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Abstract—An experimental study of forced convective subcooled boiling heat transfer to water was
performed at heat fluxes that ranged beyond 108 W m~2. One of the objectives of this study was to obtain
predictive ability for the critical heat flux (CHF) at high heat fluxes. Experiments were performed with
metallic tubes having inside diameters ranging from 0.3 to 2.7 mm. Mass fluxes ranged from 5000 to
40 000 kg m~2s~', and exit subcoolings from 40 to 135°C. Exit pressures ranged from 0.2 to 2.2 MPa, and
length-to-diameter ratios ranged from 2.0 to 50.0. Single-phase and two-phase pressure drop and heat
transfer data were shown to be reasonably well predicted by existing correlations. Over 200 CHF stable
data points were obtained. CHF was shown to be an increasing function of both mass flux and subcooling,
and an inverse function of diameter. CHF increased for length-to-diameter ratios less than 10, and decreased
with increasing exit pressure. Unreasonably low CHF values were obtained for several series of tests; these
premature failures are believed to be the result of thermal-hydraulic or nucleation instabilities. A ‘high
flux’ CHF data base containing over 700 data points was compiled, and a new statistical correlation was
developed. This correlation was tested against a recently published data base, with an average deviation

of 19.4%.

INTRODUCTION

SuBcooLED forced convection boiling of water is
recognized as one of the best means of accom-
modating very high heat fluxes. The critical heat flux
(CHF) is the most important piece of thermal-
hydraulic information required for design of cooling
configurations for such systems as fusion reactor first
walls and plasma limiters, fission research reactors,
ion beam targets, high power electronic tubes, and
rocket nozzles for high Mach number tunnels. These
systems are modeled as constant heat flux, and the
large increase in wall temperature at CHF usually
results in cooling channel meltdown.

Boyd [1, 2], Koski and Croessmann [3, 4], and Wad-
kins et al. [5] describe the need to accommodate steady
heat fluxes well above 10’ W m~2 in this equipment.
As demonstrated by Ornatskii and Vinyarskii [6], heat
flux levels of 10°* W m~? are attainable through the use
of high velocities, large subcoolings, small diameter
channels, and short heated lengths. Through partial
heating of the circumference and enhancement by
means of a volatile additive, the highest recorded CHF
of 3.5x10®° W m~? was obtained. In the present
research program, CHF data were collected and
assembled with previous data, so that a predictive
correlation could be developed.

LITERATURE REVIEW

The critical heat flux condition in subcooled boiling
of water has been investigated by numerous
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researchers. The first studies in small diameter tubes
were those of Ornatskii and Kichigen [7], Ornatskii
and Vinyarskii [8], and Bergles [9]. Available CHF
data were first summarized by Loosmore and Skinner
{10]. Review articles discussing CHF data and cor-
relations in subcooled boiling have been presented by
Gambill [11], Bergles [12], Boyd [13, 14], and Celata
[15]. Recently, a new compilation of CHF data for
both medium and high heat fluxes was published by
Celata and Mariani [16].

EXPERIMENTAL FACILITY AND PROCEDURE

The following is a description of the experimental
apparatus used for the subcooled boiling heat transfer
experiments, and described in detail by Vandervort et
al. [17]. Major components in the experimental loop,
shown in Fig. 1, are: a diaphragm pump, preheaters,
turbine flow meters, the test section, and a heat
exchanger. The experiment was designed for a range
of mass fluxes in small diameter tubes from 5000 to
50000 kg m~2s~!, exit pressures from 0.1 to 2.2 MPa,
subcoolings from 0 to 150°C, and length-to-diameter
ratios of the primarily 304 stainless steel tubes from
1.0 to 100.0. Up to 100 kW of electric power was
available, with maximum current up to 2500 A
at 40 V. Temperature, pressure, and flow measuring
instrumentation was installed. A Hewlett-Packard
data acquisition system was assembled and soft-
ware developed for processing of experimental data.
The system was degassed until dissolved oxygen
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heat transfer area [m?]

inner diameter of test section [m]
mass flux [kgm~?s57"]

heated length of test section [m]
exit pressure or pressure level [MPa]
AP pressure drop [MPa]

THEQU N

NOMENCLATURE

AP 4, pressure drop under adiabatic conditions
[MPa]

(g/4) heat flux [W m~?]

(g/A). critical heat flux [W m~7]

T temperature [°C]

AT, subcooling, T, — T, ['C].

measurements indicated less than 1 cm® 17! of dissolved
gases. An ion exchanger maintained water purity at
levels above 2 MQ c¢m, as continuously monitored
by a conductivity meter. Heat flux was defined by
the electrical power input and the inner surface area.
Uncertainties were estimated with a propagation-of-
uncertainty analysis and are estimated to be: ¢/(4).,
+6.0%; G, +7.9%:; P, £2.00%; AT,,, +6.9%;
D, +3.6%; L, +3.7%.

RESULTS

Over two hundred stable CHF points were taken.
Those points are listed in Table 1. Detailed parametric
studies of the influence of mass flux, exit subcooling,
diameter, and length-to-diameter ratio were perfor-
med. In addition, the influence of pressure, tube wall

material, wall thickness, and dissolved gas content
was explored. Parametric plots are presented of CHF
vs each of these variables. In these plots, the non-
varied parameters held constant are indicated and the
maximum deviation from the ‘constant’ value is 10%,
unless otherwise stated. For example, tests performed
with an exit pressure of 0.6 MPa were allowed to range
from 0.54 to 0.66 MPa. As a result, data scatter can
be expected based upon the functional dependence
between the measured CHF and the independent vari-
ables. Additional scatter results from experimental
uncertainty, because some randomness may exist in
the CHF phenomenon. Finally, because premature
burnouts or unstable CHFs were experienced for an
additional forty or so test sections, an effort was made
to understand the conditions under which they
occurred. Test sections were assumed to have failed
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Table 1. RPI stable CHF data

#* D {(L/D} P G AT glAx 107 Mat. Wall

1 2.016 25.65 0.202 9983 47.98 20.80 SS-304 0.579

2 2.016 25.65 0.198 19 751 50.42 22.60 SS-304 0.579

3 1.953 25.76 0.608 19 850 85.51 35.00 SS-304 0.611

4 2.057 24.58 1.230 25 349 98.12 49.33 SS-304 0.559

S 2.057 24.47 0.608 25304 55.66 31.00 S$8-304 0.559

6 2.057 24.55 0.605 24 921 52.45 30.90 SS-304 0.559

7 2.057 25.16 1.227 10036 90.76 31.70 SS-304 0.559

8 2.057 25.20 0.607 25437 98.16 49,40 SS-304 0.559

9 2.159 24.73 0.612 38410 111.08 65,25 IN-600 0.508
10 2.159 24.85 0.597 10 340 55.69 21,95 IN-600 0.508
11 2.159 24.87 1.276 24 550 107.14 43.30 IN-600 0.508
12 2.667 24.90 0.600 24 450 101.25 4,60 IN-600 0.254
13 1.397 24.51 0.608 10010 52.41 22.50 IN-600 0.889
14 1.397 2478 0.628 41785 106.91 82.20 IN-600 0.889
15 1.397 24,78 0.633 10 966 78.45 34.90 IN-600 0.889
16 2.440 24.68 1.218 9659 104.50 23.88 SS-304 0.304
17 2.440 24.79 0.597 24 130 101.70 40.61 $S-304 0.304
18 2.440 24.77 1.188 26230 101.30 42,08 SS-304 0.304
19 2.440 24.79 0.606 39 831 107.60 69.48 $S-304 0.304
20 2.440 25.00 0.686 25 367 58.16 25.05 $S-304 0.304
21 2.440 25.00 0.569 25863 95.78 41.29 $S-304 0.304
22 2.440 24.54 1.214 40322 106.61 56.07 SS-304 0.304
23 2.440 24.54 1.227 40 334 107.81 55.29 SS-304 0.304
24 2.440 24.76 0.607 40924 63.45 35.62 SS-304 0.304
25 1.803 23.67 0.608 24 986 95.08 45.30 SS-304 0.305
26 1.803 24.76 1.209 9885 105.04 23.50 §S-304 0.305
27 1.803 24.84 0.614 10 601 103.20 23,20 $S-304 0.305
28 1.803 24,68 1.232 24 591 100.58 40.60 §S-304 0.305
29 1.803 24.90 0.594 10 148 50.48 20.60 §S-304 0.305
30 1.803 24.85 1.211 9990 98.52 27.30 $8-304 0.305
31 1.803 24.83 0.602 26 070 53.40 30.70 SS-304 0.305
32 1.803 25.36 1.213 25425 97.55 45.60 SS-304 0.305
33 1.803 25.46 0.577 24 964 50.35 30.70 SS-304 0.305
34 1.803 24.78 0.633 25567 56.95 28.90 SS-304 0.305
35 1.803 24.74 0.634 25414 100.28 54.40 SS-316 0.305
36 1.803 24.79 1.208 10 220 101.18 25.70 §8-316 0.305
37 1.803 24.85 0,597 39000 107.07 70.40 SS-316 0.305
3R 1.803 24.72 0.621 40 960 61.63 45.40 $8-316 0.305
39 1.803 24.79 1.231 41810 101.91 67.40 §S-316 0.305
40 1.372 24.66 1.190 10 313 102.13 27.60 SS-304 0.229
41 1.372 24.63 1.172 25163 100.07 36.20 $S-304 0.229
42 1.372 24.86 0.612 25000 54.46 26.80 $S-304 0.229
43 1.372 24.84 0.614 10119 57.75 18.70 $S-304 0.229
44 1.372 24.58 (0.622 24 495 97.28 41.70 $8-304 0.229
45 1.372 2471 1.205 10 110 97.34 29.40 S$8-304 0.229
46 1.372 24.71 0.583 9749 53.42 2110 S8-304 0.229
47 1.372 24.68 0.647 25477 46.48 42.40 S8-304 0.229
48 1.372 24.57 1.225 24980 103.16 49.80 SS-304 0.229
49 1.372 24.58 0.630 26 139 87.54 57.50 SS-304 0.229
50 1.372 24.06 0.623 9768 54.86 20.00 $S-304 0.229
51 1.372 24.02 0.629 40418 102.39 82,90 SS-304 0.229
52 1.372 24.63 0.601 10272 48.98 23.80 SS-304 0.229
33 1.372 24.93 0.686 37 700 65.31 51.00 §8-304 0.229
54 1.372 24.64 0.608 40 700 4988 59.70 §S-304 0.229
55 1.067 23.98 0.193 12 205 31.51 19.00 S§-304 0.203
56 1.067 22.95 0.230 11 550 33.97 26.40 SS-304 0.203
57 1.067 25.06 0.220 13253 41.64 31.20 SS-304 0.203
58 1.067 25.69 0.275 13 180 39.33 30.20 SS-304 0.203
39 1.067 26.21 0.221 13703 48.81 29.90 S$S-304 0.203
60 1.067 24.92 0.131 14 708 10.50 23.50 SS-304 0.203
61 1.067 23.87 0.169 13957 48 88 32.70 SS-304 0.203
62 1.067 2.62 0.226 23 698 68.34 42.00 SS-304 0.203
63 1.067 2.54 0.216 9757 62.71 42.50 $5-304 0.203
64 1.067 1.66 0.216 9854 34.52 34.40 SS-304 0.203
65 1.067 23,25 0.629 9030 76.32 26.90 SS-304 0.203
66 1.067 24.45 0.614 8980 65.87 26.10 SS-304 0.203
67 1.067 24.43 0.624 8438 51.51 24.20 SS-304 0.203
68 1.067 24.76 1.216 10292 89.22 33.40 S§S-304 0.203
69 1.067 24.64 1.235 9842 58.95 21.10 S$5-304 0.203
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Table 1—Continued

# D (L/D) P G
70 1.067 24.78 1.216 9834
71 1.067 24.56 1.207 10 191
72 1.067 24.73 0.609 9854
73 1.067 24.82 0.613 10110
74 1.067 24.77 0.667 25000
75 1.067 24.82 0.617 9860
76 1.067 24.71 1.226 23 988
71 1.067 24.77 1.291 25795
78 1.067 24.67 0.587 25265
79 1.067 24.79 0.615 25184
80 1.067 24.74 1.217 25082
81 1.067 24.73 1.203 25117
82 1.067 24.37 0.643 22 931
83 1.067 24.37 0.674 24 102
84 1.067 24.37 0.633 25873
85 1.067 24.69 0.629 10 552
86 1.067 24.66 1.241 10 087
87 1.067 24.67 1.242 25818
88 1.067 24.60 1.212 25324
89 1.067 2498 0.596 25196
90 1.067 24.88 0.537 38909
91 1.067 24.88 0.582 41155
92 1.067 24.78 0.597 24945
93 1.067 23.77 1.232 40 280
94 1.067 24.76 0.618 41 111
95 1.067 25.03 0.603 40 080
96 1.067 24.75 0.618 40 205
97 1.067 25.23 1.202 40120
98 1.067 24.77 0.612 24 572
99 1.067 24.78 0.597 24 945
100 1.067 2477 0.612 24 572
10t 1.067 2478 0.597 24 945
102 1.067 23.77 1.232 40 280
103 1.067 24.76 0.618 41 111
104 1.067 25,03 0.603 40 080
105 1.067 24.75 0.618 40 205
106 1.067 25.23 1.202 40 120
107 1.067 25.03 0.583 41 190
108 1.067 24.77 1.171 38 540
109 1.067 25.18 0.616 25525
110 1.067 24.94 0.617 25273
111 1.067 24.76 0.620 24902
112 1.067 24.76 0.670 25050
113 1.067 24.76 0.665 24 684
114 1.067 2476 1.248 40 755
s 1.067 2495 0.608 25270
116 1.067 24.49 0.656 25294
117 1.067 24.87 1.227 41 307
118 1.067 24.82 1.231 41 102
119 1.067 24.64 0.600 40 408
120 1.067 24.48 0.613 25921
121 1.067 24.77 0.620 39 845
122 1.067 24.80 0.588 40 519
123 1.067 24.84 0.752 25403
124 1.067 24.75 0.636 24 635
125 1.067 24.84 0.408 25861
126 1.067 24.71 0.266 25050
127 1.067 24.84 0.136 25614
128 1.067 24.84 0.175 24723
129 1.067 24.18 0.831 25348
130 1.067 24.37 0.974 25313
131 1.067 24.56 1.582 24 858
132 1.067 2493 1.214 25116
133 1.067 24.93 1.392 24 625
134 1.067 24.46 0.510 24 561
135 1.067 24.75 2.052 24751
136 1.067 25.22 1.813 24 928
137 1.067 24.56 2277 5027
138 1.067 2.16 1.227 25064
139 1.067 8.78 1.219 24 866

29 80
25.20
24.80
29.70
49.90
21.80
36.40
52.00
33.90
45.80
42.90
55.40
30.10
33.80
57.10
30.80
32.60
59.80
48.50
34.00
63.70
83.10
36.20
88.40
48.00
62.80
56.40
59.60
37.50
36.20
37.50
36.20
88.40
48.00
62.80
56.40
59.60
87.00
92.60
56.80
57.00
55.00
56.40
56.70
73.40
51.50
62.80
74.40
89.90
51.20
60.20
49.80
46.10
37.40
33.80
34.30
36.50
35.50
31.60
59.00
57.50
49.20
50.10
50.70
36.40
49.20
51.30
48.70
63.50
58.90

q/Ax IO o

Mat. Wall

SS-304 0.203

SS-304 0.203
SS-304 0.203
SS-304 0.203
§S-304 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203
$S-304 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203
$S-304 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203
$8-304 0.203
SS-304 0.203
SS-304 0.203
$S-304 0.203
5S-304 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203
§S§-304 0.203
$S-304 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203
S§-304 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203
SS-316 0.203
SS-316 0.203
SS-316 0.203
SS-316 0.203
SS-316 0.203
SS-316 0.203
SS-316 0.203
S8-316 0.203
SS-316 0.203
SS-316 0.203
85-316 0.203
$S-316 0.203
SS-316 0.203
SS-316 0.203
SS-316 0.203
SS-316 0.203
SS-316 0.203
SS-316 0.203
$S-316 0.203
SS-316 0.203
SS-316 0.203
SS-316 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203
SS-304 0.203

SS-304 0.203
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Table 1—Continued

165

% D (L/D) P G AT g/Ax10™° Mat. Wall
140 1.067 8.21 1.216 9791 94.62 36.40 SS-304 0.203
141 1.067 4.82 1.175 9952 107.40 35.30 S8-304 0.203
142 1.067 8.78 0.602 10 379 91.20 50.60 SS8-304 0.203
143 1.067 19.92 1.208 25070 115.10 59.50 S$S-304 0.203
144 1.067 19.84 1.208 9837 101.40 33.00 SS-304 0.203
145 1.067 19.40 0.645 25131 96.04 58.80 $S-304 0.203
146 1.067 14.60 1.214 9998 115.86 26.06 58-304 0.203
147 1.067 15.00 1.244 25095 102.11 56.30 $§-304 0.203
148 1.067 14.32 1.240 10035 97.35 32.20 §S-304 0.203
149 1.067 9.87 1.211 25096 116.33 54.50 SS-304 0.203
150 1.067 2.58 1.211 24 438 110.99 67.50 SS-304 0.203
151 1.067 271 1.205 10 101 108.91 44,80 SS-304 0.203
152 1.067 324 1.197 9878 108.17 42.20 SS-304 0.203
153 1.067 19.18 1.091 40 400 112.06 74.80 SS-304 0.203
154 1.067 15.02 1.246 40 190 107.02 79.10 58-304 0.203
155 1.067 9.84 1.240 40 100 110.01 79.00 58-304 0.203
156 1.067 421 1.244 24 504 114.32 66.00 $§-304 0.203
157 1.067 5.25 1.173 23970 105.90 67.80 SS-304 0.203
158 1.067 236 1.221 39 420 104.20 85.70 SS-304 0.203
159 1.067 234 1.207 40 090 101.50 95.80 SS-304 0.203
160 1.067 9.93 1.221 10079 103.10 36.90 $8-304 0.203
161 1.067 6.83 1.180 11375 101.80 2540 SS-304 0.203
162 1.067 9.47 1.235 24678 104.70 61.10 S8-304 0.203
163 1.067 5.24 1.210 40 670 103.11 80.40 S§-304 0.203
164 1.067 4.78 1.234 39 590 104.54 80.20 $S-304 0.203
165 1.080 25.00 0.609 25300 50.90 42.80 NI1-200 0.254
166 1.080 24.67 0.610 24 540 51.90 43.80 NI-200 0.254
167 1.080 2543 1.181 24 950 108.50 55.10 NI-200 0.254
168 1.080 24.78 1.196 24 460 80.62 42.10 IN-600 0.254
169 1.080 25.02 0.569 24950 44.74 34.00 IN-600 0.254
170 1.080 24.82 0.458 24 006 65.52 40.50 IN-600 0.254
171 1.080 17.47 0.602 12926 63.25 26.10 IN-600 0.254
172 0.775 18.10 1.197 13 367 100.32 47.30 IN-600 0.406
173 0.876 24.83 0.626 25130 66.48 35.60 BRASS 0.356
174 0.876 25.22 0.612 24 800 63.00 33.20 BRASS 0.356
175 0.876 25.12 0.652 24070 63.65 29.60 BRASS 0.356
176 0.686 23.00 0.668 26 010 89.14 61.60 §S-304 0.190
177 0.686 23.00 0.596 25411 58.33 41.00 $8-304 0.190
178 0.686 21.00 0.604 10355 59.09 26.20 §8-304 0.190
179 0.686 20.63 1.224 25255 111.25 48.60 $S-304 0.150
180 0.686 22.68 0.612 9936 50.94 29.70 $8-304 0.190
181 0.686 2242 1.208 24943 100.99 53.40 SS-304 0.190
182 0.686 23.10 1.189 9671 98.23 30.50 §S-304 0.190
183 0.686 2235 1.197 25374 105.94 63.30 SS-304 0.190
184 0.686 23.01 0.586 41 361 101.90 85.80 SS-304 0.150
185 0.686 22.16 1.189 10 620 98.57 42710 SS-304 0.190
186 0.686 23.04 0611 10 080 58.61 29.00 §§-304 0.190
187 0.686 2292 0.600 25020 64.89 41.20 §8-304 0.190
188 0.686 23.10 0.611 24 500 54.78 42.90 §S-304 0.190
189 0.686 2348 0.595 41 520 100.47 97.80 SS-304 0.190
190 0.508 2112 1.188 25251 110.69 61.10 SS-304 0.152
191 0.508 21.12 0.653 24 609 58.67 41.90 SS-304 0.152
192 0.508 2112 0.618 25070 5517 46.60 SS-304 0.152
193 0.508 2L12 0.620 11 105 62.00 33.60 8S-304 0.152
194 0.508 21.57 1,180 24721 110.21 56.50 8S-304 0.152
195 0.508 2112 1.224 10520 106.34 34.30 35-304 0.152
196 0.508 21.36 1.217 10214 99.62 31.42 5S-304 0.152
197 0.508 21.32 0.650 25229 100.13 48.50 $S-304 0.152
198 0.508 21.65 0.583 41 250 97.14 94.10 SS-304 0.152
199 0.508 21.65 0.639 25430 71.24 41.60 §S-304 0.152
200 0.508 21.65 0.605 40038 56.98 61.40 SS-304 0.152
201 0.508 21.65 1.241 24 155 109.80 60.40 $§-304 0.152
202 0.508 21.65 1.226 49113 113.50 78.70 58-304 0.152
203 0.330 20.20 1.268 25 766 93.70 77.60 $S-304 0.152
204 0.330 19.99 1.227 24 860 105.70 80.40 S8-304 0.152
205 0.330 2044 0.660 24 490 49.78 58.90 SS-304 0.152
206 0.330 20.59 0.551 10 685 50.00 35.70 S$S-304 0.152
207 0.330 20.35 1.227 39 885 106.10 103.70 SS-304 0.152
208 0.330 21.20 0.564 25 085 58.38 54.00 SS-304 0.152
209 0.330 21.20 0.603 40293 59.72 82.40 SS-304 0.152
210 0.330 21.20 0.672 39463 90.34 123.80 §8-304 0.152
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F1G. 2. CHF vs subcooling.

prematurely if the point of failure was well upstream
of the exit from the heated section.

The effects of exit subcooling and mass flux on CHF
are shown in Fig. 2 for a pressure of 0.6 MPa. Least-
square fits of the data were developed using the rou-
tines available with the plotting software. Experiments
were performed for subcooling varying from 40 to
135°C, with mass fluxes of 10000, 25000, and 40 000
kg m *s~'. The tube inside diameter was approxi-
mately 1.0 mm and the length-to-diameter ratio was
25. Under these conditions, CHF increased with sub-
cooling, and the slope was an increasing function of
the mass flux.

Figure 3 illustrates the dependence of CHF on tube
inside diameter and mass flux, for a pressure of 0.6
MPa, length-to-diameter ratio of 25, and subcooling
of 50°C. For each value of mass flux, CHF increased
with decreasing diameter below 2.0 mm. CHF as a
function of diameter and mass flux was also inves-
tigated at a subcooling of 100°C for pressures of 0.6
and 1.2 MPa. As observed by previous researchers,
the magnitude of CHF increased with decreasing
diameter. In contrast to these previous observations,
the effect was most significant at the highest mass flux.

A series of experiments was performed in order to
clarify the effect of pressure, with results shown in
Fig. 4. Mass flux was held constant at 25000 kg m 2

I T— T § =TT

[ 2 1
j CASS PLUK Lo gem” s

N
¢ e -
.
“; i43 N \x -
. o —
N . ~ TP
. B T
W oagn © . B
N V “ -
v . - Q R
e o Tt
. — S
. S ksl
: e
2ok h ———
‘ 4
8. 1 Lot . e foita bt ¥
2,25+ B.ZE-4 1.9E-3 . BE-3 2.¢E-3 2.5E-3 2.8E-3

Disrmetar (]

F1G. 3. CHF vs channel diameter.

&8 P
N T e o
- E I g -
{
af
7|
Beee s " Lo b Lot P
@.e 2.5 g 1.8 e e

Prasss~e (MPal

F16. 4. CHF vs pressure.

s7!, diameter at 1.0 mm, and subcooling at 50 and
100°C. Virtually no pressure effect was noted ; in fact,
there seemed to be a very slight decrease of CHF with
increasing pressure. This behavior agreed with the
observations of Ornatskii and Vinyarskii [6].

The increase in CHF due to the reduction in length-
to-diameter ratio is shown in Fig. 5 for an inside
diameter of 1.0 mm, pressure of 1.2 MPa, subcooling
of 100°C, and mass fluxes of 10000, 25 000, and 40 000
kgm™?s7'. The effect seemed to be greatest for length-
to-diameter ratios less than 10, indicating that CHF
is related to the state of development of the flow
regime.

Based on previous literature, it was reasonable to
conclude that no effect of dissolved gas on CHF exists.
However, slight uncertainty existed about the actual
content of dissolved gas for these experiments,
because continuous metering of the dissolved gas was
not available. Discrete measurements indicated that
the quantity was well below saturation values for
water at room temperature and 0.1 MPa. For several
data points, the dissolved oxygen concentration was
measured with a hand-held Dissolved Oxygen
Analyzer and found to be less than 2 p.p.m. cor-
responding to about 6 p.p.m. of dissolved air. A series
of tests was performed with varying amounts of dis-

solved gas. Mass flux was set at 25000 kg m s ',
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pressure at 0.6 MPa, subcooling at 100°C, and inside
diameter at 1.07 mm. No significant changes were
observed in the CHF results over the range of dis-
solved gas concentration from near zero to the satu-
ration level as shown in Fig. 6.

A number of researchers have questioned the effect
of wall material or wall thermal properties on CHF.
Five different materials were used in this study, stain-
less steel 304, stainless steel 316, nickel 200, brass
(70/30), and Inconel 600. The MIT data, listed in
ref. [12], were also taken with stainless steel 304. In
comparison, most of the Soviet data were recorded
with copper-alloy or nickel test sections. The majority
of data of the present study were either stainless steel
304 or 316. Points were recorded for a mass flux of
25000 kg m~* s, pressure of 0.6 MPa, subcooling
of 100°C, and inside diameter of 1.07 mm (17 gauge)
for each type of steel. No significant differences were
noted. As test section diameter and, correspondingly,
wall thickness were reduced, the current required to
reach CHF became smaller. For test sections of less
than 0.7 mm ID, current requirements were only a few
hundred amperes and AC ripple became significant,
raising questions in regard to the effect of AC vs DC
heating. For several tests, a smaller ‘pure’ DC power
supply was used. Data points for 0.33 and 0.51 mm
diameter tubes were recorded with each power supply,
with no significant differences noted.

One of the most interesting and perplexing aspects
of this work was the persistent, often inexplicable
occurrence of premature burnout. Table 2 is a log of
all premature burnouts, complete with the conditions
under which they occurred. At this point, premature
burnout is defined as any thermal failure of the test
section not directly attributable to CHF or some other
obvious failure mechanism, such as procedural error.
This statement requires an explanation. Figure 7 is a
sketch of subcooled boiling pressure drop as a func-
tion of heat flux. This sketch is important in that the
indicated line for increasing heat flux shows the path
travelled during performance of the boiling curve and
CHF experiments. It was possible to get these data
because these premature failures occurred randomly

for the indicated test sections. In addition, the pressure
drop ratio was monitored whenever an inlet pressure
tap was available.

The procedure for the CHF experiments followed
a general pattern: flow parameters including mass
flux, exit pressure, and inlet temperature were estab-
lished with no energy input. This condition occurs at
a heat flux ratio of zero, and a pressure drop ratio of
1.0. The power supply was turned on, and heat flux
raised through the single-phase zone, where the pres-
sure drop ratio decreased to near the minimum value.
Nucleation began near the exit of the test section,
counteracting the effect of increasing wall temperature
in lowering the pressure drop ratio. The minimum
was reached at a condition representing a trade-off
between these effects. During boiling curve or diabatic
pressure drop studies, the heat flux was raised in small
increments so that conditions could be recorded. CHF
tests typically began by raising the heat flux to a value
of about 90% of the level required for incipient boiling
based upon the Bergles and Rohsenow equation.
Premature failures never occurred in the single-phase
region. Entry into subcooled boiling was typically
accompanied by ‘boiling songs’; acoustic phenomena
generally accompanied incipient boiling. Often,
premature failure accompanied this traverse into
nucleate boiling, the ‘danger zone’. As stated, each of
these failures occurred at an upstream location, as
opposed to the tube exit where the lowest subcooling
existed. Beginning near incipient boiling, the heat
transfer became very sensitive; several test sections
failed at this instant. Others failed at slightly higher
heat flux levels, sometimes when power was being
raised and occasionally under near steady-state con-
ditions. Each test section that failed in this manner
had some region of the tube that was experiencing
incipient boiling. In general, once this region was tra-
versed, the test sections were safe from premature
failure and the heat flux was raised to the CHF level.
Unfortunately, the region between incipient boiling
and CHF is not large at high mass fluxes and sub-
coolings, causing this criterion to be rather subjective.
As opposed to the premature failures, all reliable CHF
data points occurred very near the test section exit.

The majority of premature failures occurred for two
types of tubing, 1.8 and 2.4 mm diameter stainless
steel capillary tubing. For these tubes, over two-thirds
of all tests resulted in premature failure, with no dis-
cernible dependence on the five primary variables. No
dependence upon mass flux, subcooling, or pressure
was observed ; failures occurred at each set of con-
ditions for which these tubes were exposed. Each of
these premature failures occurred at heat flux levels
that were more than 20% below the CHF predicted
by the present correlation.

Failure was always axially localized and nearly uni-
form around the circumference, as expected for a pres-
sure drop oscillation, but different from that observed
for a flow excursion. An inlet throttling valve was
located immediately at the entrance of the test section
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Table 2. Premature failures

# D (L/D) P G AT.,  ¢/Ax107* Mat. AP,
[ 2.440 49.20 1.14 9937 82.50 13.20 $S-304 2.80
2 2.440 48.90 0.611 19294 53.50 21.70 $S-304 {10
3 2.440 4940 0.646 29278 47.70 25.80 SS-304 0.58
4 2.440 24.80 1.186 10025 122.50 16.10 SS-304 1.60
S 2.440 24.75 1.227 9987 11170 18.90 SS-304 1.60
6 2.440 24.90 0.625 10 054 77.40 9.00 $8-304 2.20
7 2.440 24.79 1.192 10 281 126.40 13.30 S8-304 1.50
8 2.440 24.80 1.212 10 387 {20.60 17.30 58-304 1.30
9 2.440 24.76 0.586 10614 60.90 8.70 $8-304 2.20
10 2.440 24.79 1185 25970 106.50 35.80 $8-304 1.90
11 2.440 24.71 1.188 25490 109.20 30.90 $S-304 1.90
12 2.440 2471 1.190 25200 112.30 30.00 $8-304 1.90
13 2.440 24.80 0.590 25065 60.50 22.10 SS-304 £.70
14 2.440 24.83 0.619 10 800 74.30 12.60 SS-304 1.80
15 2.440 24.79 1.241 25760 [11.80 27.50 SS-304 0.70
16 2.440 24.54 0.617 10 876 69.30 10.70 SS-304 0.70
17 2.440 24.84 0.629 24 781 51.50 21.40 SS-304 1.70
18 2.440 24.54 1.248 40472 113.20 46.10 SS-304 0.70
19 2.440 24.55 0.607 38378 64.00 31.20 $8-304 1.30
20 [.803 24 .40 0.629 16193 81.00 21.40 S8-304 0.73
21 1.803 24.70 1.210 25400 106.90 30.70 S58-304 1.38
22 1.803 2471 0.644 39530 66.10 41.50 $8-304 1.12
23 1.803 24.36 0.629 25833 60.80 24.60 SS-316 1.90
24 1.803 25.00 0.275 3068 40.40 8.60 SS-316 1.01
25 1.803 25.00 0.306 3059 51.20 7.52 S8-316 0.76
26 1.803 25.00 0.300 3281 53.70 7.80 §8-316 0.76
27 1.803 25.00 0.303 3356 55.20 7.70 SS-316 0.75
28 1.803 24.51 0.612 39 702 56.00 38.00 SS-316 0.76
29 1.067 24.79 0.624 25261 61.60 20.70 S8-304 0.83
30 1.067 2491 0.645 24710 60.30 22.70 S8-304 0.85
3i 1.067 24.56 1.622 25324 122.50 32.60 §8-316 0.86
32 0.914 49.74 0.419 27175 68.50 23.70 NI-200 0.74
33 0.914 49.60 0.524 9881 72.30 12.70 NI-200 1.52
34 0.914 49.78 0.615 10475 61.70 17.10 NI-200 0.74
35 0.914 49.38 0.673 5625 40.40 11.60 NI-200 0.27
36 0.880 25.60 0.538 24 559 113.60 31.80 Brass 3.17
37 0.880 25.56 0.474 29 373 72.10 21.60 Brass 1.63
38 0.686 23.48 0.633 40 340 97.70 56.10 SS-304 0.79
39 0.508 21.65 0.635 24 840 115.00 2510 SS-304 1.78
40 0.508 21.65 0.618 42 700 79.20 46.60 $§-304 1.24
41 0.508 21.65 0.603 41 229 68.00 51.60 SS-304 [.32
42 0.330 20.70 0.639 10 230 85.20 12.40 SS-304 1.50
43 0.330 20.70 1.162 25702 141.90 35.10 SS-304 0.80
44 0.330 20.70 0.549 10 009 100.10 17.20 §S8-304 1.53
45 0.330 19.30 0.642 16374 103.35 18.10 $5-304 225

a < N AR so that a single-phase pressure drop of over 1.0 MPa

A . . “ “ .

] / J existed immediately upstream of the test section. This

1ar Teotcal Loostiar 1 value was determined by multiplying the single-phase

. A I 4 pressure drop required to stabilize the flow, based

g TR Stereprmee N T T T T upon the experimentally generated curves of this

- @a\”v/ Tao-Enore 1 study, by at least a factor of five. Inlet pressure taps

: = T were drilled for only a few test sections, and premature
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o 4[ unlikely that the pressure drop instability was the
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F1G. 7. Representation of premature failure phenomena.

Conversely, no premature failures were observed
with the general purpose stainless steel and Inconel
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tubes of inside diameter ranging from 1.4 to 2.7 mm,
and, in particular, 2.1 mm. Only one difference was
noted between these tubes and those observed to be
susceptible to premature failure. Micro-roughness
measurements revealed that the average roughness of
the general purpose tubing was four times that of the
capillary tubing, indicating that roughness may be a
stabilizing factor.

These failures may be the result of some type of
thermal-hydraulic phenomenon that occurs sub-
sequent to incipient boiling. This statement is based
upon the resemblance between the characteristics of
these failures and those that have been observed due
to the pressure drop instability. The 11 gauge (2.38
mm) and 13 gauge (1.80 mm) tubing were more sus-
ceptible to these types of failure because of their
reduced thermal capacitance (thinner wall). Prema-
ture burnout may also have been the result of a spon-
taneous nucleation-type instability, though it is
difficult to believe that nucleation can be suppressed
for a water system. A few remarks are appropriate on
this possibility. Under conditions of high velocity and
heat flux, it can be shown that a relatively large level
of superheat is necessary to initiate nucleation and for
highly smooth surfaces, a shortage of nucleation sites
could conceivably exist. Hence, under degassed con-
ditions, it is possible that higher superheat is required
for nucleation, though temperature ‘overshoots’ were
not observed in the boiling curve studies. A metastable
state can develop in which, given a small perturbation,
a sudden, explosive formation of vapor may occur,
which, in turn, can cause a momentary flow restriction
that leads to premature failure.

The inconsistent performance of these tubes under
conditions of high heat flux is a serious limitation
for practical application of this technology. Cooling
mechanisms at these high heat flux values seem to
be somewhat fragile, and minor disturbances of the
hydraulic, mechanical, or thermal state of the heat
exchange device can cause sudden failure. It is impor-
tant that these failure mechanisms be better under-
stood and means made available for their suppression.

CORRELATION OF CHF DATA

Numerous types of CHF correlations have been
proposed for subcooled forced convective boiling. The
major types are empirical, similitude-based, analyti-
cal, tabular, and graphical. For the given range of
experimental data upon which these correlations are
based, CHF can usually be predicted with reasonable
accuracy. Conversely, no correlations have been
developed specifically for this regime, and a new cor-
relation is needed. The ‘high flux’ region of boiling
heat transfer is defined as the region encompassing a
heat flux range from 107 to 2x 10* W m~2, For the
purpose of this paper, data are included only for the
region where decreasing diameter causes an increase
in CHF, corresponding to diameters of less than 3.0
mm. The region where CHF reaches a local minimum
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vs subcooling was eliminated, by deleting all positive
quality data and using data for mass fluxes greater
than 3000 kg m~2s~'. Maximum pressure was limited
to 3.0 MPa (450 psia), as this value is the present,
approximate limit for which ‘high-flux’ applications
exist.

In order to develop the correlation, a data base was
needed. Several considerations governed the devel-
opment and use of the data base. Data were assumed
to be accurate and unbiased through systematic error.
Projected correlational accuracy was determined by
the experimental error of the data and could not suffer
through systematic errors. As a safeguard against sys-
tematic error, large numbers of data attained through
different sources were incorporated, and these data
sets were assumed to be free of premature failures.
Parametric trends, as described by the data, needed
to be duplicated by the proposed correlation. Ideally,
the data base will be uniformly distributed throughout
the range of experimental parameters. An abundance
of data for a single subrange would negate the influ-
ence of under-abundant data resident in other
subranges. An example was the deletion of numerous
CHF data for diameters over 3.0 mm.

Assembly of the ‘high-flux’ data base for uniformly
heated, un-enhanced circular tubes was initiated by
Loosmore and Skinner [10], who included the work
of researchers from the MIT Heat Transfer Labora-
tory. A total of seven different researchers contributed
over 200 applicable data points. Soviet data, that of
Ornatskii {18], Ornatskii and Kichigan [7], and Ornat-
skii and Vinyarskii [8], were included. These data are
particularly significant because these sets contain
points recorded with the highest mass velocity, 90 000
kg m~? s, with resultant heat fluxes over 2 x 10 W
m~?. Several other researchers have since published
in this area, but only Nariai et al. [19] and Boyd [20]
have presented CHF data that could be included in
the data base. The present data base now contains 721
data points, and the present correlation is developed
from these data.

Numerous CHF correlations now exist in the gen-
eral literature, the earliest of these CHF correlations
were of the form

(q/A)cr = ABCDng,

where B, C, and F are the important variables or
combinations of them, and 4, ¢, e, and g are exper-
imentally determined coefficient and exponents,
respectively. An example of this type of correlation
was that of Mirshak [21]. A second broad category of
empirical correlations were based upon the ‘super-
position’ principle. These correlations extended the
Bergles and Rohsenow methodology for deter-
mination of forced convective, boiling heat transfer
performance to CHF. An example of this form was
the correlation of Gambill [22]. No influence of diam-
eter or length was included, with the exception of the
effect of diameter on the single-phase heat transfer
coefficient. This type of correlation may prove suc-
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cessful, as boiling curve studies demonstrate that as
mass flux increases, the CHF level nears a lower limit
set by the single-phase heat transfer. This anchoring
to the single-phase contribution immediately focuses
the correlation prediction within the correct order
of magnitude. However, greater effort is required to
model the boiling heat transfer contribution. Only one
correlation was found for the high-flux region. This
is the correlation by Shah [23, 24]. This correlation
was applied to the data base because it included the
early MIT data, and claims validity in the high-flux
regime. Unfortunately, predictions with this cor-
relation were poor, most data were under-predicted
by up to 50%. In particular, the correlation does not
reproduce the effect of reduced tube diameters.

In order to predict CHF at high heat fluxes, it
was necessary to develop a new empirical correlation
specifically for the high flux region. The statistical
approach taken was to apply the CHF data base to
an assumed model and minimize the squares of the
residuals of the dependent variables. The analysis
began by assuming that the data fit a general linear
model [25]. A general purpose statistical program,
SAS [26], was used with the RPI IBM 3081 mainframe
computer. Five parameters, mass flux, exit subcoo-
ling, pressure, diameter, and length-to-diameter ratio
are the predictor variables, with CHF the independent
variable.

The first step of the process was to assume a log-
linear relationship between CHF and each of the pri-
mary variables:

(g/A)ey = AGIGo)" (Axub)b(P/PO)r
X (D/DoY [(L/D)/(LID)o)

where

G, =100000kgm?s~",

Py = 3.5MPa,
Dy =0.003m,
(L/D), = 40,

and (g/A),, is given in MW m ™7, and AT, is in °C.
{(Note: the letter ‘d” was not used to avoid confusion
later.) Regression was performed by taking the log-
arithm of this expression, giving

log(g/4) = log(Ay)+alog(G/Go)+blog (AT.w)

+clog (P/Py)+elog(D/Dg)+f log [(L/D)/(L]D)l.

Resultant predictive abilities were considered
unsatisfactory. The resultant R? value was reasonable,
0.883, but significant cross-coupling effects between
diameter, subcooling, and mass flux were neglected.
In addition, the form of both the diameter and the
length-to-diameter relationship were wrong. CHF
asymptotically approached a lower limit for these

variables, whereas the log-linear relationships pre-
dicted continuous lowering of CHF.

In order to include the cross-coupling of the inde-
pendent variables, a more complex model was chosen :

([]/A)Lr — A() (G/)u“wz,(.”+u,’l"+n_,l"+u41)’+ug(l,rl))‘

+(T/)b‘, SN NN SN ST RIN Y
Pyt T e e LY
+(D/)V(I-H‘,(i'+1'17'+(7xl"+e41)'+05(I,r‘1))'
+(L/D) FtF G TP D AL DY
where

G = G/Gy = G/10°,

T = AT

P = P/Py = P/3.0,

D’ = D{D, = DJ0.003,

(L/DY = (LID)KL{D), = (L|D)/40.

The constants used here are also shown as part of a
complete listing in Table 3. This new functional form
significantly improved the predictive ability. The cor-
relation coefficient increased to 0.9600. However, the
parametric trends predicted for CHF as a function
of both diameter and length-to-diameter ratio were
incorrect. Experimental data indicated that CHF
decreased to a limiting value for these variables, that
of the infinitely long heated channel with moderate to
large diameter. This opposed the mathematical limit
enforced by the extended log-linear functional form.

Refinement began by addressing the length-to-
diameter ratio effect. Very few data exist for (L/D)
less than 15 ; included are early data of Bergles [9] and
those of this study. Indicated trends demonstrated
fairly weak couplings between (L/D)} and the four
remaining variables. Furthermore, scatter existed in
the data, raising questions as to the true behavior. A

Table 3. Constants in CHF correlation

Constant Value
G, 10 kgm™*s™!
P, 3.0 MPa
Dy 0.003m

(L{DY, 40.0

A, 17.050

ay 0.0732
a, 0.2390
b 0.3060
b, 0.0017
by —0.0353
¢ -0.1289
E, 0.0121
e —2.9460
e 0.7821
e, 0.0093
F, 1.5400
F, ~1.2800
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single fact was apparent: below (L/D)} of approxi-
mately 15, the CHF increased with increasing (L/D).
The trend could be approximated by the linear func-
tion proposed by Shah [23]. Then

SULIDO] = Fo+ F( (L{DY,

with F = 1.54,and F; = —1.28. This relationship was
incorporated into the new correlation.

An improved form of the diameter effect was also
assumed. The new form, with D’ defined as before, is

f{D’) _ I+EQ (Df)e“+e'i(i'+i'z7”+C3P'+€4D’+SS(L{D).

Note that additional diameter dependence exists in
the exponents for the other parametric variables. This
fact and the complexity of the form prevented use of
simple multiple linear regressive techniques, and it
became necessary to use an iterative scheme. CHF
level, divided by the assumed functional relationships
for mass flux, subcooling, and pressure, was taken as
the dependent variable in a new multiple regression
analysis. This determined the values of E,, e, e, €3,
e, and e;. The CHF was then divided by the new
functional form for the diameter effect. New values of
Ag, 4y, a3, .. ., ¢s resulted from this linear regression
model. Iterations were performed until negligible
changes in these parameters resulted. Note that it was
impossible to completely decouple the diameter effect
from the other independent variables, because the
quantity D’ existed in the exponents of G’, T", and P’,
and could not be conveniently divided out. The same
complexity existed through the presence of ¢°, 7", and
P’ in the diameter expression.

Through these exercises, it became obvious that
many of the correlational constants were unnecessary.
Application of the statistical ‘t’ test resulted in the
elimination of the majority of the external parameters,
with negligible effect on R*. Three additional modi-
fications were necessary in order to eliminate unphysi-
cal predictions for very low mass fluxes, subcoolings,
and pressures. Small additive constants were included
within the quantities G’, 77, and P’. Given these
changes, the final correlation is

(q/A)” = 17‘05 [(61)0.0732-{- 0.2390(’1)')}

x [(T/)(),3060(G')+ 0.001730(7T)~—0.03 53(D’)]

% [(P/) -0.1 289]

% “ +001213 (Df}—— 2946+ 0.7821 (G’)+0.009299(T}}

% [1.540—1.280(L/DY],

where
G’ = 0,005+G/10° (kgm~3s™ "),
T = 5+AT,,,(°C),
P’ = (0.0333+ P)/3.0(MPa),
D’ = D[0.003 (m),
(L/D) = (L{D)/40.

aeo,

e 200 e
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Fi1G. 8. Scatter plot for CHF correlation.

Each of the constants used for this correlation is listed
in Table 3.
The resultant value of R? was now

R*=0.9421,

slightly below the maximum value of 0.9600, obtained
with 26 constants and non-physical behavior for
diameter and length effects. Given that the data scatter
exceeded 10%, this value was considered satisfactory.
A scatter plot that compares the predicted CHF vs
the Celata—Mariani high heat flux data from the data
base in ref. {16} (891 points) is given as Fig. 8. The
r.m.s. deviation was 19.4%.

Parametric plots were constructed that exhibit the
predicted CHF levels as a function of each of the
primary variables, with satisfactory results. In Fig. 9,
predicted CHF is shown as a function of subcooling
for values of mass flux varying discretely from 10000
to 90000 kg m™? s~'. Exit pressure was fixed at 1.2
MPa, diameter was fixed at 1.5 mm, and length-to-
diameter ratio was fixed at 25.0. The behavior is simi-
lar to that observed in this study, as well as in previous
studies; CHF increases with subcooling in a non-
linear manner. CHF is plotted as a function of mass

2O e R e
CMASS FLUX kgrm™-s} . Y

[ - = 10,000 / A
T --e- 25000 : ;
49,00

~ e
I S VI SV I YR

e 150 2¢0
Subcool tng (°C)

F1G. 9. Predicted CHF vs subcooling and mass flux.
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FI1G. 10. Predicted CHF vs diameter and mass flux.

flux and diameter in Fig. 10, with an exit subcooling
of 100°C, pressure of 1.2 MPa, and length-to-diameter
ratio of 25.0. The CHF is shown to increase with
decreasing diameter in a non-linear fashion. The pre-
dicted CHF is shown as a function of mass flux and
pressure in Fig. 11.

SUMMARY AND CONCLUSIONS

An experimental apparatus was developed to per-
form forced convective, subcooled boiling heat trans-
fer and pressure drop studies with small diameter
tubes, ranging from 0.3 to 3.0 mm. Test sections were
chosen to be lengths of metallic tubing, heated resis-
tively. The experiment was designed to cover a wide
range of operating and geometric parameters. Tem-
perature, pressure, and flow measuring instru-
mentation was installed. Subcooled boiling CHF
experiments were performed at heat fluxes ranging
from 107 to above 10° W m~2. Mass fluxes ranged
from 5000 to 40000 kg m~?s~', and subcooling from
40 to 135°C. CHF increased with increasing sub-
cooling and mass flux in a non-linear fashion. For exit
pressures of 0.2 to 2.2 MPa, CHF was only weakly
dependent on pressure, in that only a slight decrease

. i
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4 25,000
P — 403,000
. 50,00C ]
~ L - — 80,00C
e S 90,008
N \\\;
Ete] Tree Ll
<
S ~
] S
z - - - -
- Tl 3
o o= - -
-k T
4 3
N o it
2 1 2 2

Pressure (MPa)

F1G. 11, Predicted CHF vs pressure and mass flux.

in the CHF level was noted. Over a diameter range
from 0.3 to 3.0 mm, CHF increased by a factor of
two with decreasing diameter ; the effect of decreased
diameter was a function of mass flux and subcooling.
The effect of length-to-diameter ratio was studied by
performing experiments for values ranging from | to
25. Increases in CHF were only noted for length-to-
diameter ratios less than 10. Experiments were also
performed to understand the effect of varied dissolved
gas concentrations on the CHF level. No influence
was observed.

Throughout the CHF experiments, premature test
section failures were observed. These failures occurred
most often for 11 gauge (2.38 mm) and 13 gauge (1.80
mm) test sections. During all boiling curve studies and
several CHF tests, failure was observed to occur near
the tube location that was experiencing the onset of
nucleate boiling. It is speculated that different
nucleation behavior in these tubes results in a type of
thermal-hydraulic or nucleation instability that exhi-
bits characteristics similar to the pressure drop insta-
bility.

A data base of ‘high-flux’ CHF data was accumu-
lated composed of over 700 points. Existing
CHF correlations were applied to these data. with
unsatisfactory predictive results. A new statistical cor-
relation was developed, covering mass fluxes from
3000 to 90000 kg m~? s™*, subcoolings from 0 to
200°C, pressures from 0.1 to 3.0 MPa, diameters from
0.3 to 3.0 mm, and length-to-diameter ratios from 1.0
to 40.0. Resulting CHF levels varied from 6 x 10° to
2 x 10*W m 2 The revised correlation exhibits a mean
deviation of about 19.4% when compared to the
appropriate portion of the Celata~Mariani data base
{16].
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