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Abstract-Transient heat-transfer data have been obtained for flat heating surfaces in static liquid and 
supercritical helium. Measurements start 2(10)- 5 s after step power inputs, and cover a heat flux range of 
0.05-20 W/cm*, pressures from 0.09-0.3 MPa, and four different heater orientations. Initial heat-transfer 
coefficients, being limited primarily by the Kapitza resistance, are lo-100 times greater than steady state, and 
the time to reach steady state varies from lo-’ to 1 s. For heat flux below the steady state peak nucleate 
boiling limit the temperature foIIows calculations based on pure conduction to the steady state nucleate 
boiling level. Above that limit the transient conduction period leads to an apparent metastable nucleation 

period followed by a transition to film boiling. 
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NOMENCLATURE 

heat capacity [j/g Kf ; 
heat-transfer coefficient [W/cm” K] ; 
Kapitza conductance [W/cm2 K] ; 
Kapitza conductance at T,,,; 

thermal conductivity for the fluid 

[W/cm Kl ; 
thermal conductivity for the substrate 

[W/cm K] ; 
power going into the fluid [W/cm”]; 
power going into the substrate [W/cm21 ; 
temperature [K] ; 
bath temperature [K] ; 
coordinate normal to the heating surface 

Ecml. 

Greek symbols 

a/, thermal diffusivity of the fluid [cm”/s] ; 

cr,, thermal diffusivity of the substrate 
[cmz/s] ; 

ATI, temperature of the fluid above the bulk 
temperature [K] ; 

AT,, temperature of the substrate above the 
bulk fluid temperature [K] ; 

4 time from the start of a heating pulse [s] ; 
8 PI duration of a pulse [s]. 

1. INTRODUCTION 

MANY superconducting devices employ large power 
pulses or are subject to power transients due to 
overloads or other causes. It is usually desirable, and 
often imperative, that the superconductor does not 
quench during the pulse. In other cases one is con- 
cerned about the temperature recovery following heat 
release from flux jumps or micromechanical move- 

*This work was carried out at the NBS Cryogenics 
Division, Boulder, CO under the sponsorship of the Air Force 
Office of Scientitic Research, W~hin~on, DC. 

merits. Fortunately, heat transfer from the supercon- 
ductor surface to the helium coolant can be many 
times higher during a short pulse than in steady state 
for a given surface temperature rise. Thus, even though 
rapid pulses or transients cause relatively high losses, 
the ability of the helium coolant to dissipate pulsed 
heat rapidly is a compensating factor. 

At the beginning of a heating transient, as the power 
rises rapidly, the temperature gradient in the fluid 
adjacent to the solid surface may be extremely steep 
since a finite time is required for an equilibrium 
temperature field with less steep gradients to be 
established. During this period the thermal resistance 
is so low that Kapitza solid-liquid interface resistance, 
which is usually ignored at temperatures above the 
lambda point, may be the dominant resistance. Since 
nucleation, growth of bubbles, and formation of vapor 
films also require finite time, liquid exists at least 
briefly in non-equilibrium states above the saturation 
temperatures and boiling can be delayed significantly. 
As the thermal boundary layer thickens through 
prolonged application of power or repetition of pulses, 
convection effects become important and eventually 
steady state convection or boiling heat transfer are 
established. In a chain of pulses the surface tempera- 
ture rises while the power is being applied and decays 
as~ptotically toward the starting value while the 
power is off; therefore, the entire level of temperature 
rises with each pulse. The temperature ultimately 
reached after a large number of pulses is related to the 
average heat flux for the cycle and the steady state 
heat-transfer coefficient. 

It is apparent that the use of steady state heat- 
transfer rates when designing for heating transients in 
superconducting devices is overly conservative. Yet, 
for lack of more appropriate data, steady state boiling 
helium heat-transfer data have been used in designs 
involving transient processes. An exception to the use 
of steady state data was the pulsed high energy 
inductive storage system designed by AERL [ 11 for the _ __ 
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Air Force Aero Propulsion Laboratory. Heat llux for 
this design was estimated from the transient experi- 
mental data of Jackson [?I. This data is not suf- 
ficiently detailed, however. ‘for general applic~lti~~n. 
More recently, experimental results have been 

reported by two Japanese authors [3] at Yokohama 
National University, for the pulse heating (71’ ‘I thin 
lead film in a liquid helium bath. This study, however, 

gives only one point at the superconducting transition 
temperature of the lead film at a given power level. 

whereas, the entire temperature development is de- 
sired. The temperature rise after the onset of 
nucleate boiling until the establishment of steady 

temperatures has been experimentally determined 
by Bailey [4] at the Rutherford High Energy Labora- 
tory, but the time scale was on the order of seconds 

and tenths of seconds and power densities were less 
than 2SmWicm2. In the wide range of existing and 

contemplated superconducting applications, pulses 
as brief as 0.05 ms and repetition rates as high as 200 
per s are of concern [S]. In most applications. fot- 

economy of weight. materiai and liquid helium. the 
power levels will be pushed to the maximul~ safe 
timits as dictated by the ability of the coolant to dis- 

sipate heat due to transients, and these maximum 
heat fluxes may exceed IO W/cm” for short pulses. 

Therefore. it is clear that designers of superconduct- 

ing equipment need a more complete picture of 
transient helium heat-transfer phenomena than was 
available before the commencement of this study. This 
total program will provide experimental data and 

verified predictive methods covering heat fluxes up to 

25 W/cm’, measurement times starting at less than 

0.05 ms extending to steady state, varying orientation 

of the heated surfaces, varying helium pressures and 
temperatures, and both static and forced floes of 
coolant. This paper covers the first phase vi‘ the 
program, namely the experimental results for :I static 

coolant. 
2. lDEALlZED TRANSIENT CDNDLCTIO\ 

HEAT TR.4NSF‘ER 

At the be~nnjn~ of a heating transient. before 

convection currents or boiling have been established, 
conduction is the principle mechanism of heat transfer. 

The following set of assumptions and boundary con- 
ditions for solution of the heat-conduction equation 

apply to the con~guratiorl of the test apparatus. 
1. The heat source is an infinite plate in the -X-Y 

plane at Z = 0. (This is equivalent to assuming that the 

The solution for the fluid is [h]. 

thermal boundary layer IS very thin relative to the 
width of the plate.) 

2, Heating occurs only on the surface at the liquid 
solid interface. 

3. Stagnant liquid helium is present at L > ci. 
4. A soiid substrate exists at Z ,.’ 0 
S ‘Time duri ng which heat 1s applied is short 

enough that convection currents arc noi established. 

This means there is not time for bubble formation and 

tenlper~~tures may exceed the eq~lil~bri~lrn saturat~~)i~ 
temperature. 

6. Radiation heat transfer is neghgible. 

7. Fluid and solid properties are constant. 
X. Temperature difference due to Kapitza resistance 

may be considered separately. 
The Fourier heat-conduction equation in one dim- 

ension of the solid substrate is 161. 

!ll 

and li)r the fluid 

Boundary conditions for the substrate for a square 
wave heat pulse are, 

A7;(2.0) = (t (3 i 

Lim AK(Z. iI I := 0 (4) 
/* I 

P,is the part ofthe heater power being dissipated in the 
substrate. Boundary conditions for the fluid are. 

AT,.{Z,O, :-. 0 iht 

LimA117;(%.0,-0 17) 
/-.? 

f-‘). = 0, if > ii,,. 

f’( is the part of the heater power being dissipated in 
the fluid. Also, the total heater power is 

P =- P, f I’, (‘31 

where 
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The equations for the substrate temperature field are exactly analogous to (11) and (12) except that a subscript 
“s” appears instead of ‘7”. 

At the surface (Z = 0) we have 

o<e<e, 

and 

2P [(B)i’Z-(e-e,)“2] 
ATr(O,@ = (R)1,2 KS I K, ’ 

I 

e > 8,. 

@P 1 bqPZ 

Equation (13) gives the surface temperature rise during 
the heat pulse and equation (14) gives the temperature 
decay following the pulse. 

Obviously the assumptions drastically limit the time 
during which equations (13) and (14) are valid. 
Comparison with experimental data help determine 
the conduction period duration. 

3. KAPITZA RESISTANCE 

Whereas fluid thermal resistance builds up as the 
boundary layer develops, Kapitza resistance ap- 
parently occurs the instant heat flow begins. Con- 
sequently, Kapitza resistance initially dominates the 
heat flow process at liquid helium temperatures, 
though only briefly. How long Kapitza resistance 
dominates depends upon its magnitude in relation to 
the increasing conduction resistance, and this in turn 
depends on the kind of material and physical condition 
of the surface as well as the temperature. 

Since the exact nature of a surface is difficult to 
characterize [7] and may change with time, the 
influence of material and surface condition is difficult 
to predict. However, for a given heater the Kapitza 
conductance h, (reciprocal of resistance) has been 
observed to obey approximately a T3 relationship [7] : 

h, = j$ = hr(,& ;’ 
c J 

3, (15) 
K ref 

where hK,ref is a constant Kapitza conductance at 
reference temperature Tref, P, is the power being 
dissipated into the helium bath. 

The heater surface temperature is 

T = Tba,,,+ATf+ATK. 

Therefore, 

h 
P= -“““(Tbath+Aq+ATK)3ATK. 

T3,f 

(16) 

For low power levels ATk can be estimated from the 
experimental data as the asymptote of the temperature 
curve as ~9 --t 0. In this way it was determined that 

h, = 0.7 W/cm’ K at approximately 4 K. 

Also, 

h K,ref W 

T,3,, = O.O1l cm2 K4 (17) 

(13) 

(14) 

If Tef - 1.9 K, hK,ref = 0.075 which is well within the 
possible range of values of h, at 1.9 K shown by Snyder 

[71. 

4. EXPERIMENTAL PROGRAM 

The apparatus used is shown schematically in Fig. 1. 
A carbon thin film resistor [8] whose resistance is a 
known function of temperature serves both as an 
extremely fast response heater and thermometer. Its 
dimensions are approximately 5 mm parallel to cur- 
rent by 10 mm wide. The carbon film is deposited on a 
quartz substrate which has an extremely low heat 
capacity at liquid helium temperature so that most of 
the heat flows into the fluid and very little flows into 
the substrate. Voltage across the film and voltage 
across a standard resistor are recorded at intervals as 
close as 0.5 us by a digital recording oscilloscope ; 2048 
points are recorded on each sweep of the oscilloscope 
on each of two channels. Power may be supplied as a 

Pc.rition 

FIG. 1. Pool pulsed heat-transfer experimental apparatus 



866 W. G. STEWARD 

step function or as pulses of any desired width or 
frequency. A minicomputer data acquisition system 
has been added to facilitate data processing and to 
permanently record the data. The heater surface 
temperature, power level and heat-transfer coefhcicnts 
are printed as a function of time. 

For these tests the heater was submerged in a static 
helium bath. Insofar as possible power was applied as a 
step input or square wave pulse and ramp times of less 
than I.5 x IO-‘s were achieved. However, at high 
power levels resistance change due to large tempera- 
ture rise causes power variation of up to & lOl:i from 
the average. Tests covered the following parameter 
variations: 

1. Power densities ranging from 0.05-20 W/cm’ 
repeated for each variation of the other parameters. 

2. Four orientations of the heater ---vertical, horiz- 
ontal facing up, horizontal facing down, and 45” down. 

3. Variations in bath pressure and temperature. 
4. Repetition of square wave pulses with variations 

of pulse width and time between pulses, Finally, 
temperature decays following single pulses were re- 
corded. 

4.1. Preliminary liquid nitrogen transient heut-transfkr 
experiments 

We performed tests at four power levels with liquid 
nitrogen for a check on measurement techniques and 
predictions for a fluid which is markedly different from 
helium in heat transfer related properties, and For 
which Kapitza resistance is negligible. Figure 2 shows 
the temperature rise of a vertical heater surface in 
liquid nitrogen as a function of time from the start of a 

‘Ooo l-------‘T- 

i- too 

- 

step power input. The heat flux per unit area was 
nearly constant during the measurements and the four 
tests were at 5, 10. 15 and 18 W/cm’. The temperature 
rise in the first 3 x 10 -‘s cioscly follows the nt~- 
boiling transient heat-transfer calcuhmons. 

For 5, 10 and 15 W/cm2 the he:~ter temperature 
continued to rise in proportion to [time 1’ ’ :md fili- 
9 I5 K above the steady state nucleate boiling level 
then dropped back down to that level. The time 
required to finally reach steady state nucleate bowling 
was approximately 0.2 s. A power density of 1 X W LITI‘ 
exceeded the maximum nucleate, boiling heat tlu.~ ;cnd 
the heater began a slow transition 1.0 a him boiling 
temperature which might have burned out the heater i! 
the heating had been allowed to continue. 

The heater temperature rise during the n~~n-b~~ilillg 
transient heat-transfer period was caloula ted from 
equation ( 13 f in which 

and quartz substrate. At liquid nitrogen temperature 
Kapitza resistance is negligible : therefore A?‘ I= h 7, 

with a vertical heater 
4.2.1. Accuracy. The carbon thermometer resistance 

at helium temperature increased by l.Y*, over t!~e 
duration of the test program; however. this slow drift 
did not affect the test results since the thermometer was 
calibrated at room temperature and by nitrogen and 
helium vapor pressure measurements each time the 
apparatus was cooled from room temperature and the 

~__~~~‘~~~__~~~.~~~.~” __.. .~.. 

r 

TRANSITION TO ;. .7 

FILM BOILING .1 

0.1 ‘- .._ _~ _...I .” ..__. ~~___ .1.__ _ ___._L” ._.__ _.._..I 
1o.5 1O’4 W3 1O-2 IO.’ 10” 10, 

TIME FROM.START OF PULSE, I 

FIN;. 2. Transient heat transfer from a vertical heater to liquid nitrogen 
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helium temperature calibration was re-established 
before each test. Systematic error in calibration is no 
more than kO.01 K, and experience with pulses re- 
peated seconds apart and months apart indicate that 
heater-to-bath temperature difference measurements 
were repeatable within k 5%. While instantaneous 
heater power is accurate to *0.1x, the variation 
during a pulse from the stated average power due to 
heater resistance change ranges from &lx at 
0.1 W/cm’ to a maximum of + 8% at 20 W/cm’. Time 
measurements are initiated by the triggering of the 
digital oscilloscope at the beginning of a pulse; 
however, the time to achieve essentially steady power 
is approximately 5 us later than the triggering time. No 
corrections were made in the plotted data for the finite 
power rise time. 

The liquid helium results are complicated by a 
significant Kapitza resistance which is added in series 
with the thermal boundary-layer resistance. Because of 
the Kapitza resistance the heater temperature does not 
rise simply in proportion to (0)“’ during the non- 
boiling transient heat-transfer period. For helium 

AT = AT,+ A?, 

where ATr is given by equation (13). For helium the 
quantity 

K 
L+ KJ w 541’2 

- = 0.0118---. 
(CX,)r’* (fX/)l’2 cm*K 

(18) 

The surface temperature step AT, due to Kapitza 
resistance is given by equation (15). 

The non-boiling transient heat-transfer calculations 
using equations (13), (2), (3) and the constant (4) are 
shown in Fig. 3. The earliest time at which temperature 
can be measured is about 20 x 1O-6 s. It can be seen 
that except at low power levels the non-boiling 
transient heat-transfer period is over by 20 x 1O-6 s; 
however, the calculated temperatures at Q < 20 x 
10m6s are consistent with the measured tempera- 

tures. The non-boiling transient period leads either to 
steady state nucleate boiling as in the 0.1-0.6 W/cm’ 
curves or to a metastable nucleation period at higher 
power levels. The length of time the metastable 
nucleation period lasts decreases as the power level 
increases. (The steady state nucleate boiling at power 
levels below 0.6 W/cm’ might be thought of as a 
“metastable” nucleation period which lasts inde- 
finitely.) At power levels of 1 W/cm’ and above, the 
metastable nucleation period leads to a period of 
relatively slow transition to stable film boiling. At the 
highest power levels of 9, 15 and 25 W/cm’ the 
transition to film boiling has already begun at the 
earliest possible measurement times. The transition 
times become longer at higher power so that steady 
state film boiling is reached at about 0.1 s for all power 
levels. 

The steady state nucleate and film boiling power 
level vs temperature rise relationships are shown along 
with data from previous research [9] in Fig. 4. The new 
data, including the value of the peak steady state 
nucleate boiling heat flux, compares well with the 
previous data and Kutateladze correlation but with 
nucleate boiling AT slightly on the high side. It is 
interesting to note that the metastable nucleation data 
falls on an extension of the nucleate boiling curve 
above the steady state peak heat flux. The curve of 
Kapitza ATk vs P is also shown on this curve. 
Obviously the nucleate boiling AT must be greater 
than ATK, so the very large Kapitza resistance of the 
carbon film may account for the slightly higher than 
average nucleate boiling AT of the new data. 

Heat-transfer coefficients derived from these data 
are discussed in Section 4.6. 

4.3. The effect of heater orientation on transient helium 
heat transfer 

The orientation of the heating surface is known to be 
an important factor in steady state natural convection 

10-7 10-b 10-s 10.’ 10-a 
LJ 

10-Z 10-l loo 
TIME. 0, I 

FIG. 3. Transient heat transfer to a saturated liquid helium bath at 4 K from a vertical heater. 
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and boiling heat transfer because of the effect of 
buoyancy and orientation in inducing currents and in 
expelling vapor bubbles. Particularly in boiling, bub- 
bles formed on a vertical or upward facing surface tend 
to be expelled and swept away; whereas, bubbles 
forming on a downward facing surface tend to be 
trapped and form a thick insulating film which results 
in poorer cooling. Data such as shown in Fig. 3 for the 
vertical heater have been obtained for the horizontal 
facing up, facing down, and 45” facing down positions. 
Comparisons are shown in Fig. 5 for power levels of 
0.1 W/cm* in the steady state nucleate boiling regime, 
and 1.0 and 5 W/cm* in the film boiling regime. Little 
effect of orientation is seen in the transient regime; 
however, the downward facing heater finally rose 
markedly above the other orientations particularly in 
steady state film boiling. The effect is less pronounced 
in the nucleate boiling range but still exists there. In 
general, vertical and horizontal facing up positions are 
nearly the same; 45” tilted downward gives the 
medium temperature, and a heater facing straight 
down produces the highest temperatures. 

4.4. Pressure effects 
In all tests of Fig. 6 the bath bulk temperature was 

maintained at approximately 4.02 K ; the pressure is 
raised to 0.151 MPa (A symbol) and 0.310MPa (a 
symbol) as opposed to atmospheric pressure, 
0.086 MPa (0 symbol). For a heat flux of 0.1 W/cm’ 
the temperatures for the three pressures follow nearly 
the same transient conduction curve; however, the 
higher pressures lead to decidedly higher steady state 
temperatures as would be expected ; the increase in 

surface temperature in going from 0.086-o. 15 1 MPa is 
approximately the same as the increase in saturation 
temperature between those pressures. It should be 
noted that the highest pressure, 0.310 MPa is above the 
critical pressure, yet the steady state temperature is 
consistent with the boiling curves lower pressures. The 
same phenomena can be seen in the metastable 
nucleation region to the left of the transition to film 
boiling at 1 and 5 W/cm*. However, at 0.310 MPa the 
transient conduction curve leads directly to the tran- 
sition to film boiling with no period of apparent 
nucleation. At 5 W/cm* only a small flat region can be 
observed at times less than 10e4 s for 0.086 MPa, and 
the two higher pressures are already in transition to 
film boiling at the earliest measured time. 

It is interesting that the trend of steady state film 
boiling temperatures at 5 W/cm2 is reversed from that 
of nucleate boiling. This is perhaps due to improved 
heat transfer through the vapor or supercritical fluid 
film at higher pressure and that the film would be 
thinner at higher pressure. This does not explain the 
behavior at 1 W/cm* in which the highest pressure 
produces the highest temperature as in nucleate boil- 
ing. However, the fact that the steady state heat 
transfer at 1 W/cm’ exhibits some characteristics of 
nucleate boiling is not particularly disturbing since 
then heat flux is only slightly above the nucleate 
boiling peak and some regions of the surface are 
probably undergoing nucleate boiling. 

4.5. Repetition of pulses and temperature decay 
When heating pulses are repeated the temperature 

rises while the power is being applied and decays 

I I I I I 

BATH PRESSURE 0 - O.OS6 MN/m2 

& - 0.15 MN/m’ 
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/‘,A0 0 

NUCLEATION (I _” 
p “0. 
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. ‘+ %?jb 
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FIG. 6. Effect of bath pressure on the temperature history for a vertical heater in 4 K liquid and supercritical 
helium. 
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FIG. 8. Temperature decay following 10 W/cm’ pulses of 10~‘. IO ’ and IF 2 s duration. 
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FIG. 9. Transient heat-transfer coefficients for a vertical carbon film heat transfer surface in saturated liquid 
helium at 4 K. 

asymptotically toward the bath temperature while the 

power is off. If succeeding pulses begin before the 
surface has fully regained equilibrium with the bulk 
fluid the entire level of temperature rises with each 
pulse until a stable condition is reached in which the 
total energy of each pulse is dissipated during each 
cycle. Figure 7 is an example of one of these tempera- 
ture histories during 1 ms heating pulses of 5.2 W/cm’ 
and an off-time of 8.16 x 10m3 s. These tests show, for 
this example, that sustained pulses would produce a 
peak temperature of approximately 30K above the 
bath temperature. 

Figure 8 shows a typical temperature decay follow- 
ing square wave heat pulses. The nature of these decay 
curves depends on not only the heat flux during the 
pulse but on the temperature reached at the end of the 
pulse and the duration of the pulse. All of these 
factors affect the boundary-layer temperature profile 
as the decay begins. These figures confirm the 
previous interpretation of the initial temperature step 
as being due to Kapitza resistance. Following the 
pulse, when the power is essentially removed (except 
for a small measurement current) and Kapitza resist- 
ance should disappear, the temperature does in fact 
return to the bath temperature. 

4.6. Heat-transfer coejicients 
Heat-transfer coefficients were calculated for all of 

the experimental data. Some of these are shown in Fig. 
9 for a vertical heater and atmospheric pressure, along 
with curves calculated from, 

h= Pf 

(A~+&) 

where ATs and AT, are from equations (13) and (17). 
At the lowest power levels of 0.051 and 0.1 W/cm’ 

the experimental data is seen to follow the transient 

calculations until steady state nucleate boiling is 
reached. The steady state condition is preceeded in 
both those cases by a dip in heat-transfer coefficient 
corresponding to the slight temperature overshoot 
seen in Fig. 3. It is seen that the time to reach steady 
state varies all the way from 10m5 to 1 s. 

At 0.6 W/cm’ a vestige of the transient curve is seen 
just before nucleate boiling begins at about 3 x lo- ‘s ; 
however, at higher power levels transient conduction 
curves apparently intersect the boiling or metastable 
boiling curves before the earliest measurement time. 
The extrapolation of the metastable nucleation curves 
for 2 and 8 W/cm’ to the transient conduction in- 
tersections are shown in dashed lines in Fig. 9. It 
should be emphasized that the extrapolated curves are 
rough estimates. 

The Kapitza resistance of the carbon heat-transfer 
surface may be representative of materials used for 
insulation but is considerably higher than typical base 
metals. The heat-transfer coefficients for heaters with 
negligible Kapitza resistance have been estimated by 
subtracting ATK from equation (17) from the observed 
AT. The transient conduction heat-transfer coefficient 
then becomes independent of P. The significance of the 
Kapitza resistance at the carbon surface may be seen 
by comparison of heat-transfer coefficients in Figs. 9 
and 10. Due to the T3 relationship (equation 15) the 
effect of Kapitza resistance is pronounced at early 
times, before the surface temperature has risen signi- 
ficantly, but virtually disappears in steady state. 

Negligible Kapitza-resistance heat-transfer coef- 
ficients such as shown in Fig. 10 are compared with the 
experimental data of Jackson [Z] in Fig. 11. The 
0.031 cm manganin wire used as heater and thermo- 
meter by Jackson may account for the rather large 
differences between the two sets of data since surface 
curvature has a pronounced effect on bubble nuc- 
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FIG. IO. Transient heat-transfer coefficients for a heat-transfer surface having negligible Kapitza resistance 
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FIG. 1 I. Comparison between the heat transient heat-transfer coefficient data of Jackson [i] and the preset11 
data. 

leation when the radius of curvature is on the order of 
the bubble radii. Even though there are points of 
agreement on the curves of 1.5-2.2 W/cm’ the slope 
dh/dQ is considerably steeper in the present data and 

Jackson’s data indicates larger dependence of h on 
heat flux. 

5. CONCLUSIONS 

Transient heat-transfer experiments using fast re- 
sponse carbon thin film heater thermometers in a static 
helium bath show the effects of heat flux, heater 
orientation and pressure on surface temperature and 
heat-transfer coefficients. For heat flux below the 
steady state peak nucleate boiling limit the surface 

temperatures follow calculations based on pure con 
duction (allowing for Kapitza resistance) until. after a 
small overshoot, the temperature reaches the steady 
state nucleate boiling level. Above the steady state 
nucleate boiling peak the transient conduction period 
leads to an apparent metastable nucleate boiling 
period followed by a transition to film boiling. All of 
these events vary systematically with heat flux. Steady 
state temperatures fall within the range of previous 
experimental data which. granted, allows considerable 
latitude. 

A downward facing orientation of the heater in- 
creases the steady state temperature rise 2%60”,, over 
the other orientations, but has little effect during 
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transients. Likewise, raising the coolant helium pres- 

sure has little effect during the transient conduction 

period but raises the steady state and metastable 

nucleate boiling temperature levels. The effect of 

pressure is reversed in steady state film boiling, 
apparently because increased pressure improves heat 
transfer through the vapor (or low density supercriti- 

cal fluid) film. 
Kapitza resistance for materials such as the carbon 

heat-transfer surface used in these experiments may 

override much of the benefit which might have been 
gained from the initial high helium conduction heat 
transfer. For that reason the type of electrical insulat- 

ing material or metal covering the superconductor and 
contacting the helium coolant will have a significant 
effect on transient cooling. Investigation of surface 

material effects as well as forced convection effects are 
planned for a continuation of this program. 

Steady state nucleate boiling is reached in 
10-5-10-2 s, but steady state film boiling conditions 
are not reached until 10-‘-l s from the beginning of a 

heat pulse. Since the initial heat flux is at least an order 
of magnitude higher than steady state, the time 
variations in heat-transfer coefficients should be con- 

sidered in the design and analysis of superconducting 
equipment if these transition times comprise a signi- 
ficant part of anticipated heating pulses. 
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TRANSFERT THERMIQUE TRANSITOIRE DANS L’HELIUM 
PHASE I-REFRIGERANT STATIQUE 

R&sum&On donne des rCsultats concernant le transfert thermique variable pour des surfaces planes et 
chaudes dans de I’htlium supercritique et statique. Les mesures commencent 2(1O)-5 s apris un Echelon de 
puissance et elles couvrent des domaines de flux entre 0,05 et 20 W/cm2 et de pression entre 0,09 et 0,3 M Pa, 
pour quatre orientations diffkrentes du chauffoir. Les coefficients de transfert thermique initiaux, Ctant limit& 
par la resistance de Kapitza, sont 10 et 100 fois superieurs i ceux du rtgime permanent et le temps pour 
atteindre le regime permanent varie de 10m5 $ 1 s. Pour un flux thermique au dessous de la limite du pit 
d’tbullition nuclCCe en rtgime permanent, la tempkrature suit les calculs bases sur la conduction pure au 
niveau de I’ibullition nuc166e permanente. Au dessus de cette limite, la pCriode de conduction variable 

conduit B une piriode de nuclkation metastable apparente suivie par une transition I l’kbullition en film. 

INSTATIONARE WARMEUBERTRAGUNG AN HELIUM 
PHASE I-STATIONARES KUHLMITTEL 

Zusammenfassung-An ebenen HeizflLchen wurde in ruhender Fliissigkeit und iiberkritischem Helium die 
instationlre WBrmeiibertragung gemessen. Die Messungen beginnen 2 10e5 s nach dem sprunghaften 
Anlegen der Spannung und iiberdecken einen Warmestrombereich von 0,05 bis 20 W/cm’, Driicke von 0,09 
bis 0,3 MPa und vier verschiedene Heizplattenausrichtungen. Anfsngliche Wlrmeiibertragungskoeffizien- 
ten, die zuerst durch den Kapitza-Widerstand begrenzt werden, sind 10 bis 10Omal grijBer als im stationgren 
Zustand, und die Zeit, die es dauert, den station&en Zustand zu erreichen, variiert von lO-‘s bis 1 s. Bei 
WZrmestrGmen unterhalb der Obergrenze fiir station&es Blasensieden stellen sich Temperaturen ein, die bis 
zum Punkt des station&en Blasensiedens den Berechnungen fiir reine Wlrmeleitung folgen. Uber diesem 
Punkt geht die instationare Wsrmeleitung in offensichtlich metastabiles Blasensieden iiber, dem der 

Ubergang zum Filmsieden folgt. 

HECTAI@,iOHAPHbIn TEI-IJIOOEMEH B I-EJIklH I. HEI-IOABIlmHbIfi XJ-fAAAI-EHT 

h~omqHn-- ,@iHble no HecTaunoHapHOMy TennOO6MeHy nony=ieHbl nnn nnOCIcux nOBepXHoCTeei 

IiWwBa, HaXOXRIINiXCIl B HeIlOjlBUXHOM XUAKOM H CBePXKPHTHYeCKOM I-WlEiIi. k%3Mf@ZI&iR HBYU- 

HaIOTCR Yew3 2(10)-5 CeKJ’HnbI EIOCJIC Ml-HOBeHHOi-0 IIOABOAa MOIIJHOCTEi li IIpOBOASlTC5i &%I 

TennoBoro noToKa B nnana3oHe OT 0,05 no 20 BT/cM’, nnR nasneHnn B npenenax OT 0,09 AO 0,3 
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Mi'IaCKanb npa YeTbIpix pa3nmHbIx OpaeaTauaPx HarpesaTenn. Kosc#muuewrbr rennoo6Meaa SIR 

AfiYanbHOTO MOMeHTa BpeMeHH, OrpaHll'IeHHbIe B IIepByIO O'IepeAb COIIpOTHI3JIeHEieM KamubI, B 

10-100 pa3 ITpeBbIUIaEOT COOTBeTCTByKU@ KO++i~HeHT B CTatViOHapHbIX yCnOBHSlX, a BpeMSi 

ycTaHomeHurr cTawioziapHor0 COCTORHMI~ H3MeHIfeTcs 0T 10m5 no 1 cex. &In TennoBoro noToKa, 

He ~ocT~ra~~er0 npe~enbHor0 3Haqemfl, cooTBercTBy~~er0 ny3bIpbKoBoMy K~neH~~ B ma- 

~~oHap~o~coc~o~~~,Te~nepaTypapacc~~TbI3ae~c~ no ~opMynaM,cnpaBe~~BbIM nm npoirecca 

YJiCTO$i TeIInOKIpOBOjJJIOCTEi. npU 66nbmix 3HaSeHKRX nOTOKa Ha6ntonaeTce HeCTal@iOHapHbIfi 

~~O~eCCTe~nO~pOBO~HOCT~,~p~BO~~~tliiXMCTaCTa6~flbHOMyXap~KTepyO6~~30BaHU~~y3bIpbKO~, 

38 KOTOpbIMCJIe,IJyeT IIepeXOLI K ILleHOYHOMy KHIIeHAFO. 


