
ht. J. Heat Moss Transfer. Vol. 14, pp. 67-82. Pergamon Press 1971. Printed in Great Britain 

TRANSIENT BOILING HEAT TRANSFER TO WATER* 

H. A. JOHNSON 

University of California, Berkeley, California, U.S.A. 

(Received 30 December 1969) 

Abstract-Experimental transient boiling heat transfer in water for exponential heat inputs to thin 
metallic ribbons of 0,015 x lo6 etiro Btu/f?h arc compared with steady state predictions. The nominal 
values of controlled variables included velocity: < 1, 14 ft/s; pressure; 14.7, 500, 1000, 2OCKl psia; sub- 

cooling : < lO,42,112”F; exponential period : 5,15,50 ms. 

NOMENCLATURE 

thermal diffusivity (0.09290 m’/h) 
[ft’/h] ; 
specific heat (1 kcal/kg”C) [Btu/lb”F] ; 
ribbon thermal capacitance 05 (PC&, 
(4882 kcal,m’“C) [.Btu/ft2”F] ; 
heat transfer coefficient (4882 
kcal/m2”C) [Btu/ft2/h0F] ; 
enthalpy of vaporization (1.8-l 
kcalikg) [Btu/lb] ; 
thermal conductivity (1,488 kcal/mh”C) 
[Btu/fth”F] ; 
ribbon length (0.3048 m) [ft] ; 
pressure, psia (0.07031 kg/cm2) ; 
Prandtl modulus ; 
heat flux (2.712 kcal/m2h, 31.54 x 10e6 
W/cm2) [Btu/ft’h] ; 
relative thermal capacitance, 
H2/(kpc)ft,,, [dimensionless] ; 
temperature (1,8- ‘“C) [“F] ; 
relative temperature rise, 
q0 [t,/(koc)$(l.S- “=C) [“F-l; 
time [h, ms] ; 
exponential period [ms] ; 
velocity (0.3048 m/s) [ft/s] ; 
void per unit area [mm] ; 
ribbon thickness, mils (mils x 0.0254 
mm) [ft] ; 

1’3 viscosity (0.4134 centipose) [lbihft] ; 
kinematic viscosity (0.09290 m2ih) 

y. [ft2ll]; 

P? density, (16.02 kg/m3) [Ib/ft3] ; 
surface tension (1459 x lo3 dynes/cm) 

” [lb/ft]. 

Subscripts 
d, designates variables at incipient boiling, 

i.e. time of first bubble; 

f; liquid ; 

9- vapor ; 

nz, mean ; 

0, initial, datum or period ; 
po, power off; 
P, pool chamber ; 

SS, steady state ; 

V, visual chamber ; 

X, x-ray chamber. 

INTRODUCTION 

THE INTENT here is to present a summary of the 
heat transfer results from an extensive experi- 
mental investigation [l] for the transient 
response in water of metallic ribbons which, to 
simulate nuclear reactor excursions, were sub- 
ject to exponential Joule heat inputs of q. e t’to. 
Details of the experimental systems and data 

- 
* A “Tabular Summary of the Test Conditions” (Tables 

reduction procedures are given in [l] and will 

A-l-A-7) are on deposit with the National Auxiliary 
not be repeated here; however, Table 3 presents 

Publications Service of the American Societv for Informa- a summary of the test dates and major system 
tion Science. NAPS-00985 modifications. 
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All tests were made on 3 in. length ribbons, 
primarily with 4 mil Deltamax (50 per cent 
nickel, 50 per cent iron), although 1 mil Platinum 
was often used in a~ospheri~ pool boiling 
chamber tests. These metals having been selected 
as suitable for resistance thermometry. 

Mounted to span the center of 0.270 x 0.81 
in. rectangular visual and x-ray flow channel 
chambers, results for ribbon widths of &, 4 and 
f in. show no measurable differences? 

The heat flux input q and the ribbon tempera- 
ture rise AT were obtained from oscilloscope 
displays of voltage and current while the 
surface to fluid or net transient heat flux was 
calculated from the energy balance relation: 

4 net = qoe t/to _ H (?T 
at’ 

solved graphically for times greater than one 
half period. 

Void production was obtained from high- 
speed motion picture film exposed through the 
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FIG. 1. Measured transient temperature rise and void 
production for 4 runs on 4 mil Deltamax (500 psia, 

u 4 1 ftjs, ATSub = 42”F, t0 = ms). 

glass walls of pool and visual (flow) chambers 
and alternatively by x-ray absorption through 
a Beryllium tube wall x-ray chamber. The 
fields of view were about 1 in. so the void for 
only one third of the ribbon could be obtained. 
For this reason the void measurement location 
was initially varied between the first in. (up- 
stream) and the third in. (downstream) positions 
along the length of the three in. ribbon. 

0 20 40 60 80 100 120 

Time, t, ms 

FIG. 2. Measured transient temperature rise and void pro- 
duction for 5 runs on 4 mil Deltamax flOo0 psia, 

u < 1 ftis, ATub = 42”F, r0 = 15 ms). 

Figures 1 and 2 illustrate typical measured 
results. The nominal test conditions of low 
velocity (u < 1 ftjs), 42°F subcooling, 15 ms 
period and the two system pressures of 500 and 
1000 psi selected for these figures represent the 
maximum number of replicate tests. The run 
number establishes the test sequence wherein 
the last two digits reveal the number of the 
particular test on a ribbon number given by the 
preceding digit, i.e. Run 16322 was the twenty- 
second test made on ribbon number 163. 
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Period to = 5 ms Period t, = 15 ms Period t, = 50 ms 

FIG. 3. pool and low velocity (u $ 1 ft/s) transient boiling on 1 mil and 4 mil Deltama at 14.7 psia, 
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FIG. 4. p001 and IOW velocity (u < 1 ft/s) transient boiling on 4 mil Deltamax at 500 psia 
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4p I / 

FIG. 5. Pool and low velocity (u < 1 ft/s) transient boiling on 4 mil Deltamax at loo0 psia 
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Period f, = 15 ms 

FIG. 6. Pool and low velocity PA < 1 ft/s) transient boiling on 4 mil Deltamax at 2~ psia, 
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Period fo* 5 mr 
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FlG. 7. High velocity transient boiling on 4 mil Deltamax, downstream at 14 ft/s and 5(KI psia. 
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It is believed that Figs. 1 and 2 warrant 
reasonable confidence in the data since the 
agreement revealed includes data taken over a 
period of live years during which time several 
major modifications were made in the test 
systems, the instrumentation and data process- 
ing techniques (see Table 3). 

The shaded area shown on these figures is 
the Rosenthal and Miller ([2], see Discussion 
on Figs. 3-9) analytical conduction solution for 
the nonboiling transient temperature rise in 
which variations between the several runs of 
14.1 < t, ms < 16.0 and 0.011 < q. lo6 Btuift’h 
< 0,018 is accounted for. Studies of individual 
runs comparing the Rosenthal and Miller solu- 
tion revealed excellent agreement for both the 
pool and the flow chambers for velocities from 
0 to 1 ftjs. In this regard the 1962 Run 16482 in 
Fig. 1 and the 1964 Run 18265 in Fig. 2 are 
suspect, but whatever the cause, the improve- 
ments made between 1962 and 1964 contradicts 
the possibility of instrumentation being at 
fault: further, error analysis reveals tempera- 
ture measurement accuracies of 510°F which 
account in part for these deviations. 

Once nucleate boiling begins the cooling 
rate increases and the rate of temperature rise 
is markedly reduced in spite of the exponential 
heat input. Of course, if film boiling starts the 
temperature rise will again be rapid and may 
proceed to burn out. In both Figs. 1 and 2, 
however, there are definitive peaks in AT vs. t 
curves which are accentuated on the tempera- 
ture scale in Fig. 2. This *so-called overshoot 
phenomenon was dramatically demonstrated 
in motion picture films at low (atmospheric) 
pressure wherein the early void is clearly seen to 
condense in place. For instance, in one case for 
a 16 ms period run : 2.3 ms after the time a first 
bubble was observed, a void of 0.09 mm had 
been produced ; 0.8 ms later the void was 
0004 mm which was followed in 23 ms at 
power off by a void of 0.11 mm. 

Except for low pressures and small void 
production (less than 1 mm) the heat transfer 
effects of the overshoot phenomenon is not 

believed to be severe as evidenced in part by 
the early monotonic increase for all the void 
curves in Figs. 1 and 2. For this reason transient 
incipient boiling is interpreted throughout as 
beginning at the time of first bubble t, which 
is obtained from the films for the visual chamber 
and from the limiting initial response (IJ = 
0.01 mm) of adsorption for the x-ray chamber. 

While this paper does not treat the void 
production it should be noted that the void 
increase after power off is substantial. Also that 
for curves 3 in Figs. 1 and 5 in Fig. 2 where the 
late temperature rise to power off is large there 
is an indication that the void production rate is 
noticeably decreased suggesting the possibility 
of film boiling. Using the time at which AT 
exhibits a rapid rate of rise as a conservative 
estimate of a possible start of film boiling (90 ms 
in Fig. 1.70 and 80 ms in Fig. 2) an independent 
study reveals that with few exceptions (Fig. 2 
is one) film boiling did not occur at void values 
of less than 1 mm which appears as a sufficient 
criterion to assure that all observed overshoot 
phenomena were confined to the nucleate boil- 
ing regime. This tentative conclusion must, 
however, be qualified since Hall and Harrison 
[ 151 report severe fluctuations in net heat 
transfer for periods of less than 5 ms which 
appear to be accompanied by film boiling. 

METHOD OF PRESENTATION OF RESULTS 

To affect an inclusive summary to bracket 
the heat transfer results in [l], all data from 
1959 through 1965 for the velocity extremes of 
u 6 1 ft/s and u = 14 ft/s are presented exclud- 
ing the intermediate subcooling of 82°F and 
system pressures of 40 and 125 psia That is, 
for each of these two velocities there is included 
the following pattern of nominal values for the 
test parameters, all of which are for a nominal 
q. of 0.015 million Btu/ft’h. 

Pressure, p, psia 14,7,500, 1000,2000 
Period, to, ms 5,15 and 50 
Subcooling, ATub, “F < 10,42and 112. 



Period to = 5 ms 

TRANSIENT BOILING HEAT TRANSFER TO WATER 

Period fn = 15 ms 

1 I! 

8”” ‘i 
I 40 ’ 100 400 

I’ I/’ i 1 ‘J 

FIG. 8. High velocity transient boiling on 4 mil Deltamax, downstream at 14 ft/s and 100 psia. 
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Period = 5 ms Period f, = 15 mS 
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FIG. 9. High velocity transient boiling on 4 mil Deltamax, downstream at 14 ft/s and 2000 psia 
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Data at 147 psia could not be obtained at high 
velocity because the minimum test sectian 
pressure required for ~~~u~ati~n at 14 &/s uras 
about 30 psia. 

Plotting the transient net heat flux qRet vs. 
the ribbon surface excess temperature, 

ATxz (T, - ToI = AT,,r + ATsub, 

~~rninat~ time and facilitates direct ~orn~r~so~ 
with steady state heat transfer” This is the 
presentation method here in Figs. 3-6, for pool 
boiling (14.7 psia) and low velocity (u < 1 ft/sl, 
and in Figs, 7-9 for the high velocity (uz 14 ftisl 
results. 

HXXJSSON OF FX23.f9 
Throughout the curves af net heat flux vs. 

the excess surface temperature were determined 
as follows. 

(a) Steady state naturat convection is based 
on the Eckert [3] turbulent boundary layer 
correlation equation : 

in which the characteristic length was taken at 
3 in, consistent with the ribbon orientation and 
length for the visual and x-ray chambers. 

{bj steady-state forced convection is based 
on the well known turbulent ffow flat plate 
correlation 

where n, was taken as t.~@g. Use of this corre- 
lation was established by steady state tests (Cl]? 
IJSAEC Report SAN 1003) wherein Reynolds 
to the 0.8 power was shown to apply for 
measured velocities from 1 to 14 ft/s. Agreement 
for the visual chamber was sa~sfa~to~ whiie 
the results for the x-ray chamber were IS per 
cent high. 

(c) Analytic transient heat transfer (shaded 

area) is based on the Rosenthal and Miller 
conduction solution [2] : 

(d) At high velocity (Figs 7-o) the transient 
~onv~~o~ is a~~rox~at~ by a quasi-steady 
state model in which a constant heat transfer 
coefficient [from (b) above] is applied to the 
lumped capacity energy equation as suggested 
in [4] for conditions which apply here. It 
should be noted that for this model3 while AT 
is a function of time given by the energy balance 
equation 

the net heat flux vs. 67; i.e. @Set = k,A7: is 
independent of time For this reason the calcu- 
lated incipient boiling values (AT,), and fq,Jss 
are independent of the period. The R and M 
solution (shaded areas) are repeated in Figs. 
7-9 for comparison, 

In the nonboiling region Figs. 3-6 for pool 
and low velocity reveal generally fair agreement 
with the Rosenthal and Miller transient conduc- 
tion solution as required, There are, however, 
a substantial number of tests for which the 
deviations apparently exceed the error analysis 
limits The Fauk can be shown to be due to 
excessive computational errors at early times, 
That is, at early time when ga e’/‘O is of the same 
order as the negative ribbon heat capacitance 
term H(L?r/&) the cakulated net heat flux is 
thus sensitive to ~vaIuatjon of the temperature 
time derivative which is determined by a 
graphical technique using faired plots of the T 
vs. t data For example, at 1000 psia, 42°F 
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sub-cooling and 15 ms period, comparison of 
Figs. 2 and 5 shows that while temperature vs. 
time data for curves 1,2,3 and 5 are in good agree- 
ment with Rosenthal and Miller, all five curves 

for qnel vs. AT are uniformly high compared 
with Rosenthal and Miller (see Fig 5). 

Study of all data presented in these figures 
shows no evidence favorable to any one of the 
three systems or the year of test. Further it is 

observed in Table 1 that at the so-called time 
of first bubble t, i.e. at incipient boiling, agree- 
ment in AT, between measured and R and M 
values is predominantly satisfactory which sup- 
ports the argument above as to the cause of 
deviations at early times. Consequently, for 
pool and low velocity nonboiling heat transfer 
the validity of the Rosenthal and Miller conduc- 
tion solution appears to be well establish~ by 

Table 1. Surfuce superheat tempernture,s( AT,,,l,for incipient boiling 

.._ -- 

Q (psia) 14.1 500 1000 2000 
. ..~._.--__.____._.-_~~ ---.---- - --- ~___._.____~~~ 

Fabic transient model [l] SAN 1008 

” IO l&20 lo-23 lo-20 At 2000 psia, extrapola- 
$ 42 27-50 2847 2431 tion of this model indi- 

2 112 36-60 37-54 27-30 cates all values near zero 

Hsu ss model [5] 
k IO 28 11 IO 10 
j 

$; 112 42 
95 49 46 44 

180 120 118 115 

Bergles and Rohsenow ss model [6] 
5 10 15 12 12 11 
3 42 50 41 45 44 
a 112 123 119 117 115 

t, ms 5 15 50 5 15 50 5 15 50 5 15 50 

Predicted by qua&-ss nucleate boiling criteria 
!+ 10 46 37 29 8.5 6.5 45 6-l 41 3-2 48 28 2 
: 42 54 44 31 13 11 8 11 9 7 9 7 5 

G 112 48 41 36 17 14 11 15 12 9 14 11 6 

Mean of measured values. A single value signifies measured and R and M values agree 
wtthin + 5°F. Otherwise the upper value is that measured and the lower that for R and M 

< 10°F 34 27 29 22 18 14 30 16 28 6 -2 
17 54 28 

42°F 46 35 37 61 41 39 37 it 7 10 32 40 
31 30 31 37 25 

112°F 

10 
42 

112 

64 46 34 43 29 52 26 6 4 18 5 5 
41 44 44 21 63 

High velocity (u = 14 ft/s) for incipient boiling on 4 mil Deltamax 

Qua&s, constant km, Bergfes and Rohsenow [6] 
2-16 

16 10 6 
21 17 10 

Mean of measured values 

10 8 8 
42 58 54 32 22 6 2 13 7 

112 22 25 23 15 4 13 8 8 
____ __-- _.-._____----- ------~ ~~ ~ -- - ---------.~- ~__._ ..__ __ 

Pool and low velocity (u $ lft/s) boiling on 1 mil Pt and 4 mil Deltamax ribbons 
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these results. For high velocity nonboiling there 
is considerable support for the constant heat 
transfer coefficient prediction, especially at 1000 
psia. Noting that throughout Fia. 7-9 the 
highest numbered curves are the most recent 
(1965) data the very low values at 500 psia 
cannot be explained since this condition does 
not persist at the two higher pressures. It should 
be emphasized here that while reasonable pre- 
dictions of qnel vs. AT appear for constant h, 
the deviations in predictions of AT vs. t using 
this model are poor (see [4]). 

[6] which are observed to be in substantial 
mutual agreement. The fourth method of pre- 
diction is based on equating the Rosenthal and 
Miller qne, and quasi-steady state nucleate 
boiling heat transfer. It is noted, also, that only 
the fourth technique is a function of the expo- 
nential period. 

Review of the measured results in Table 1 
reveals the stochastic response that is also 
commonly observed for steady state incipient 
boiling. There does appear to be some tendency 
for this incipient transient superheat (AT,,,), 

Table 2. Transient crises heatflux, q,,, - net lo6 Btulft’h 

A%, “F 

Pool and low velocity High velocity (I. = 14 ft;s) 
Exponential period t,Jms) Steady Exponential period t,(ms) Steady 

5 15 50 state 5 15 50 state 

p * 14.7 psia 

$ 10 1.6 1.2 0.76 0.40 
42 2.2 1.6 1.1 0.78 

112 2.2 2.1 2.2 1.50 

p = 500 psia 

< 10 1.21 
42 4.8 5.1 2.9 1.34 5.7 4.5 4.7 2.14 

112 6.4 4.4 3.3 1.63 5.7 44 4.4 2.70 

p = 1OOOpsia 

< 10 2.5 1.31 1.34 
42 5.8 2.8 1.41 4.7 4.7 3.8 1.84 

112 6.5 47 3.9 1.65 6.3 6.6 47 2.28 

p = 2000 psia 

< 10 1.6 1.2 1.02 _ 

42 2.2 2.8 1.5 1.10 3.5 3.3 2.7 1.48 
112 3.4 2.6 2.1 1.29 7.1 45 5.0 1.83 

Incipient boiling 
The surface superheat for incipient boiling 

(AT& is presented in Table 1 which includes 
four prediction techniques for low velocity 
and one for high velocity. The first is from 
Fabic’s transient model, the details for which 
are treated in (11 (SAN 1008), that also includes 
an extensive survey of other proposed models. 
Second and third are from the steady state 
models of Hsu [S] and Bergles and Rohsenow 

to decrease with both increasing period and 
pressure as implied by the steady state criteria. 
At high velocity the lower values for higher 
subcooling is contrary to expectations, in any 
event, these results must be viewed with much 
caution. 

Nucleate boiling region 
Throughout in Figs. 3-9 there is shown 

Rohsenow’s [7] steady state correlation for 
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nucleate boiling and that of Bergles and 
Rohsenow for forced convection boiling [6], 
taken in the following forms. 

where n = 5.1 for T,,, < 600°F and 3.0 for 
T,,, ~600°F and 

where 

qFC = h,T with h, evaluated as described 
above, 

q,e = qNB at (A’&,,), determined by the inci- 
pient boiling equation : 

156tpsia) 1.1 56(A(?;;pt)~.30/(pSia)0’0234 

= h,[(A’Qt)i + AT,ub]. 

nucleate boiling curve is the pool boiling 
critical heat flux according to the Zuber et al. 

[lo} correlations : 

9maxsai = 0.131 h,,p, 
dPf - p&J $ 

[ 1 p!J2 

where 

42. T. W = 5’3 . 

For high velocity the steady state crises values 
are based on the Jens and Lottes [9] pipe flow 
correlation : 

qfL = C(G/lO’?” (AqUb)o’22, lo6 Btu/ft2h 

Table 3. Schedule oftest dates and system modifications 

Ribbonnumbers Year of test Chamber Modifications 

USAEC Report [I] SAN 1001. Jan. 1961 
32.128 1959 

USAEC Report SAN 1002. Nov. 1961 
130-144 1961 
146 

USAEC Report SAN 1007, Mar. 1963 
153 1962 
14749.51.55.56. 
58,59,63 
150.52.54.5-I. 64. 
67 

USAEC Report SAN 1913, May 1966 
181 1964 
179.182.183 
194-198 1965 

pool 

visual 
x-ray 

pool 
visual 

x-ray 

visual 
x-ray 
x-ray 

Initial pool boiling system 

Ribbon temperature calibration duplicated in situ 

Added provisions to increase power off temperatures 
and current limit to 630 A. Programm~ correction for 
non-Iinearity in resistivity coefficients 

System rebuilt and relocated. Paralleled second 
oscilloscope for early time data 
Eliminated second oscilloscope programed corrections 
for nonlinearities in the scope and improved resistivity 
coefficients. Measured transient pressures 

This procedure was followed throughout and where 
thus is presumed to supercede Rohsenow’s psia 500 1000 2000 
original forced convection boiling proposal [8]. c 0817 0626 0445 

Also shown on each low velocity steady state m 0.16 0.28 0.50 
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for: u from 5 to 30 fps, p from 500 to 2000 via CONCLUSION 

and ATsub from 3 to 160’F. The results demonstrate that transient 
nucleate boiling heat rates for exponential heat 
inputs, excluding periods of less than 5 ms, are 

To complete orientation with steady state reasonably well represented by steady state 
heat transfer there is included the incipient nucleate boiling correlation techniques includ- 
natural convection film boiling state (qmin, 
ATmi,) as estimated by Berenson [ 111, the film 

ing incipience at a transient non-boiling heat 
fl ux equal to that for steady state nucleate 

boiling analyses for natural convection by boiling and crisis values that exceed steady state 
Sparrow and Cess [12] and for forced con- predictions, 
vection by Cess and Sparrow [13]. These 
estimates included an arbitrary subcooling 
correction for q min, AT,, based on [IO] and ACKNOWLEDGEMENTS 

for film boiling a radiation heat transfer correc- The author is indebted to Harish Singh for much laborious 

tion following Bromley’s technique as suggested calculation and tabulation of the low velocity data, to 

by Sparrow [14]. 
programmer James Lum and Calma Digitizer supervisor 

The results in Figs. 3-9 demonstrate sub- 
Fred Collins whose joint efforts provided check plots at 
high velocities and to Margaret Beaver for exceptional skill 

stantial agreement with the nucleate boiling in typing this Paper. 

predictions of [6] and [7]; however, Hall and 
Harrison [15] have demonstrated that for 
exponential periods of less than 5 ms and 
particularly for periods of less than 1 ms, 
nucleation is soon followed by: film boiling, 
severe fluctuations in temperature and net 
heat flux, and probably severe limitations in 
void production. 

As observed by others [15, 161 the present 
data also exhibit maximum nucleate boiling 
heat fluxes which exceed the steady state crisis 
values by factors as large as 4. Tachibana et al. 
[16] present ramp input (q = 0.37 x lo6 tit, 
Btuift’h) data for saturated transient pool boil- 
ing at atmospheric pressure which clearly show 

that qnet vs. ATplots can be used for this purpose 
and in fact their plot of such crisis values vs. 
ramp period reveals a progressive increase from 
the steady state value at a ramp period of 100 ms 
to six times that value at a ramp period of 1 ms. 
Unfortunately, there are too few runs for 
which the flattening of the qn,, vs. AT curves is 
suffkiently evident to establish firm values for 

net 4 maX and thus for transient incipient film 
boiling. A study of such crisis values as were 
obtained revealed a tendency for increases with 
decreased period, increased subcooling and 
increased pressure (see Table 2). 
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TRANSFERT THERMIQUE DANS L'EAu EN BBULLITION TRANSITOIRE 

Rdsum~Les resultats experimentaux de transfert thermique dam I’eau en ebullition transitoire pour des 
rubans metalliques minces aliment& thermiquement suivant la loi exponentielle 4,7 104 e”‘c~ W/m” sont 
compares aux predictions de regime stationnaire. Les valeurs nominales des variables control&s corres- 
pondent a des vitesses GO,3 ou 4,2 m/S, des pressions 1,Ol. 10’; 3.44. 106; 6.89. 106; 1,38.10’ N/m’, des 
sous-refroidissements 5,56; 23,35; 62,2’C et des periodes exponcntielles 5; 15; 50 ms. 

INSTATIONARER WARMEtiBERGANG BEIM SIEDEN VON WASSER 

Zusammenfassung-Die experimentellen Ergebnisse des instationaren Warmeiiberganges beim Sieden an 
diinnen Metallblndem in Wasser mit einer exponentiellen Warmezufuhr von 4,731. et’*” W/cm2 werden 
mit den stationlren Voraussagen verglichen. 

Die Werte dcr untersuchten Variablen betragen fur Geschwindigkeit: < 0,3, 4,3 m/sek; Druck: 1, 34,5, 
69. I38 bar : Unterkuhlung : C - 12.5.5.45”C; exponentielle Periode : 5. 15.50 Millisekunden. 

HECTAIIHOHAPHbIH IIEPEHOC TEHJIA IIPH ICHIIEHHM BOflf,I 

AHHOT&L(WJI--3KCIIepHMeHTaJIbHbIe JaHHbIe I10 HeCT3WIOH3pHOMJ’ Te~IJlOIlepeKOCy 11~11~ 

KLlneHLlll BOAbI B CJIJWle 3KCnoHeHIWanbHOrO noaBoaa TenjIa K TOHKHM MeTan.nMqecKMM 

JIeHTaM, PaBHOrO 0.015 X lo6 et/t0 h/ft2 h, CpaBHHBaEOTCH C PaCYeTaMH ;IJIH CT3LVIOHapHO~O 
TeIIJIOO6MeHa. HOMAHaJIbHbIe 3HaYeHMH KOHTPOJIMPYeMbIX IlepeMeHHbIX BKJUO’EIJIII WOpOCTb 

s 1,14 @yT/ceK, nameme 14,7 ; 500; 1000; 2000 psia, Henorpee 10,42, 112°F; 3wnoue- 
HItHaJIbHbIfjr nepllOA 5, 15, 50 MWIJEICeK)‘H~. 


