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The paper reviews several aspects of heat transfer to He II 
which are of practical interest for the cooling problem of 
superconductors. The heat transfer characteristics in the 
Kapitza boundary conductance regime are discussed and typical 
values for technical copper are given. It is shown how the peak 
heat flux depends on the boundary conditions of the bulk fluid 
and particularly on the time behaviour of heat sources. Results 
on transient recovery from film boiling applicable to supercon
ductors a.*e also presented. 

INTRODUCTION 
He II is being increasingly considered as coolant for high performance superconduc 
ting magnets. The expected benefit comes from the lowered operation temperature as 
well as from the extraordinary heat transport characteristics of the superfluid 
helium phase. The present paper focusses on the second aspect and reports on 
features of heat transfer to He II which offer a new solution to the problem of 
cryostabilization of superconductors [3]. 

Similar papers on this subject have been given by the author on two previous occa
sions [1, 2 ] . 

KAPITZA BOUNDARY CONDUCTANCE 
Whenever heat is transferred form a solid to superfluid helium or vice versa a dis
tinct temperature jumps occurs in the interface between both media. This eff-sct, 
known as Kapitza boundary conductance, is large compared to the temperature 
gradients in the bulk He II. It entirely dominates the heat transfer characteristics 
at higher heat flux values as long as the solid surface remains wetted by the super-
fluid. The boundary conductance increases somewhat when pressure is applied to the 
helium. But no significant change was observed in the range between vapour pressure 
and atmospheric pressure [4, 5]. According to a recently published experiment [6] 
there is no detectable explicit time dependence of the boundary conductance down to 
the millisecond time scale. 

The behaviour of "normal" surfaces as for example machined copper of technical 
purity is not yet fully understood in terms of a physical theory and one has to rely 
on empirical descriptions. Besides the material composition of the solid the metal
lurgical condition and surface state of the sample have a strong influence on the 
conductance value. Completely strainfree and ultra clean surfaces exhibit very low 
boundary conductance. To some extent imperfections and contamination of the surface 
improve it. Moreover, a certain scatter of data from samples of practically the same 
type is a generally observed effect. It is in particular attributed to small varia
tions of the surface condition which are almost impossible to control. 

1 



The Kapitza heat exchange characteristics have a strongly non-linear behaviour. A 
linear relationship with the customary exchange coefficient is a good approximation 
only as long as small heat flux values are concerned, typically below 0.1 Wcm at 
~2 K he II bulk temperature [7]. Data for technical copper in this range may be 
taken from references [4, 5]. 

Above roughly 1 Wcm a relatively simple power law is found to describe rather 
accurately the measured boundary conductance characteristics : 

q = a T s
n (1) 

q is the applied heat flux and T the temperature of the heated surface. 
a ard n are empirical parameters obtained from a fit to the experimental data. In 
accordance with (1) results are found to be practically independent of He II bulk 
temperature. 
Examples of practical Kapitza conductance data in this range are shown in Fig. 1. 
They refer again to copper. The hatched area, ref. [l], concerns measurements made 
in our laboratory on a large number of samples prepared from technical copper 
(RRR = 50 and 286). Several of them were given an empirical surface treatment which 
was thought to represent very approximately the effects of final stages in super
conductor processing and of magnet assembly. No clear trend c>uld be discovered. 
We often observed differences of the same order of magnitude between smples of 
different types and samples of apparently identical condition. 

Data of ref. [7] and [8] are seen to be compatible with our results. Data of ref. 
[9] reflect an unusually low.boundary conductance. The upper bound (with regard to 
temperature) of ref. [1] may serve as a reasonably realistic assessment for design 
purposes. 

Data shown in Fig. 1 refer to bare copper. Coating the surface is known to result 
in an increased apparent temperature jump [10]. Preliminary results obtained in our 
laboratory indicate an increase relative to bare copper by a factor of about 3 for 
thin films of epoxy resin and by a factor of 2 for electrically insulating oxide 
layers. Coating the copper surface with low melting solder, however, was found to 
have no detrimental effect. 

An example may illustrate the apolication to superconductors. A bare copper stabi-
lizeris assumed. Then an average surface heat flux (due to Joule heating) of 
2 Wcm is seen to be well compatible with a current-sharing temperature slightly 
above 4 K (some account is taken of uncooled conductor sections in the winding [11]). 

LIMITS OF THE KAPITZA BOUNDARY CONDUCTANCE REGIHfc 
In practice heat transfer to He II obeys the Kapitza boundary conductance law up 
to a certain limiting value of heat flux. There the transfer characteristics 
exhibit a sharp temperature rise which would bring all known technical supercon
ductors in the normal state. Non-localized conductor losses in superconducting 
magnets, particularly those generated by variations of the magnetic field or of 
the transport current, should therefore never exceed this limit. 
The limiting heat flux depends entirely on the heat transport properties of the 
bulk He II. There is no effect due to the surface condition of the heated solid as 
has been demonstrated experimentally by H. Kobayashi [10]. We shall not discuss 
here the situation of near-saturated He II where some ambiguity subsists about the 
effective He II phase boundary (superheating), but confine ourselves to subcooled 
si îerfluid helium at atmospheric pressure for the remainder of this paper. For 
technical reasons exposed elsewhere [12] we believe that anyhow it is preferable 
to use He II in this condition. 
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The most frequently studied situation concerns heat flow in linear geometry indu
ced by a permanent heat load. The following relationship allows the calculation 
of the steady state peak flux, expressed as limiting heat current density q in a 
channel o* length L which is maintained at T at the cold end : 

qt L 1 / r a = Z(T o) (2) 
Equation (2) results from a phenomenological theory originally put forward by 
Gorter and Mellink. Some doubt subsists about the precise value of the exponent 
m. To our experience the best compromise between the requirement of uncomplicated 
description and accuracy of results above 1.7 K is obtained in using m = 3.4 
together with a consistent function Z(T ) [13, 2]. 

As a matter of fact most of the heat loads occuring in superconducting winding are 
transient in nature rather than permanent and the response of He II is of great 
practical interest in that case. Due to the high apparent heat diffus'vity in 
He II the limiting heat current density q is considerably increased over the 
steady state value (2) if there is only a finite amount of heat released. The 
results obtained for step function heat pulses applied to channels of various 
lengths are presented in Fig. 2. The diagram shows how the quantity q L 
(1/3.4 = 0.294) depends on the energy of pulses. The energy scale is divided in 
units of the total He II enthalpy reserve E = H L of the considered channel. 
H (T ) is the increase of enthalpy per unit volume of He II between initial 
temperature T and the lambda temperature T . The lower branch in the diagram 
refers to channels with no thermal contact to a bath. All results converge 
as heat flux increases and eventually fall on a unique curve thereby indicating 
the gradually vanishing influence of fluid located at the cold channel end. It 
turns out that q becomes independent of the channel length there. 

Experimental data appear as symbols which represent the different test specimens 
used. Besides our own data we have also plotted some results of van Sciver's long 
tube experiment [14], The solid lines represent results of a numerical model cal
culation. The basic assumptions are that propagation in space and time of a heat 
current in He II is determined by the differential Gorter-Mellink law and the 
classical condition of local energy conservation. It can be shown that the corres
ponding equations remain invariant under the following transformation of variables 

x* = x/L t* = t/L 1' 2 9 4 q* = q L
0 , 2 9 4 E* = E/L (3) 

where x is the space co-ordinate, t the time, q the heat current density and E the 
amount of transported heat per unit cross-sectional area. These generalized 
variables are extremely useful as they entirely contain the effect of the channel 
length L. The fact that all data can be reduced according to this representation 
already implies the basic validity of our model. For more details about the expe
riment and its interpretation the reader is referred to the original paper [15]. 
It has already been said that q , as its value increases, tends to become indepen
dent of the channel length L. IrLfact this is observed to occur at roughly twice 
the steady state limit of q L ' . The simplest analytical relationship between 
4E* and q* that achieves elimination of L is : 

AE* q t* = AE q = constant (4) 
The unique curve in Fig. 2 is indeed found to obey the simple power law (4) which 
may be called the "long channel approximation". Very recently an analytical solu
tion of the step function heat puiïe oroblem in the "long channel approximation" 
has been given by L. Dresner [16] . Assuming a priori • = 3 in the Gorter-Mellink 
law the author arrived at the relation ât q = ûE q = K which K values in 
reasonable agreement with experiment. 
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RECOVERY FROM BURNOUT 
For the sake of reliability it is generally required for large magnets that JCCI-
dental runaways of a short winding section should recover by themselves. The rela
ted heat transfer problem in He II arises when the generalized limiting heat cur
rent density discussed in the previous chapter is exceeded. The assumption is that 
an initial disturbance drives a conductor in the film boiling or burnout regime 
which causes its transition, hence the appearance of Joule-heating. 

We have investigated the recovery from film boiling under conditions which are 
directly related to the behaviour of superconductors. An electrical heater and a 
thermocouple were attached to a piece of copper which was placed in the centre 
part of a He II cooling channel. An appropriate heat pulse sequence simulated an 
initial disturbance and the subsequent Joule-heating. A detailed description of 
this work is contained in ref. [15]. We will only summarize the results here. The 
most important point was that the Kapitza boundary conductance regime could 
indeed be restored. Temporary recovery from burnout was observed if the equi
valent of Joule-heating, the so-called postheating amplitude, exceeded the steady 
state limiting heat flux density of the used cooling channel. Fig. 3 shows how 
the energy of ir.itial heat pulse (per unit volume of He II) was related to the 
postheating heat current density at the limit between recovery and non-recovery 
situations. 

For the interpretation of our results it was assumed that during burnout a thin 
layer of normal helium had formed at the heater/fluid inte-face. It was supposed 
to have negligible thickness compared to the channel length and to affect heat 
transport in He II only through the presence of a constant temperature condition, 
T = T , at the hot end of channel. Time dependent recovery was then viewed as 
resulting from the balance between heat generated by initial pulse plus posthea
ting and heat removed by the He II channel held at T at its hot end. The solid 
curve in Fig. 3 represents this calculation. The shift in energy ûE.* between 
experimental and calculated results reflects the additional enthalpy reservoir due 
to the He II contained in the central heater segment of our specimens which was 
not taken into account in our analysis 30 far. 

The above results open the way to the assessment of the so-called transient stabi
lity of superconductors in He II. In practice this means that much higher surface 
heat flux can be achieved for a conductor than the traditional criteria based on 
steady state heat transfer characteristics would predict. It has to be kept in 
mind, however, that the limiting level of Joule-heating now depends on the energy 
of the disturbance which is still one of the least known quantities in supercon
ducting magnet technology. 

CONCLUSION 

We have reviewed three aspects of heat transfer to superfluid helium which are of 
practical interest for the operation of superconductors at temperature below 
2.2 K : The heat transfer characteristics in the Kapitza region, the limits of the 
Kapitza regime and the time dependent recovery from burnout. Heat transfer charac
teristics in the Kapitza region depend strongly on the material and on surface 
condition. This property is not sufficiently understood to allow reliable predic
tions. One has to put up with empirical results and with a certain lack of repro
ducibility. The limits of the Kapitza regime and the recovery from burnout are 
entirely determined by the heat transport properties of bulk superfluid. All expe
rimental results can be described on the basis of a time dependent heat transport 
model which is founded on the so-called Gorter Hellink heat conduction Law and on 
the condition of local energy conservation. 
We believe that the presently available working knowledge is good enough to go 
ahead with the development of a magnet technology that is fully optimized with 
regard to the outstanding heat removal capability of He II. 
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