c,r 

^ " (G/10^)°-625 
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Figure 8. Comparison of GE Critical Quality Data with Correlation, 
Equation 4 

The relative standard deviation of ANL data alone is 8.3% and when combined with the GE 

data, 5.8%. Further agreement between the GE data and ANL data is illustrated in 

Figure 10 for conditions selected to approximate the GE proposed PLBR conditions. 

Equation {k) is currently recommended for dryout-type CHF, as opposed to DNB for 

the ranges of experimental parameters previously given and for relatively long tubes with an 

inside diameter corresponding to the test tube, 10.1 mm (0.398 in.), heated by sodium 

flowing in the countercurrent direction. The critical steam quality in tubes of other 

diameters can be determined by adjusting the X -value calculated from Equation {k) 

according to the effect predicted by other correlations as discussed later. 
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Additional experimental work is currently in progress to increase the data base and 

extend the ranges of parameters affecting CHF for sodium-heated conditions. These latter 

test results along with the current results and other recently published sodium-heated CHF 

results should provide the basis for an even more general CHF correlation for sodium-heated 

evaporator tubes. 

5.1.2 CHF for Low-Mass Flux 

The experimental ranges of the low-mass flux CHF data are: 

• pressure, P 

• mass flux, G 

critical heat 

critical steam quality, X 

• critical heat flux, q" 

7.2 MPa 

110-270 kg/s.m^ 

0.16-1.01 MW/m' 

> 0.50 

(1050 psia) 

(0.08-0.20 10^ Ibm/h.ft^) 

(0.05-0.32 10^ Btu/h-ft^) 

A typical computer plot for each low-mass flux test series is presented in Appendix B, 

Figures B-11 through B-16. All the CHF results are summarized in Table A-2 and presented 
2 6 

in Figures 11 and 12 for nominal-mass fluxes of 260 and 130 kg/s-m (0.2 and 0.1 10 
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2 16 
Ibm/h'ft ), respectively. Predictions based on the correlation proposed by Biasi, et al., for, 
the high-quality, low-mass flux region are also shown in Figures 11 and 12. For G = 260 

2 
kg/s-m the data are in good agreement with the Biasi correlation. However, for G = 130 

2 
kg/s.m the data show wide scatter in critical steam quality and only the high critical heat 

2 
flux data having q" between 0.6 and 0.9 MW/m show good agreement with the Biasi 

^ 2 

correlation. The scatter in X for G = 130 kg/s-m , Figure 12, exceeds the uncertainty in X 

which is estimated at a maximum of about ±0.11 for the lowest heat flux conditions. Other 

reasons for the wide scatter may be flow regime fluctuations with nonequilibrium conditions 

on the water-steam side and flow stratification on the sodium side. 

3.1.3 Oisuneter Effect for Extrapolation to Proposed PLBR Conditions 

The experimental CHF data presented apply directly to tubes with an inside diameter 

corresponding to the test tube, 10.1 mm (0.398 in.). For proposed PLBR conditions, the 

inside diameter of the steam generator tubes is 31.3 mm (1.233 in.). The diameter effect on 

the CHF correlation, Equation ik), must be determined to apply the current data to tubes of 

other diameters as for the proposed PLBR. In Figure 12, the ratio of the critical steam 

quality at diameter D. to the quality at the test tube diameter of 10.1 mm is presented as a 

function of D., as predicted by several known correlations which include a diameter effect 

(Figure 13), for nominal proposed PLBR operating conditions. Correlations included in 

Figure 12 and not previously mentioned are Biasi, et al., for low quality, Kon'kov, 
18 19 

Kirby, and Thompson and MacBeth. The steam quality ratio, R, predicted by the 
Doroschuk correlation is recommended for PLBR application because it is bracketed by 

13 1 
the other correlations, agrees very well with the CISE and Westinghouse correlations, and 
is simple to apply, i.e., 

^ c ^i^'^^ = constant (5) 

For proposed PLBR conditions of nominal pressure and mass flux of 7.2 MPa (lO'tO psia) 

1490 kg/s. 

Equation W is 

2 6 2 
and 1490 kg/s-m (1.1 x 10 lbm/h«ft ), respectively, the predicted critical quality from 

X = 0.kS6 for D. = 10.1 mm c 1 

For D. = 31.3 mm the critical steam quality ratio, R, is O.Skk resulting in 

X = O.iflO for D. = 31.3 mm c 1 
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The relative standard deviation, a , of X for D. = 31.3 mm can be determined from 
x^j 3 c 1 

^̂ x =^^R^^^x^ >^̂ ^ 6̂> 
^31.3 ^ ^ 10.1 

Here o^ and a are the relative standard deviations of R and X^ for D. = 10.1 mm, 
K XjQ J c 1 

respectively. The value of a^ is estimated at 10% and a = 5.8% for both the GE and 
''lO 1 ANL dryout data. Hence, a = 11.6%. The discounted critical steam quality for 

X-

proposed PLBR conditions is determined, based on a one-sided uncertainty with a 95% 

probability level as 

X_ = 0.410 ( l - 1.640 \ = 0 
V ^31.3/ 

= 0.33 

5.2 TRANSITION BOILING CHARACTERISTICS 

The test program also provided some information on CHF temperature oscillations and 

on the axial length of the region of transition from the two-phase forced convective region 

of heat transfer to the liquid deficient region following dryout. This was done by operating 

the system with the two-phase forced convective region of heat transfer extending to the 

tube outlet and then increasing the sodium temperature so that dryout moved into the tube 

and continued past the tube thermocouples A through F (see Figure I). Figures 14 and 15 

present typical tube wall temperature records for the high- and low-mass flux conditions at 

7.2 MPa. 

2 6 2 
For a typical high-mass flux case with G = 1450 kg/s-m (1.07 x 10 Ibm/h-ft ) and q" = 

2 6 2 

1.55 MW/m (0.43 x 10 Btu/h^ft ), Figure 14, thermocouples A, B, and C show temperature 

profiles experienced in the stable liquid deficient region. On the other hand, thermocouples 

D, E, and F show temperature profiles experienced first in the stable two-phase forced 

convective region, followed by the transition region, and finally, the stable liquid deficient 

region. The length, L j , of the transition boiling region can be estimated from the 

temperature record and the known thermocouple spacing. If the onset of transition boiling, 

OTB, noted by thermocuple D, occurred at the same time as the end of the transition boiling 

region, ETB, noted by thermocouple F, then the transition boiling region length would be 

equal to the axial spacing of thermocouples D and F, i.e., 31.8 mm (1.25 in.). However, 

there is a time lag between OTB at location D and ETB at location F during which time the 

transition boiling region travels a distance AL. The value of AL can be evaluated by 

determining an average of the velocity for the OTB point based on its motion between 

locations E and D and the velocity of the ETB point based on its motion between F and E. 
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For the data in Figure 14, this results in L j = 51 mm (2.0 in.). This length is in good 

agreement with the transition length of 41mm (1.6 in.) previously determined for 11.0 

MPa.^ 

The temperature fluctuations in the transition region for the high-mass flux case, 

Figure 14, show a peak-to-peak amplitude of about 14 C (25 F) and a period of about 3 

seconds. The difference in thermocouple readings between OTB and ETB is about 33 C 

(60 F). The peak-to-peak fluctuations are, therefore, about 40% of the potential 

temperature difference between OTB and ETB. 

2 6 2 
For a typical low-mass flux case with G = 280 kg/s«m (0.20 x 10 Ibm/h-ft ) and q" 

7 6 2 
0.52 MW/m (0.17 x 10 Btu/h.ft ), Figure 15, thermocouples. A, B, and C show temperature 

profiles in the transition region, followed by the stable liquid deficient region. Thermo­

couples D, E, and F show, in addition to the two regions observed with thermocouples A, B, 

and C, the stable two-phase forced convective region near the beginning of the traces. 

Here, the length, L j , of the transition boiling region is based on the axial spacing between C 

and D of 184 mm (7.25 in.) and an average velocity of the ETB point between C and B, 

resulting in L^ = 230 mm (9.1 in.). Thus, Lj has significantly increased as the mass flux has 

decreased. 

The temperature fluctuations in the transition region for the low-mass flux case. 

Figure 15, show a peak-to-peak amplitude of about 10 C (18 F) and a period of about 3 

seconds. The difference in thermocouple readings between OTB and ETB is about 19 C 

(34°F). The peak-to-peak fluctuations are therefore about 50% of the potential temperature 

difference between OTB and ETB. 

The transition boiling temperature fluctuations can be compared to similar fluctua-
2 3 tions reported previously ' for simulated CRBRP conditions at 11.0 MPa (1590 psia) and 

2440 kg/s.m^ (1.80 x 10^ Ibm/h-ft^). The reported fluctuations of 14°C (25°F) for CRBRP 

conditions are of the same magnitude as observed for the high-mass flux case which 

simulates the proposed PLBR nominal G and P conditions with a much higher heat flux of 

1.55 MW/m^ (0.43 x 10^ Btu/h-ft^) compared with the proposed value of 0.41 MW/m^ (0.13 x 
6 2 

10 Btu/h«ft ). Consequently, a preliminary evciluation of the effect of the CHF 

temperature oscillations at 7.2 MPa on tube fatigue life shows that it is no more severe than 

for the CRBRP steam generator tubes. It is of interest to note that a task force 

investigating strain cycling effects in the DNB zone of the CRBRP evaporators concluded 
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20 that adequate margin exists against fatigue failure. Similar preliminary conclusions are 

drawn from a comparison of CHF temperature oscillations observed in the ANL SGTF test 
21 for simulated CRBRP 64% power conditions and for conditions simulating the proposed 

22 
PLBR G and P^ conditions. 

6. SUMMARY AND CONCLUSIONS 

Characteristics of CHF and transition boiling at proposed PLBR pressures and mass 

flux conditions have been investigated with a tube of 10.1 mm (0.398 in.) inside diameter in a 

sodium-heated test facility. The investigation yielded the following principal results: 

1. CHF data are presented for 7.2 MPa (1040 psia) nominal pressure and low- and 

high-mass flux conditions. The high-mass flux data include the nominal 

conditions for a proposed PLBR steam generator design, and cover the following 

parameter ranges: 

• mass flux 540-1490 kg/s-m^ (0.40-1.10 10^ Ibm/h-ft^) 

• critical heat flux 0.69-1.86 MW/m^ (0.22-0.59 10^ Btu/h-ft^) 

• critical steam quality 0.48-0.89 

The low-mass flux data include conditions that might occur during inadvertently 

severely partially plugged tubes for a proposed PLBR steam generator design, 

and cover the following parameter ranges: 

• mass flux 110-270 kg/s-m^ (0.08-0.20 10^ Ibm/h-ft^) 

• critical heat flux 0.16-1.01 MW/m^ (0.05-0.32 10^ Btu/h-ft^) 

• critical steam quality > 0.50 

2. The high-mass flux data are compared to severed CHF correlations available in 

the technical literature. A simple and more accurate correlation. Equation (4), is 

formulated to represent the current high-mass flux data and data obtained 

previously by GE with the same sodium-heated test facility. The relative 

standard deviation is 4.7% for all the GE data and 3.8% for the current data at 

7.2 MPa. The experimental ranges of the data supporting the correlation are: 
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• pressure 7.0-13.0 MPa (1015-1890 psia) 

• mass flux 540-3250 kg/s-m^ (0.40-2.40 10^ Ibm/h-ft^) 

• critical heat flux 0.69-1.86 MW/m^ (0.22-0.59 10^ Btu/h.ft^) 

• diameter 10.1 mm (0.398 in.) 

2 6 
The low-mass flux data for nominal-mass flux of 260 kg/s^m (0.20 x 10 

2 16 
Ibm/h-ft ) are in good agreement with the Biasi correlation for high quality. 

2 
For nominal mass flux of 130 kg/s , the data show wide scatter in critical steam 

2 
quality and only the data with q" between 0.6 and 0.9 MW/m show good 

16 agreement with the Biasi correlation for high quality. 
The diameter effects on X_ predicted with several correlations are compared, 

11 and the effect predicted with the Doroschuk correlation is recommended for 

application at proposed PLBR conditions. 

The length of the transition boiling region exp>eriencing temperature fluctuations 

is determined as 51 mm (2.0 in.) for a typical high-mass flux case and 230 mm 

(9.1 in.) for a typical low-mass flux case. 

A preliminary comparison shows that the CHF temperature oscillations at 

conditions simulating the proposed PLBR steam generator mass flux and pressure 

conditions are no more severe than similar oscillations observed for simulated 

CRBRP 64% power conditions. 
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NOMENCLATURE 

EngUsh 

C 

D 

G 

h 

^eff 
LK 

Letters 

Specific heat 

Diameter 
2 

Water-side-mass flux, kg/s-m 
Heat transfer coefficient 

Defined when introduced 

Length of nucleate boiling region 

c,r 

q" 

^b 
T 

T s 
W 

X 

z 

Length of the transition boiling region over which significant 
temperature oscillations occur 

Pressure at CHF 

Reduced pressure at CHF, P /22.12 for P in MPa 
(P^/3208.2 for P^ in psia) ^ 

Heat flux based on i.d. of tube 

Average heat flux over the nucleate boiling length 

Temperature 

Average shell temperature at each station 

Mass flow rate 

Mass quality 

Axial location along tube from water inlet 

Greek Letters 

e 
a 

Spacer adjustment factor 

Relative standard deviation 

Subscripts 

c 

cor 

exp 

i 

N 

o 

s 

X 

X 
10.1 

31.3 

Refers to conditions at the CHF location 

Correlation 

Experiment 

Tube inside surface 

Sodium side 

Tube outside surface 

Shell outside surface 

Refers to critical steam quality at D- = 10.1 mm 

Refers to critical steam quality at D- = 31.3 mm 
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APPENDIX A 

SUMMARY OF CHF DATA 

This appendix* consists of Tables A-1 and A-2, summarizing the CHF data generated 

during the current investigation at 7.2 MPa nominal pressure. 

•Conversion factors: 

(MPa) = (psia)/145.04 

(kg/s-m^) = (lbm/h.ft^)/737.4 

(W/m^) = 3.1525 (Btu/h.ft^) 

(m) = 0.3048 (ft) 

A-1 
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Table A-1 

CHF RESULTS FOR HIGH MASS FLUX AT 7.2 MPa 

Run 
No. 

1 
2 
3 
4 
5 
6 
7 
b 
9 

10 
1 1 
\?. 
13 
14 
]b 
16 
17 
IH 
19 
20 
21 
22 
23 
24 
2S 
26 
27 
2R 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 

Test 
No. 

20. 1 
2 0 . 1 
2 0 . I 
2 0 . 2 
2 0 . 2 
2 0 . 2 
2J.?. 
2 0 . 2 
2 1 . 1 
2 1 . 2 
22, 1 
2 2 . 1 
2 2 . 2 
2 2 . 2 
2 2 . 3 
2 2 . 3 
2 3 . 1 
2 3 . 2 
2 3 . 3 
2 4 . 1 
2 4 . 2 
2 4 . 2 
2 4 . 3 
2 4 . 4 
2 4 . 5 
2 5 . 1 
2 'J . 2 
2 D . 3 
2 ^ . 4 
2 5 . 5 
2 6 . 1 
2 6 . 2 
2 6 . 3 
2 6 . 5 
2 6 . 7 
2 7 . 1 
2 7 . 2 
2 7 . 3 
2 7 . 5 
2 7 . 6 
2 7 . 7 
2 8 . 1 
2 8 . 2 
2 8 . 3 
2 8 . 4 
2 8 . 5 
2 8 . 6 
2 9 . 1 
2 9 . 2 
2 9 . 3 
2 9 . 4 
2 9 . 5 
2 9 . 6 

Pc 
(psia) 

1039 . 
1 0 2 5 . 
1 0 3 2 . 
1 0 3 7 . 
1 0 3 2 . 
lOoO. 
1 0 4 o . 
1 0 2 8 . 
1 04 > .̂ 
1 04 7 . 
10 37 . 
1 0 4 6 . 
1 0 3 3 . 
1 04 5 . 
1 0 3 5 . 
1 0 5 4 . 
1 04 I . 
1 0 4 6 . 
1 0 5 4 . 
! 04 3 . 
1 0 1 9 . 
1 0 1 6 . 
1 0 4 / . 
! 02 9 . 
10.^0. 
1 0 4 0 . 
1 0 4 7 . 
1 04 3 . 
1046 . 
1 0 4 4 . 
1 0 4 2 . 
1 0 ' J 5 . 
1 0 2 4 . 
1 0 o 4 . 
1 0 4 5 . 
1 0 4 0 . 
I 0 ' J 2 . 

l O ' j ' J . 
1 0 o 4 . 
10'35. 
1 0 o 9 . 
1 0 4 9 . 
1 0 D 4 . 

1 0 4 3 . 
1 0 4 4 . 
1 0 4 7 . 
10^32. 
l O ' n . 
1 0 2 8 . 
1 0 4 3 . 
1 0 3 3 . 
1 0 5 3 . 
1 0 4 2 . 

G 

10^ Ibm/ 

h.f t^ 

1 . 0 5 6 
1 . 0 7 1 
I . 0 3 0 
1 . 0 6 8 
1 . 0 6 9 
1 .067 
1 . 0 7 5 
1 . 0 6 6 
1 . 1 0 1 
1 . 0 9 6 
0 . 9 9 3 
0.99>3 
0 . 9 8 6 
I . 008 
0 . 9 8 4 
1 . 0 0 7 
0 . 9 9 6 
0 . 9 « 8 
0 . 9 7 8 
0 . 8 0 0 
0 . 8 0 4 
0 . 8 0 5 
0 . 8 0 3 
0 . 8 0 9 
0 . 8 1 0 
0 . 8 0 5 
0 . 8 0 1 
0 . 8 0 0 
0 .8 r )8 
0 . 8 0 3 
0 . 6 0 0 
0 . 5 9 3 
0 . 5 9 1 
0 . 5 9 0 
0 . 5 9 7 
0 . 6 0 3 
0 . 5 8 3 
0 . 6 0 6 
0 . 6 0 4 
0 . 5 9 8 
0 . 5 9 2 
0 . 4 0 6 
0 . 4 0 2 
0 . 4 0 7 
0 . 4 0 3 
0 . 4 0 4 
0 . 4 3 5 
0 . 4 1 0 
0 . 4 0 9 
0 . 4 1 0 
0 . 4 1 4 
0 . 4 1 1 
0 . 4 0 7 

^c 

10^ Btu/ 

h.f t^ 

0 . 5 3 9 
0 . 5 1 8 
0 . 4 7 8 
0 . 5 2 4 
0 . 5 1 2 
0 . 4 3 0 
0 . 4 6 9 
0 . 5 7 4 
0 . 4 1 8 
0 . 3 3 2 
0 . 5 2 6 
0 . 4 7 8 
0 . 4 8 9 
0 . 4 4 2 
0 . 5 3 6 
0 . 5 8 9 
0 . 3 8 6 
0 . 2 9 9 
0 . 3 5 8 
0 . 5 5 7 
0 . 4 4 1 
0 . 4 5 0 
0 . 5 1 8 
0 . 5 3 8 
0 . 4 0 4 
0 . 4 55 
0 . 3 7 4 
0 . 3 3 3 
0 . 3 5 2 
0 . 3 1 4 
0 . 4 4 5 
0 . 4 1 1 
0 . 4 6 5 
0 . 3 6 4 
0 . 4 1 4 
O.Ub 
0 . 37 3 
0 . 2 6 5 
0 . 3 0 4 
0 . 3 1 9 
0 . 3 7 4 
n . 3 8 4 
0.30'T 
0 . 3 7 4 
0 . 3 7 1 
0 . 2 8 6 
0 . 4 2 4 
0 . 3 5 4 
0 . 2 2 1 
0 . 2 5 3 
0 . 2 5 2 
0 . 2 5 2 
0 . 2 4 1 

^b 

10^ B tu / 

h.ft^ 

0 . 196 
0 . 1 9 9 
0 . 2 0 4 
0 . 1 9 3 
0 . 2 0 2 
0 . 199 
0 . 2 0 1 
0 . 2 1 6 
0 . 1 9 7 
0 . 2 0 2 
0 . 1 9 4 
0 . 1 9 0 
0 . 1 9 7 
0 . 1 9 9 
0 . 2 1 4 
0 . 2 1 9 
0 . 1 8 8 
0 . 1 9P 
0 . 2 1 8 
0 . 1 7 9 
0 . 1 8 1 
0 . 1 8 2 
0 . 1 9 3 
0 . 2 0 9 
0 . 2 2 2 
0 . 180 
0 . 1 8 5 
0 . 1 9 5 
0 . 2 0 7 
0 . 2 1 5 
0 . 142 
0 . 1 6 1 
0 . 1 6 9 
0 . 1 9 7 
0 . 2 5 6 
0 . 1 5 8 
0 . 1 55 
0 . 171 
0 . 1 8 3 
0 . 2 0 2 
0 . 2 1 9 
0 . 1 3 7 
0 . 140 
0 . 1 4 7 
0 . 1 4 9 
0 . 155 
0 . 1 6 0 
0 . 128 
0 . 1 3 1 
0 . 1 4 1 
0 . 1 35 
0 . 1 5 7 
0 . 1 7 3 

S 
( f t ) 

1 3 . 6 0 
1 3 . 7 0 
1 3 . 7 0 
1 4 . 1 0 
1 3 . 6 0 
1 3 . 9 0 

• ,13.70 
1 3 . 1 0 
1 4 . 7 0 
1 4 . 4 0 
1 3 . 7 0 
1 4 . 10 
1 -^.^0 
1 3 . 8 0 
I 3 . 0 0 
1 2 . 7 0 
1 5 . 1 0 
1 4 . 4 0 
1 2 . 7 0 
1 3 . 8 0 
1 4 . 1 0 
1 4 . 1 0 
1 3 . 1 0 
1 2 . 2 0 
1 1.20 
1 4 . 5 0 
1 4 . 0 0 
1 3 . 0 0 
1 2 . 4 0 
1 2 . 0 0 
1 5 . 1 0 
1 3 . 8 0 
1 3 . 0 0 
1 0 . 9 0 

8 . 8 0 
1 4 . « 0 
1 4 . 2 0 
1 3 . 3 0 
1 2 . 2 0 
1 0 . 8 0 

9 . 8 0 
1 3 . 2 0 
1 2 . 8 0 
1 2 . 1 0 
1 2 . 5 0 
1 1 . 3 0 
1 1 .90 
1 4 . 4 0 
1 4 . 5 0 
1 2 . 7 0 
1 4 . 5 0 
1 2 . 2 0 
1 1 .20 

X 
^ c 

0 . 5 0 2 
0 . 5 0 2 
0 . 5 0 6 
0 . 4 7 9 
0 . 4 8 4 
0 . 4 9 2 
0 . 4 8 2 
0 . 4 9 3 
0 . 5 1 1 
0 . 5 0 4 
0 . 5 3 1 
0 . 5 3 2 
0 . 5 1 7 
0 . 5 1 3 
0 . 5 3 1 
0 . 5 2 4 
0 . 5 5 2 
0 . 5 4 7 
0 . 5 3 5 
0 . 6 0 8 
0 . 5 9 3 
0 . 5 9 3 
0 . 5 9 5 
0 . 5 9 1 
0 . 5 7 5 
0 . 6 3 2 
0 . 6 1 0 
0 . 5 9 8 
0 . 5 9 8 
0 . 6 0 3 
0 . 7 0 0 
0 . 7 0 7 
0 . 6 9 9 
0 . 6 8 9 
0 . 7 1 2 
0 . 7 3 8 
0 . 7 1 8 
0 . 7 0 7 
0 . 7 0 3 
0 . 6 8 9 
0 . 6 8 6 
0 . « 7 6 
0 . 8 4 1 
0 . 8 2 3 
0 . 8 6 4 
0 . 8 1 7 
0 . 8 2 3 
0 . 8 8 3 
0 . 8 7 0 
0 . 8 2 0 
0 . 8 8 9 
0 . 8 8 1 
0 . 8 9 4 
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Table A-2 
CHF RESULTS FOR LOW MASS FLUX AT 7.2 MPa 

Test Pc 1°^^5 - / ^°^^^ ," / 10^ Btu/ L^ 
No. (psia) h.ft^ h.ft^ h.ft^ (ft) ^ c 

3 0 . 1 
3 0 . 1 
3 0 . 2 
3 0 . 2 
3 0 . 3 
3 0 . 4 
3 0 . 5 
3 0 . 6 
3 0 . 7 
3 1 . 1 
3 1 . 2 
3 1 . 3 
3 1 . 4 
3 1 . 5 
3 1 . 6 
3 4 . 1 
3 4 . 2 
3 4 . 3 
3 4 . 4 
3 2 . 1 
3 2 . 2 
.32.3 
3 2 . 7 
3D.1 
3 D . 2 
3 D . 3 
3 D . 4 
3 6 . 1 
3 6 . 2 
3 0 . 3 
3 6 . 4 
3 o . 5 

1 0 / 7 . 
1 0 4 8 . 
1 0 4 3 . 
1 0 3 7 . 
1 0 0 3 . 
10D7. 
1 04 I . 
1 0 7 0 . 
1 0 6 7 . 
1 0--10. 
I O D ' ^ . 
1 0 J 6 . 

1 0 4 D . 

1 04 I . 
l O j V . 
1 0 4 3 . 
1 04 -3. 
1 0 j4 . 
1 0 D 2 . 

I 0 D 2 . 
l O b D . 
103 ] . 
I On y . 
1 04 7 . 
1 0 4 7 . 
1 0 4 6 . 
I O D I . 

1 0 3 6 . 
1 0 4 0 . 
1 0 4 4 . 
1 OD 1 . 
1 0 D 2 . 

0 . 1 9 7 
0 . 1 9 5 
0 . 1 9 1 
0 . 2 0 4 
0 . 1 9 0 
0 . 1 9 3 
0 . 1 9 3 
0 . 1 9 3 
0 . 1 9 5 
0 . 1 9 7 
0 . 197 
1 . 1 9 7 
0 . 196 
0 . !Q6 
0 . \Q5 
0 . 105 
1 . !95 
0 .196 
0.194 
0 . 104 
0.094 
0 .089 
0 .39 3 
0 .098 
0.101 
0 .087 
0 .08 1 
0 .098 
0 .09 7 
0 .099 
0 .099 
0.007 

0 .163 
0 . 117 
0 .157 
0 .166 
0 .170 
0 .143 
0.144 
0 .145 
0 . 160 
0 .094 
0.0f^4 
0.141 
0 .122 
0 .143 
0 .144 
0 .319 
0 .238 
0 .317 
0 .276 
0 .079 
O.058 
0 .054 
0 .081 
0 .127 
0 .125 
0 .134 
0 .153 
0 .266 
0 .223 
0 .20« 
0 .290 
0 .210 

0.074 
0 .057 
0.062 
0.063 
0 .073 
0 .078 
0 .084 
0.084 
0 .090 
0 .059 
0.062 
0.075 
0 .071 
0 .087 
0 .096 
0.089 
0.088 
0 .096 
0 .112 
0.026 
0 .026 
0 .029 
0.043 
0 .04 3 
0 .047 
0.001 
0.062 
0 .069 
0.071 
0 .067 
0 .094 
0 .083 

13.70 
. 1 4 . 8 0 

13.30 
14.00 
1 1.00 
10.50 

9 .90 
9 .60 
8 .70 

15.10 
14.60 
1 2 .00 
12.30 
10.40 
9..30 
8 .80 
8 .90 

10.10 
8 .00 

12.«0 
12.50 
12.10 
9 .70 
5.50 
5 .70 
6 .20 
5 .60 
6 .00 
5 .80 
7.'^0 
5.90 
6. to 

0 .997 
0 .845 
0 .802 
0 .907 
0 .795 
0 .803 
0 .802 
0 .794 
0 .766 
0 .863 
0 .864 
0 .865 
0 .842 
0.869 
0 .863 
0 .835 
0 .755 
0 .933 
0 .870 
0 .639 
0 .652 
0 .738 
0 .801 
0 .527 
0 .495 
0 .819 
O.R09 
0 .946 
0 .793 
0 .918 
1 .000 
0 . y79 
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APPENDIX B 

TEMPERATURE AND HEAT FLUX DISTRIBUTIONS WITH CHF 

This appendix* consists of Figures B-1 through B-16 showing typical temperature and 

heat flux distributions for each test series. 

*Conversion factors: 

(MPa) = (psia)/145.04 

(kg/s-m^) = (lbm/h.ft^)/737.4 

(W/m^) = 3.1525 (Btu/h.ft^) 

(m) = 0.3048 (ft) 

(kg/s) = (lbm/h)/7936.5 

B-1 
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_ l I L A. 
MfiRCH 05. 1977 

J 1 I » I 
20.3 10 FEB 77 1230 PL20-3n 

WNRA 3933.4 WH20A 922.8 LBM/HR 
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SHELL TEMP 
Nfl BULK TEMP 
TUBE 00 TEMP 
TUBE 10 TEMP 
H20 TEMP 
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-64 

1 r 
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Figure B-1. Heat Flux and Temperature Distribution, Test 20.3, G = 1440 kg/s- m^ 
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MRRCH 05, 1977 
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Figure B-2. Heat Flux and Temperature Distribution, Test 21.2, G = 14S5 kg/s-m^ 
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F^ure B-3. Heat Flux and Temperature Distribution, Test 22.3, G = 1334 kg/s- m^ 
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Figure B-4. Heat Flux and Temperature Distribution, Test 23.3, G = 1327 kg/s. m^ 
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Figure B-5. Heat Flux and Temperature Distribution, Test 24.5, G = 1098 kg/s. m 
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Figure B-6. Heat Flux and Temperature Distribution, Test 25.5, G = 1089 kg/s • m^ 
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Figure B-7. Heat Flux and Temperature Distribution, Test 26.7, G = 810 kg/s- nt^ 
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Figure B-8. Heat Flux and Temperature Distribution, Test 27.5, G = 819 kg/s-rr^ 
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Figure B-9. Heat Flux and Temperature Distribution, Test 28.6, G = 590 kg/s • m^ 
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Figure B-10. Heat Flux and Temperature Distribution, Test 29.6, G = 552 kg/s-m^ 
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Figure B-11. Heat Flux and Temperature Distribution, Test 30.6, G = 262 kg/s-m^ 
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Figure B-12. Heat Flux and Temperature Distribution, Test 31.6, G = 264 kg/s-rr^ 
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Figure B-13. Heat Flux and Temperature Distribution, Test 34.4, G = 263 kg/s-nr 
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Figure B-14. Heat Flux and Temperature Distribution, Test 32.7, G = 133 kg/s-m^ 
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Figure B-15. Heat Flux and Temperature Distribution, Test 35.3, G = 117 kg/s-n^ 
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Figure B-16. Heat Flux and Temperature Distribution, Test 36.5, G = 132 kg^-n^ 
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