
A UNITED STATES

DEPARTMENT OF

COMMERCE
PUBLICATION

NBS TECHNICAL NOTE 385

Thermal Conductance at the Interface

of a Solid and Helium II

(Kapitza Conductance)



NATIONAL BUREAU OF STANDARDS

The National Bureau of Standards ' was established by an act of Congress March 3, 1901. Today,

in addition to serving as the Nation's central measurement laboratory, the Bureau is a principal

focal point in the Federal Government for assuring maximum application of the physical and

engineering sciences to the advancement of technology in industry and commerce. To this end

the Bureau conducts research and provides central national services in four broad program

areas. These are: (1) basic measurements and standards, (2) materials measurements and

standards, (3) technological measurements and standards, and (4) transfer of technology.

The Bureau comprises the Institute for Basic Standards, the Institute for Materials Research, the

Institute for Applied Technology, the Center for Radiation Research, the Center for Computer

Sciences and Technology, and the Office for Information Programs.

THE INSTITUTE FOR BASIC STANDARDS provides the central basis within the United

States of a complete and consistent system of physical measurement; coordinates that system with

measurement systems of other nations; and furnishes essential services leading to accurate and

uniform physical measurements throughout the Nation's scientific community, industry, and com-

merce. The Institute consists of an Office of Measurement Services and the following technical

divisions:

Applied Mathematics—Electricity-—Metrology—Mechanics—Heat—Atomic and Molec-

ular Physics—Radio Physics -—Radio Engineering -—Time and Frequency '-'—Astro-

physics -—Cryogenics.

-

THE INSTITUTE FOR MATERIALS RESEARCH conducts materials research leading to im-

proved methods of measurement standards, and data on the properties of well-characterized

materials needed by industry, commerce, educational institutions, and Government; develops,

produces, and distributes standard reference materials; relates the physical and chemical prop-

erties of materials to their behavior and their interaction with their environments; and provides

advisory and research services to other Government agencies. The Institute consists of an Office

of Standard Reference Materials and the following divisions:

Analytical Chemistry—Polymer$—Metallurgy—Inorganic Materials—Physical Chemistry.

THE INSTITUTE FOR APPLIED TECHNOLOGY provides technical services to promote

the use of available technology and to facilitate technological innovation in industry and Gov-

ernment; cooperates with public and private organizations in the development of technological

standards, and test methodologies; and provides advisory and research services for Federal, state,

and local government agencies. The Institute consists of the following technical divisions and

offices:

Engineering Standards—Weights and Measures— Invention and Innovation—Vehicle

Systems Research—Product Evaluation—Building Research—Instrument Shops—Meas-

urement Engineering—Electronic Technology—Technical Analysis.

THE CENTER FOR RADIATION RESEARCH engages in research, measurement, and ap-

plication of radiation to the solution of Bureau mission problems and the problems of other agen-

cies and institutions. The Center consists of the following divisions:

Reactor Radiation—Linac Radiation—Nuclear Radiation—Applied Radiation.

THE CENTER FOR COMPUTER SCIENCES AND TECHNOLOGY conducts research and

provides technical services designed to aid Government agencies in the selection, acquisition,

and effective use of automatic data processing equipment; and serves as the principal focus

for the development of Federal standards for automatic data processing equipment, techniques,

and computer languages. The Center consists of the following offices and divisions:

Information Processing Standards—Computer Information — Computer Services— Sys-

tems Development—Information Processing Technology.

THE OFFICE FOR INFORMATION PROGRAMS promotes optimum dissemination and

accessibility of scientific information generated' within NBS and other agencies of the Federal

government; promotes the development of the National Standard Reference Data System and a

system of information analysis centers dealing with the broader aspects of the National Measure-

ment System, and provides appropriate services to ensure that the NBS staff has optimum ac-

cessibility to the scientific information of the world. The Office consists of the following

organizational units:

Office of Standard Reference Data—Clearinghouse for Federal Scientific and Technical

Information '—Office of Technical Information and Publications—Library—Office of

Public Information—Office of International Relations.

1 Headquarters and Laboratories at Gaithersburg, Maryland, unless otherwise noted: mailing address Washington, D.C 20234.

- Located at Boulder. Colorado 80302.
:l Located at 5285 Port Royal Road, Springfield, Virginia 22151.



UNITED STATES DEPARTMENT OF COMMERCE
Maurice H. Stans, Secretary

NATIONAL BUREAU OF STANDARDS • Lewis M. Branscomb, Director

NBS TECHNICAL NOTE 385
ISSUED DECEMBER 1969

Nat. Bur. Stand. (U.S.), Tech. Note 385, 90 pages (Dec. 1969)

CODEN: NBTNA

Thermal Conductance at the Interface

of a Solid and Helium II

(Kapitza Conductance)*

N. S. Snyder

Cryogenics Division

Institute for Basic Standards

National Bureau of Standards

Boulder, Colorado 80302

This work was carried out at NBS under the sponsorship of the U.S.

Atomic Energy Commission, Contract Agreement AT (49-2) - 1 165.

NBS Technical Notes are designed to supplement the

Bureau's regular publications program. They provide

a means for making available scientific data that are

of transient or limited interest. Technical Notes may
be listed or referred to in the open literature.

For sale by the Superintendent of Documents, U.S. Government Printing Office, Washington, D.C. 20402

(Order by SD Catalog No. C13.46:385), Price $1.00





TABLE OF CONTENTS

Page

LIST OF FIGURES vi

LISTOF TABLES. vii

1. INTRODUCTION 1

2. PHONON RADIATION LIMIT .
o

4

3. EXPERIMENTAL DATA FOR AT << T 8

3.1. Comparison with the Phonon Radiation Limit „ . . 8

3. 2. Reproducibility of Experiments 10

3. 3. Empirical Analysis of Data 13

a. Surface condition 13

b. Correlation with molecular weight and elastic

properties 19

c. Metals -effect of electrons ....«,.....„ 24

4. THEORIES OF KAPITZA CONDUCTANCE
. .

30

4. 1. Acoustic Mismatch
o m 31

4.2. Electron Mechanisms and Surface Disturbances. . 38

4. 3. Thermal Accommodation 40

5. INTERFACE CONDUCTANCE WHEN AT ~ T 46

5. 1. Kapitza Region
o 4o

5. 2. Pre-Film Boiling Region 47

in





5. INTERFACE CONDUCTANCE WHEN AT ~ T (continued)

5. 3. q* - Maximum Heat Flux. , 51

5. 4. Film Boiling 56

6. SUMMARY 59

7. REFERENCES 82

v



LIST OF FIGURES

Page

Figure 1. Kapitza conductance at 1. 5 K - largest values

for each solid are plotted 20

Figure 2. Kapitza conductance at 1.9 K for cleaned surfaces . . 21

Figure 3. Kapitza conductance at 1. 9 K for polished surfaces . . 22

Figure 4. Kapitza conductance at 1. 9 for unpolished, oxided

surfaces 23

Figure 5. Kapitza conductance at 1.9 K for chemically clean,

unstrained surfaces plotted against l/pc « .34

Figure 6. Kapitza conductance of Ag for large AT 48

Figure 7. Maximum values of the peak heat flux density for

horizontal cylinders. ...... .
'50

Figure 8. Reduced peak heat flux as a function of temperature. . 53

Figure 9. Pressure dependence of the maximum peak heat flux . 55

Figure 10. Peak temperature difference for several surfaces. . . 57

VI



LIST OF TABLES

Page

Table I. Compilation of Kapitza Conductance Data . . 62

Table II. Comparison with Phonon Radiation Limit -

Metals (1.9 K) 76

Table III. Comparison with Phonon Radiation Limit --

Non-Metals (1. 9 K) 77

Table IV. Measurements of Kapitza Conductance for Copper

[1.9K] . 78

Table V. Measurements of Kapitza Conductance for Lead

in Normal State ( 1. 9 K) 80

VII



ABSTRACT

A review is presented of the experimental and theoretical work

on Kapitza conductance, including a compilation of the available data

on conductance to helium II. A short derivation of the phonon radiation

3
limit indicates the reason for the approximate T temperature dependence

and the small size of the Kapitza conductance for most solids. Con-

siderable qualitative and quantitative correspondence of the data with

this limit is found. From the limited evidence available, the role of

surface conditions, and of bulk parameters such as the Debye temper-

ature in determining the conductance are considered empirically.

Theoretical knowledge of the Kapitza conductance is seen to give an

inadequate explanation of the data. In addition, the phenomena which

occur when the heat flux is high enough that properties of the bulk

liquid are also involved in the measured conductance are described

briefly.

Key Words: Heat transfer; helium II; Kapitza conductance.
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THERMAL CONDUCTANCE AT THE INTERFACE OF A SOLID AND

HELIUM II (KAPITZA CONDUCTANCE)

by

N. S. Snyder

1. INTRODUCTION

When a heat flow per unit area, Q, occurs across a solid-liquid

interface, it is found to be limited by a finite conductance, h , which is

well-defined and independent of heat transfer processes in the liquid as

AT, the temperature difference between the solid and liquid, approaches 0.

V iim "w (1 >

AT-0

In the limit of AT « T. , where T. is the liquid temperature, h, is

expected to be the same for heat flow in either direction. When AT is

large, however, convection and other processes in the liquid become

important and reversibility is not expected. A discussion of these latter

effects is postponed to Section 5, since the emphasis in the present

paper is on interface properties. High AT experiments are also con-

sidered more fully in a recent review paper of Frederking (1968).



To measure h by the conventional steady state method, at

least two temperature sensors are required in the solid to give an ex-

trapolated temperature value at the interface. By choosing helium II

for the liquid, the temperature at the liquid side of the interface is

well-defined, and in fact the first measurements of solid-liquid interface

conductance were made by Kapitza (1941) using helium II. Kapitza and

3
later investigators found that h varies approximately as T , where

T is the absolute temperature, which indicates why interface thermal

resistances were not observed first at higher temperatures. Magnitudes

of the interface conductance at 1.9 K have been found to range between

2
1. to 50 kW/m K for the 19 solids investigated thus far. Because of

these magnitudes and the temperature dependence, the interface con-

ductance is found to be the limiting factor in many cases of heat genera-

tion for which helium II cooling is necessary. Interface conductance

assumes even more importance at temperatures in the millikelvin range

3
at which He dilution refrigerators operate.

A qualitative understanding of the temperature dependence and

variation of h with solid properties can be obtained from thermody-

namic considerations and a simple model of a solid at low temperatures.

This is discussed in Section 2. The experimental work on interface

conductance to date has been fairly limited, in terms of both the range

of solids investigated and the characterization of surface conditions at



the interface. Considerable disagreement exists between results for

samples of the same solid. Table I presents the available data for all

solids. The experimental results and some empirical correlations that

may be derived from the measurements are treated in Section 3. Theo-

retical work has been based mostly upon the acoustic mismatch theory

of Khalatnikov (1952), (1965), but experimental results do not agree

qualitatively or quantitatively with the theories. For this reason, the

treatment of theories in Section 4 is brief. An extensive discussion is

available in a review by Pollack (19 69).

In addition to the presentation of a complete tabulation of the

experimental results, the present discussion differs from the previous

reviews of Frederking ( 1968) and Pollack ( 19 69) in several ways. The

treatment of the interface conduction problem (low AT) is more detailed

than that presented by Frederking, who emphasizes the high heat current

region. The present discussion differs from Pollack's review in that it

is oriented primarily toward presentation of design information.

There are also several differences between this discussion and that of

Pollack regarding the interpretation of the data (See Sections 3. 3 and 5).

Perhaps the most important aspect of the present study is the correla-

tion noted between the phonon radiation limit and some of the data

(Sections 2 and 3.1). The phonon radiation limit is not mentioned by

Pollack, and its applicability to non-metals, and clean metal surfaces

is not discussed by Frederking.



2. PHONON RADIATION LIMIT

The small size of the Kapitza conductance at low temperatures

follows simply from an application of thermodynamics to well-established

models of a solid. Heat can be transported through the bulk solid both

by conduction electrons and by vibrations of the atoms, but since heat

transfer at an interface probably involves chiefly the lattice vibrations,

the case of an insulator will be considered first. When the vibrations of

the atoms are treated by the methods of quantum mechanics, the solution

in terms of traveling waves is restricted to certain normal modes with

discrete energies, each of which obeys the classical equations of motion

of a harmonic oscillator. (See, e. g. , Klemens, 1958. ) These quantized

modes of vibration are referred to as phonons, by analogy with photons,

which are the quantized electromagnetic waves. The change in the atomic

vibrations with temperature is described in terms of an increase with

temperature in the number of phonons excited for each discrete energy

level. The heat conduction process in an insulator may be understood

by considering the phonons to be particles of a "gas" with a mean free



path between collisions of the phonons with each other and with defects

and boundaries of the solid. A higher density of phonons at the hot end

of a solid then results in a net flow to the cold end. Because the lattice

contribution to the specific heat of most solids at low temperatures has

3
a T dependence, the energy density of phonons in this temperature

region is given by

U = a T (2)

where a is a factor which depends upon properties of the solid. This

equation has the same form as the blackbody radiation law for the elec-

tromagnetic energy radiated by photons, which also have some of the

kinetic properties of a gas.

Now, if the interface resistance is considered to be localized to

within a distance of one phonon mean free path on both sides of the bound-

ary surface, the reason for a thermal barrier can be understood by con-

sidering the analogous problem of heat conduction in a low pressure gas.

In this case, for distances less than the mean free path, the heat flow is

limited by the number of molecules, or the pressure, and for a solid,

j

the heat flow will be limited by the available number of phonons, which

decreases rapidly as the temperature decreases. According to the usual

kinetic result, the heat flux across a plane is

1-1-4
q =TUc = -acT (3)



where c is the average velocity of the phonons and the arrow indicates

flow in one direction. Then the net heat flux across a layer with one

side at temperature T and the other at T + AT, where AT « T, is

- 3
Q = a c T AT = h AT. (4)

k

The constant a for the solid will be the limiting factor in (4) because

phonons are more easily excited in helium II. In deriving this expression

the assumption of perfect transmission at the interface was implicitly

made; hence (4) gives the upper phonon radiation limit for the conduct-

ance that may occur across a real interface. If the mechanisms that may

cause less than perfect transmission are not strongly temperature de-

3
pendent, the T dependence should be a good approximation for the real

interface. The actual mechanism of energy transport across the inter-

face is still unspecified in (4), which only states the thermodynamic

basis for the thermal barrier. Although for non-superconducting metals

the electrons also participate in heat transport, unless surface waves are

important (Little, I960), or unless the electron wavefunctions "leak"

across the boundary (Johnson and Little, 1963), the electrons must give

up their thermal energy to phonons before it is transmitted across the

interface, so the upper limit expressed by (4) remains valid.



The factor a, which is different for each solid, can be obtained

in theory from an integration involving the dispersion relation for phonon

energy versus wave -vector. This dispersion relation can be obtained

either from neutron and x-ray scattering data or from a theoretical

calculation based upon the forces between neighboring atoms. At low

temperatures, however, the integral over the detailed spectrum can be

characterized to a good approximation by a single parameter, the Debye

temperature, . For example, for temperatures below about © /50,

3 3
the specific heat is proportional to T /©„ . The Debye approximation

and the evaluation of © from specific heat or elastic constant meas-

urements is discussed in many texts (Kittel, 1966). Roughly speaking,

a high © corresponds to a lattice with strong interatomic forces and

light atoms. In this approximation the phonon radiation limit is

h = Sllii (3N/4.)
2/3

T
3

, (5)

5 6*1,

where N is the number of atoms per unit volume and the other symbols

have their usual meaning. Evaluating (5) for copper, which has a Debye

3 3 2 4
temperature of about 343 K, gives a conductance of 4. 45 X 10 T W/m K .

Lead has a considerably lower © of about 100 K, which gives a con-

4 3 2 4
ductance of 2. 83 X 10 T W/m K . Since few solids of practical inter-

est have such a low ©„, it is illuminating to note that the approximate



upper limit of the interface conductance of lead at 1.9 K, which is

5 2
1.9 X 10 W/m K, is comparable with the conductance through 175 km

of a tube filled with superfluid helium at 1.9 K„ (This comparison is

valid for laminar flow conditions: for example, heat flux less than about

2 22x10 W/m through a 10 mm diameter tube. A rp; 19*70). This shows

why Kapitza conductance is the limiting factor in many situations of heat

transfer to superfluid helium. For heat transfer with higher fluxes which

cause non-laminar flow, the conductance through the liquid becomes more

comparable to the Kapitza conductance.

3. EXPERIMENTAL DATA FOR AT«T

3. 1. Comparison with Phonon Radiation Limit

Table I is a compilation of all experimental measurements of the

Kapitza conductance of various solids. (Some indirect measurements

of low accuracy have been excluded.) To date (Sept. 1969), 19 solids

have been investigated; prominent examples of solids of technical and

theoretical interest for which no data are available include Al, Be,

Ge, Fe, brass, stainless steel and high field magnet alloys, glass

and plastics. In Table I, the range of temperatures over which meas-

urements were made is indicated in each case, but the conductance is

quoted only at 1.9K since this is usually an optimum temperature for

heat transfer processes with helium II. (See Arp, 1970). If the authors

reported a temperature dependence, this is also presented. Table I

8



3
shows that the T law is approximately obeyed for a variety of solids,

although the actual exponent of T ranges from 2. 6 to 4. 2. There is

some indication that below about 0.1 K, conductances for solid-solid

3
interfaces follow a T dependence more exactly (Syomi, Anderson, and

3
Holmstrom, 1968). The conductance between copper and both liquid He

4 3
and He also has been found to vary more nearly as T at very low

temperatures (Anderson, Connolly and Wheatley, 1964). This behavior

is expected because the derivation of (5) is valid as T approaches K.

Mercury has a very low Debye temperature, so its specific heat does

3
not follow a T law in the temperature range of the measurements.

However, the ratio for mercury of specific heat to conductance is

approximately constant with temperature (Neeper, Pearce and Wasilik,

1967).

In Tables II and III, the highest reported values of the Kapitza

conductance at 1.9 K for metals and non-metals are compared with the

phonon radiation limit of (5). For metals (Table II), the most interest-

ing comparisons are those for copper and lead, because these two metals

have been most extensively investigated, and data is available for

chemically clean, unstrained surfaces which should approximate proper-

ties of the bulk solid. The steady state result for copper is about a

factor of 4 below the limit and the highest conductance reported for

lead is about a factor of 6 lower than the limit. The ac conductance

9



observed for a copper foil in a second sound resonator by Brow and

Osborne (1958) is about a factor of 1.2 below the limit. Because of an

error of a factor of 10 in evaluating the phonon radiation limit for copper,

Frederking (1968) apparently did not realize the extent of agreement of

this limit with experiment. It should be emphasized that precise agree-

ment with the phonon radiation limit is not expected, because perfect

transmission at the interface may not occur, and the one-parameter

Debye temperature description of the solid is an approximation. Other

metals, with the exception of tin, fall below the phonon radiation limit

by larger factors. However, (5) does give a rough idea of the relative

magnitudes of the conductance for the different metals.

The non-metallic samples (Table III) are all single crystals. Data

for carbon films (Hesser, Chapman, Chang, and Frederking, 1969) are

not included because of the difficulty of defining a Debye temperature.

Although only five crystals have been investigated, it is striking that

the conductances are much closer to the phonon radiation limit than is

the case for metals. The largest disagreement is a factor of 3 for KC1.

The ranking of crystals by the magnitude of expected conductance from

(5) is confirmed by experiment, which again indicates the usefulness of

this expression for qualitative guidance.

3. 2 Reproducibility of Experiments

The chief problem a user of Table I will encounter is the wide

variation of the measured conductance between samples of the same

solid. For example, the steady state conductances reported for copper

10



2
at 1.9 K vary from 1. 2 to 7. 5 kW/m K. The conductance of even a

single sample has been found to change after a period of time (Neeper

and Dillinger, 1964). The differences in conductance do not seem to be

related to the purity of the bulk solid. It is also unlikely that they can

be traced to experimental errors. In almost all cases, precautions

have been taken to eliminate parallel paths of heat flow, so that this

problem cannot affect the results by more than 1 - 2%. If the experi-

ments are performed with liquid helium II, there will not be any signifi-

cant uncertainty about the liquid temperature at the interface. However,

for the solid, the interface temperature is usually extrapolated from the

gradient measured between two sensors located a finite distance from

the boundary. In the case of a dielectric with a long phonon mean free

path, one can see that all phonons impinging upon the boundary surface

may not come from regions of identical temperature. Also the thermal

gradient along a crystal surface may not be uniform near the ends of

the crystal. An investigation of these effects in sapphire by Neeper and

Dillinger (1964) indicated that they were small. For a metal sample,

since part of the heat is carried by electrons, similar trouble could

arise if there were simultaneously a mean free path between electron

collisions comparable to sample dimensions and a large thermal resis-

tivity. But disagreements exist even for conductance measurements on

metal samples of high purity with negligible thermal gradient effects.

11



If such a metal is in the superconducting state, at a given temperature,

the conductivity is considerably reduced, and in one case it was necessary

to make a theoretical calculation of the extrapolated thermal gradient

(Challis, 1962). Also, if the interface region of a superconductor is

strained from the differential thermal contraction of the mounting, the

effect on the phonon conductivity may be sufficient to cause a significant

error (Challis and Sherlock, 1969). This problem does not affect most

of the results in Table I. It will be discussed further in Section 3. 3. c.

Because the experimental errors of the conductance measure-

ments are small in comparison with the discrepancies observed between

measurements of the same solid, it seems most probable that these

variations are due to differences in the condition of the sample surface.

For many measurements, the state of the surface with regard to possible

cold-working, chemical purity, surface asperity, and similar parameters

has not been well-defined. Sizeable changes in the interface conductance

of an individual sample have been brought about by varying the surface

treatment (Challis, 1962). In some cases the state of the surface layer

may affect the extrapolation of the temperature gradient to the interface.

For example, an excess thermal resistance could result from poor con-

tact of an oxide layer covering the surface with the bulk metal below it.

Dislocation damage from cold-working can extend for a distance of the

order of mm into a metal unless very careful techniques are used. (See

12



eg., Young and Wilson, 1961). Since the resistivity due to a high

dislocation density can be significant at low temperatures for a pure

metal, extrapolation of the bulk temperature gradient to the surface may

result in a spurious extra thermal resistance which is indistinguishable

experimentally from a true interface resistance. Not enough material

preparation details have been given, in most cases, to evaluate this

possibility.

Aside from such spurious effects, the effect of surface parameters

upon the actual heat transfer processes at the interface is highly dependent

upon the mechanism postulated for this process. The theories of these

mechanisms will be discussed in Section 4. But because none of the

theories has been substantiated by the experimental evidence, it is felt

that the following empirical analysis of the data with regard to surface

and other parameters may be more useful in furnishing estimates of

conductance for design purposes.

3. 3. Empirical Analysis of Data

a. Surface Condition

In Table IV, the results of boundary conductance measurements

for copper are ranked by the magnitude of the conductance at 1.9 K. With

the exception of measurements 4 and 6, the seven highest conductances ob-

served refer to surfaces which had had at least some of the cold-worked

layer formed during machining and polishing removed chemically. Fur-

13



thermore, the highest two conductances are for surfaces which had been

partially machined while under liquid helium and then allowed to recrystal-

lize at room temperature for about a week before measurement. Re-

crystallization should have been considerably facilitated by such a proce-

dure since the impurities that would have become imbedded in the surface

during room temperature machining were not present. By contrast, all

the surfaces of measurements 8 through 13 (below the dashed line) were

subjected to cold-working through machining and polishing. For the lowest

three conductances reported, it is probable that considerable oxidation of

the surfaces had occurred over long periods of time since no precautions

or cleaning procedures were noted by the authors. Oxide layers for the

other surfaces with higher conductances, were probably lighter. In

some cases, the sample was immersed in helium only a few minutes

after etching or polishing, and in other cases, the period of exposure to

the atmosphere was limited to one week. The conclusion is that a clean,

unstrained copper surface should have a boundary conductance of ap-

2
proximately 8 to 5 W/m K at 1.9 K, whereas for a cold-worked, "dirty"

2
Surface, allowance for values as low as 1 to 2 W/m K should be made

for design purposes. Unless stringent measures are taken to protect a

clean, etched surface from oxidation, its surface conductance might de-

crease somewhat with time if it was exposed to the atmosphere between

uses at cryogenic temperatures. The relatively large conductance ob-

14



served recently by Goodling and Irey (1969) for a machined surface is a

puzzling exception to the above regularities. Although the geometry

employed by these authors is different from the other workers, calcula-

tions showed that end effects and temperature imhomogeneities were

negligible.

The only other solid for which measurements with a variety of

surface conditions are available is lead; a similar ranking for the metal

in the normal state is given in Table V. Samples which were freshly

machined or had had surface layers removed by electropolishing, ion

bombardment, or etching all fall above the horizontal dashed line.

Samples machined under liquid helium with recrystallization permitted

at higher temperatures also fall in this upper region, with the exception

of some measurements by Cheeke (1969), which are on the border

between the two regions. Samples which did not have special treatment

fall below this line and can have conductances that are an order of

magnitude less than the highest values. From measurements on the

same sample, the deleterious effect of an increasing oxide layer is

evident (see Challis; 1962), Wey-Yen (1962) carried out an interesting

series of experiments on a superconducting lead sample which was

machined under liquid helium, then held at room temperature for one

week, remachined under liquid helium and finally kept at room

temperature for four months (see Table I). Machining decreased

15



the conductance while room temperature recrystallization increased it.

These results have been confirmed by recent work of Cheeke (1969).

The similarity of behavior noted here for the conductance of

lead and copper with variation of surface conditions contrasts with com-

ments of Pollack (1969), that the highest conductances are observed for

the cleanest surfaces of lead, but that the reverse is true for copper.

This involves the problem of defining a "clean" surface. In comparing

data of Challis, Dransfeld, and Wilks ( 1 96 1 ) for a polished and an etched

copper surface, Pollack described the mechanically polished surface

with the lower conductivity, as the cleaner one. However, such a sur-

face will be work-hardened, and may have chemical changes at the

surface from the polishing agent. Such a surface is probably a poorer

approximation to a simple termination of the bulk than an etched surface

is. Other data on copper by Challis (1962) showed a small decrease in

the conductance of a mechanically deformed sample after it was annealed,

But because the surface was polished for the measurements both be-

fore and after the annealing, Challis stated that the rather small con-

ductance difference might be ascribed to variations in the polishing

procedure. Hence this example does not necessarily indicate that

cold working increases the conductance of copper. With regard to the

16



presence of an oxide layer, the experiments of Johnson and Little (1963)

seem to show, at first glance, that an oxide layer improves the conduct-

ance (See Tables I and IV). But since the state of recrystallization of

the surface layer is also a variable here, no definite conclusion can be

drawn from these experiments alone.

When one examines the Johnson and Little data in conjunction with

the data of other experimenters, though, the trends stated in the first

paragraph of this section become apparent; that is, the highest conductances

are found for copper surfaces which are a closer approximation to a simple

termination of the bulk because of chemical removal of cold-worked, chem-

ically foreign layers. It would clearly be more useful, however, if re-

sults from the same experimental apparatus, preferably with the same

sample, could be compared with respect to the variation of surface con-

ditions. If experiments were carried out which avoided the problems

mentioned above of varying two or more surface conditions simultaneously,

the problem of whether lead and copper behave similarly could probably

be resolved.

Unfortunately, lead and copper are the only solids for which

enough measurements have been made at present to permit some rough

conclusions as to the size of conductance to be expected with a given

surface treatment. An examination of Table I indicates that from the

limited data available, ranking of silicon and platinum would follow the

17



same general principles observed above, though the effect of etching on

the non-metallic silicon, for example, is very small (Johnson and Little,

1963). However for nickel, indium and tin, Table I shows some cases

where recrystallization or removal of a surface layer by electropolishing

had little effect or actually resulted in some decrease in conductance.

Since electropolishing may cause chemical changes at the surface, the

situation here is unclear.
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b. Correlation with Molecular Weight and Elastic Properties

Figure 1, due to Challis (1968), shows values of the conductances

at 1. 5 K for various solids plotted against the reciprocal of the Debye

temperature © on a logarithmic scale. The highest values reported

were used. Although the surface conditions of the solids may vary

considerably, there is evidence for some degree of correlation.

Figures 2 through 4 give the same type of plot for the three cases of

chemically clean and unstrained surfaces, polished metal surfaces,

and untreated, oxided surfaces. The bars indicate the range of results

for surface conditions that are approximately the same. The extremely

low conductance for electropolished Ni is not shown in figure 2 (Wey-Yen,

1962). With the possible exception of figure 4, a correlation is again

apparent, but the dependence of h on (1/0 ) goes as n~ 0. 8 in

figure 2 and n ~ 0. 6 in figure 3. The lesser amount of correlation

with the Debye temperature for the untreated surfaces of figure 4 dem-

onstrates the need for careful surface preparation to insure a predictable

value of Kapitza conductance. However, even for surfaces of the types

represented in figures 2 and 3, the predictive value of the plots is

limited; at most the order -of -magnitude conductance for an untested

solid could be estimated if the Debye temperature were known. Corre-

2/3 -2
lations of conductance with molecular weight, with (p/m) (from

(5)), and with other parameters were also examined and found not to add
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Figure 1. Kapitza conductance at 1.5 K —largest values observed for

each solid are plotted. From Challis (1968). Ag data from
Frederking (1968).
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Figure 2. Kapitza conductance at 1.9 K for cleaned surfaces. (Surface
etched or otherwise treated to remove oxided and cold-worked
layers.) Hg (normal state) (Neeper, Pearce and Wasilik, 1967).

Pb (normal state) (Challis, Dransfeld, andWilks, 1961; Challis,

1962; Challis and Cheeke, 1965). Sn (Wey-Yen, 1962). Pt (Kapitza,

1941). KC1 (Johnson, 1964). Cu(Challis, Dransfeld and Wilks,
1961; Johnson and Little, 1963); Si (Johnson and Little, 1963).
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Figure 3. Kapitza conductance at 1.9 K for polished surfaces. In, Sn

(Gittleman and Bozowski, 1962). Ag (Clement and Frederking, 1966).

SiC-2 (Challis, Dransfeld, andWilks, 1961 ; Wey- Yen, 1962). Cu
(Challis, Dransfeld, andWilks, 1961; Challis, 1962). Si (Johnson

and Little, 1963).
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Figure 4. Kapitza conductance at 1.9 K for unpolished, oxided surfaces.
Pb (normal state) (Challis, 1962: Gittleman and Bozowski, 1962;

Challis and Cheeke, 1965). In (Neeper and Dillinger, 1964). Au
(Johnson and Little, 1963). Sn, Pt (Wey-Yen, 1962). Cu (White,
Gonzales, and Johnston, 1953; Wey-Yen, 1962). W (Johnson and
Little, 1964). Ni (Wey-Yen, 1962).
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anything to the presentation of data in figures 1-4. Measurements for

other solids with clean surfaces would be helpful in developing correla-

tions. Also the anomalous behavior of Sn and Pt indicated in figures 2

and 3, and the sharp decrease in conductance of Ni after electropolish-

ing merit further investigation before such correlations are used to

support new theories. A correlation recently reported for relatively

clean surfaces (Fig. 1 of Hesser, Chapman, Chang, and Frederking,

19o9) includes an error of a factor of 10 in the Pt data; hence the

agreement with the data is actually poorer than indicated on the figure.

c. Metals -- Effect of Electrons

Experiments with metals can help answer questions about the

way in which electrons participate in the heat transport processes at an

interface. Since electron participation would involve magnetoresistive

effects, these questions are of importance in high field applications of

liquid helium cooling, as well as of theoretical interest. It is possible

for the electrons in the metal to interact directly with the phonons of

the liquid in two ways. The quantum-mechanical electron wave function

has a finite probability density in the liquid, which dies away exponen-

tially. This concept is also known as tunneling. Thus one mechanism

is an interaction between tunneling electrons and phonons of the fluid.

The second mechanism arises because the phonons of the liquid also

penetrate somewhat into the metal, and can cause a density change of

the charge near the surface and thus a modulation of the potential in
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which the electrons move. (Little, 1962 discusses these mechanisms

in greater detail.) There have been several experiments related to the

first mechanism. In an experiment by Gittleman and Bozowski (1962),

an ac electric field was applied at a platinum-helium interface by placing

a high voltage probe in the liquid a short distance from the surface. If

the electron wave functions from the metal were "leaking" into the liquid

and coupling with the phonons of the liquid, ac modulation of the Kapitza

conductance might have been observed. No modulation was seen, but

the high work function of the platinum or a surface layer of adsorbed

helium atoms might have inhibited the effect. In a study by Johnson and

Little (1963), a copper surface was milled under liquid helium to see if

this would increase the penetration of electron wave functions into the

liquid. It was concluded that the effect was either very small or masked

by factors that were not understood. In addition, a calculation of such

an effect by Bloch (see Johnson and Little, 1963) gives a temperature

5 3
dependence of T instead of the approximate T dependence which is

normally observed. Negative results were also obtained by Cheeke (1969)

on a bare lead surface.

The second mechanism of electron-phonon coupling has been inves-

tigated by comparing the interface conductance of a sample in the super-

conducting and normal state. At temperatures well below the super-

conducting transition, according to current energy gap theories, most
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electrons cannot be easily excited and therefore do not interact with

phonons or act as entropy carriers. If electron heat transport dominates

phonon transport, as is often the case for a fairly pure metal, the

thermal conductivity will be lower in the superconducting than in the

normal state. Experiments with lead indicated a significant increase in

Kapitza conductance when a superconducting sample was made normal

by the application of a magnetic field (Challis, 1962; Gittleman and

Bozowski, 1962 ; Barnes and Dillinger, 1963; Challis and Cheeke, 1965;

Hesser, Chapman, Chang and Frederking, 1969). The ratio of normal to

superconducting boundary conductance varied from about 3.0 to 1. 35

for different samples. Recently, even higher ratios of 10 and 15 were

reported for lead (Cheeke, 1969). Lower ratios were found for other

metals: 1. 3 for mercury (Neeper, Pearce, and Wasilik, 1967), 1. 1 for

tin, and 1.06 for indium (Gittleman and Bozowski, 1962). The last two

metals have a relatively small electron-phonon coupling. It is also

possible that the tin and indium measurements were influenced by the

superconducting transition in the solder which was used to mount the

specimens (Neeper, Pearce and Wasilik, 1967). No change in the Kapitza

conductance of tin within 2% was reported by Wey-Yen (1962). Decreases

in conductance in the superconducting state at solid- solid interfaces have

also been observed (see Frederking (1968) for further references).

All of the superconducting-normal measurements discussed

above were made by steady state methods on relatively thick samples,
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where the possibility of strain from differential thermal contraction in

the mountings exists. Strain near the interface could cause a large

decrease of the thermal conductance in the superconducting state

(Rosenberg, 1963), which would result in a spuriously lower boundary

conductance. Since the surfaces of the samples studied by Cheeke (1969)

were machined under liquid helium,this mechanism was probably

responsible for the very small conductances observed in the super-

conducting state. To avoid the problem of extrapolating thermal

gradients in the bulk to the surface, measurements on the attenuation

of second sound by a thin foil of lead were made more recently by Challis

and Sherlock (1969), and these indicated no difference in the Kapitza

conductance of the two states. Second sound consists of very low fre-

quency thermal oscillations which propagate in helium II (see, e.g.,

Wilks, 1967), so this type of experiment actually measures the ac thermal

conductance. When second sound measurements were made for copper

by Brow and Osborne (1958), the observed conductance was significantly

higher than that of any of the numerous steady state measurements,

although no special surface preparation was carried out. The interpre-

tation of the second sound measurements is somewhat complicated by

the relationship of the phonon mean free path to the foil thickness (Challis

and Sherlock, 1969). Thus the correspondence between ac and steady

state measurements is not clear.
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The superconducting studies of the Kapitza conductance seem to

indicate that electron participation in the interface heat transport is

small. However, some experiments with magnetic fields have shown

sizeable effects. Field strengths of up to 2 tesla (20 kOe) have been

employed. The first experiments with transverse fields on lead (Challis,

19ol) showed an increase of about 1% in the conductance per 0. 1 T

change in magnetic field up to 0.4 T, but the size of the experimental

errors was about the same as the size of the effect. More such data

were presented by the same author in a later paper (Challis, 1962) in

which an end effect correction to the bulk thermal resistivity was applied

and the measurements were extended to 0. 7 T. Between 0. 1 and 0. 7 T

there was a fairly constant increase of about 1% per 0. 1 T in the Kapitza

conductance. This is approximately in agreement with the increase

observed with ac methods up to 2 T for a lead foil (Challis and Sherlock,

19d9). However, a considerable decrease in the effect was observed

when the lead surface was cleaned of its oxide layer (Challis, 1964).

For mercury, the change in conductance with increasing magnetic field

was positive or negative for different samples (Neeper, Pearce and

Wasilik, 1967), and was always less than 6% over 0. 35 T. An 0. 4 T

field had no observable effect on the Kapitza conductance of copper

(Challis, Dransfeld and Wilks, 1961). One explanation advanced for

these effects of magnetic field upon conductance is that phonon scatter-
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ing is reduced when the electron energies are crowded into Landau levels,

and further experiments on single crystal foils by Challis may validate

this explanation (Challis and Sherlock, 1969). Since the Kapitza conduct-

ance could increase by as much as 100% in a 10 T field if the slope ob-

served at low fields remains constant, further measurements at higher

fields would also be of interest.
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4. THEORIES OF KAPITZA CONDUCTANCE

At present, there are no theories of the mechanism of thermal

energy transfer at a solid-liquid interface which agree quantitatively

with experiment. Nor have any theories been advanced which are useful

in making qualitative predictions. The phonon radiation limit (5) is as

good a guide to the temperature dependence and the relative magnitude

of Kapitza conductance for a particular solid as are any of the theories

to be discussed below. The following survey of theoretical work is

presented primarily to give a background which may be of assistance in

evaluating future theoretical papers.

Historically, because the existence of a solid-liquid interface

resistance was discovered by Kapitza using helium II, the first

theories hypothesized that superfluid properties were responsible for

the observations. However, the fact that the resistance is appreciable

only at low temperatures is explained by the thermodynamic consider-

ations of Section 2. In fact, resistances of similar size have been

3
observed with He (e. g. , Lee and Fairbank, 1959), and also between

two solids (see Syomi, Anderson and Holmstrom, 1968) in the same

temperature range. There are no observable changes in the boundary

conductance at 0. 6 K where the spectrum of excitations in helium II

exhibits a drastic change (Fairbank and Wilks, 1955). Neutron scatter-

ing experiments have shown that the short-wavelength thermal phonons
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of the liquid are not affected by the X -point transition (Woods, 1965).

4. 1 Acoustic Mismatch

Khalatnikov (1952, 1965) has considered the various possible

interactions of the phonons in the solid with the excitations in helium II.

He concluded that above 2 K, collision of helium phonons and rotons

(see Wilks, 1967) with the solid would account for about 40% of the heat

transfer, but that between 1 and 2 K the dominant effect would be the

radiation of phonons by the oscillating solid surface. Assuming that the

solid is essentially vibrating in free space because the density of liquid

helium is so low, and that energy is rapidly removed from the surface,

the calculation gives for the conductance for AT « T,

lbrrl Jl_> %• Cliq-
[ F (Tl) + F (T\)] T

3
(6)

k 15 3 3 p ,

L V ' Z
K n K '

h c sol.

where p.. is the density and c. is the velocity of sound in the
liq. liq.

liquid, p , is the density and c is the velocity of transverse waves
sol. t

in the solid, and T) is the ratio of the velocities of longitudinal and

transverse waves. F and F are of order unity, and have about the

same value for most solids. F, refers to the allowed phonon trans

-

1

mission, and F to the surface waves on the free surface of the solid.

Energy transfer by F should be negligible for a dielectric containing no

impurities, or for a superconductor far below its transition temperature,
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3
The T dependence arises because the low temperature Debye approxi-

mation for the phonon energy density is used, as in the derivation of the

phonon radiation limit. For comparison with this limit, equation (5) of

Section 2, the Khalatnikov result may be expressed as

2/3

k" 5
e
^U. 31_3 .1

(F
1
+F

2
»

liq. liq. 3

sol. t

Since T| is about 2 for most solids, the factor in brackets has the order

of magnitude unity. The factor containing the ratio of acoustic imped-

ances pc of the liquid and the solid reduces the predicted Khalatnikov

conductance to two or more orders of magnitude below the radiation

limit. Since the velocities of sound are so different, the momenta of

phonons in the solid and liquid at the same temperature is very different,

and few phonons will be transmitted because it is difficult to satisfy

simultaneously the laws of conservation of momentum and energy for

arbitrary angles of incidence.

Quantitative agreement of this theory with experiment is very

poor, since for most solids the highest observed boundary conductances

are less than one order of magnitude below the radiation limit (Tables

-3
II and III). Qualitatively, a dependence on © should be observed

when boundary conductances of different solids are compared at a given

temperature. However, figures 1, 2, and 3 indicate that a dependence
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upon © is more probable. Figure 5, a logarithmic plot of conductance

3
at 1.9 K for clean, unstrained surfaces against 1/P c , indicates that

3
X
0. 38

the observed conductances vary more nearly as (1/P c )

Since the Khalatnikov theory applies to an "ideal" interface, it is

necessary to consider how it might be changed by the real interfaces for

which data are available. Wey-Yen (1962) pointed out that according to

an acoustic mismatch theory a layer of adsorbed gas or oxide on the

surface would have little or no effect since the thickness of these layers

is typically less than the wavelength of acoustic phonons. However, the

thickness of the amorphous surface layer formed by the cold-working of

a metal is comparable to the phonon wavelength of the solid. The elastic

constants of such a layer are unknown, but Wey-Yen found that his data

for cold-worked surfaces showed better agreement with the Khalatnikov

theory if he assumed that c was approximately constant. In this case,

the conductance at a given temperature for cold-worked metals should

vary as 1/P , but this relation is not confirmed when data of Wey-Yen

are combined with data of other observers. With the exception of one

case, Ni (Wey-Yen, 1962), removal of the cold-worked surface layer

has always resulted in values of the conductance that are similar to or

larger than the previous values, which makes agreement with the

Khalatnikov theory worse.

The effect of surface roughness should also be considered. The

effective area for acoustic transmission could be increased by only about
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a factor of two by roughness (Challis, Dransfeld, and Wilks, 1961),

which is not enough to improve the agreement significantly. Little

(1961b) has shown that "microscopic" surface roughness which is less

than the phonon mean free path will decrease the predicted Khalatnikov

conductance by a small amount. If the roughness is greater than the

phonon mean free path (Little, 1959), the temperature dependence of the

3
conductance will be different from T because of the change with tem-

perature of the wavelengths of excited phonons.

According to (6), it should be possible to change the conductance

by a substantial percentage by pressurizing the liquid helium. However,

several experiments showed that the change was much less than expected

(Challis, Dransfeld, and Wilks, 1 961 ; Wey-Yen, 1962; Ander son,

Connolly and Wheatley, 1964). If the density of helium atoms near the

solid surface is much higher than in the bulk liquid because of the van

der Waals forces, the actual density at the interface does not vary as

strongly with the applied pressure as does the density of the bulk liquid,

and in addition, this denser layer should improve the acoustic matching

and therefore the phonon transmission. A theory of these effects was

developed by Challis, Dransfeld, and Wilks (1961). Although their

procedure improves agreement with data, it still predicts conductance

values that are order s of magnitude smaller than observed. Furthermore,

4. 2
a temperature dependence of T is predicted although most observa-

tions indicate that the exponent should be less than 3. 5. The difference
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in temperature dependence is due to the fact that the acoustic matching

will depend upon phonon wavelength, and the number of phonons excited

with a given wavelength varies with temperature. To evaluate the Challis,

Dransfeld, and Wilks modification further, Johnson and Little (1963)

calculated van der Waals interaction energies between helium atoms

and a number of solids, making allowance for oxide layers and mono-

layers of adsorbed gases. They then found that even the predicted rela-

tive magnitudes for different solids failed to agree with their data, and

that in some cases the disagreement was worse than for the unmodified

Khalatnikov theory. There is also a question at present about whether

the layer of atoms at the interface has a density near that of solid helium

(Steele, 1956; Manchester, 1967). A calculation by Singh and Band ( 19 55)

showed that the repulsive energy between such densely packed helium

atoms would be so much greater than the van der Waals attractive energy

that the difference in free energy would not be made up by any reasonable

value for the entropy of the film. Manchester has reviewed the experi-

mental evidence and shown that it does not necessarily lead to a densely

packed, immobile surface layer of atoms.

An attempt to consider a somewhat different transition region

between solid and liquid was made by Abbe (1968). In this case, pene-

tration of atoms from the liquid into the solid is postulated (Abbe, 1967).

Using kinetic theory and the Debye approximation for the specific heat
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3
Abbe obtained a conductance varying as T with an adjustable parameter

in the expression. With this adjustable parameter, Abbe was able to fit

some experimental results almost exactly, but at present it is not possi-

ble to obtain a priori values of the parameter, or to apply the theory to

explain the different results for the same solid.

Experimental attempts to improve impedance matching were made

by Whelan and Osborne (1969). Films of barium stearate of various

thicknesses which were deposited on gold, copper, and sapphire improved

the conductance. According to the numerical results, which were quoted

only for gold, even the highest conductance obtained in this series of

experiments is slightly less than that obtained earlier by Johnson and

Little (196 3) for a bare gold surface. Whelan and Osborne point out

that there are several uncertainties in the interpretation of these results.

The conclusion is that acoustic mismatch theories do not succeed

in interpreting the experimental observations, although the reason for

this failure is unclear. It is sometimes stated that the acoustic mismatch

theory as extended by Little (1959) has been reasonably successful in

explaining the interface conductances between two solids (Frederking,

1968; Pollack, 19o9). Actually, the acoustic mismatch between two solids

is relatively small, so the theory predicts conductances that are typically

about one-half of the phonon radiation limit. Because of experimental

problems in making a good thermal contact between two solids, it is dif-
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ficult to decide whether this or an acoustic mismatch causes the measured

conductances to fall slightly below the phonon radiation limit (Von Gutfeld,

Nethercot and Armstrong, 1966).

4.2. Electron Mechanisms and Surface Disturbances

Electron transport accounts for most of the thermal conduction in

a pure metal at low temperatures, so the Khalatnikov theory, which is

based upon phonon transmission at an interface, actually implies that a

further resistance will arise from the necessity of transferring the electron

energy to the phonons at the interface. Direct energy exchange between

the electrons and the vibrating surface is not considered. However,

Little ( 196 la) has pointed out that the large number of phonons from the

liquid reflected at the interface may produce a spatially varying disturb-

ance of the lattice ions which would extend approximately l/10th of a

wavelength into the bulk solid. Then energy may be rescattered from the

surface layer of ions by imperfections in the solid. For single crystal

silicon, however, no significant difference in Kapitza conductance was

found between a highly perfect crystal and one with a dislocation density

one hundred times greater (Johnson and Little, 1963).

In a metal, the surface disturbance changes the ion charge density

which provides a mechanism of electron-phonon interaction which could

increase the interface heat transport beyond that due to phonon trans-

mission. Calculations of this effect have been made by Little (196la)

38



and by Andreev (1962a, 1962b), using a free electron model of the metal.

A discussion and comparison of the two calculations is given by Challis

and Cheeke (1968). The most important feature of the calculations is

that both result in an expression similar to (6) of the Khalatnikov theory,

except that F and F are replaced by expressions depending upon

electron parameters. (In the limit of strong coupling of the electrons

to the surface waves, the Andreev calculation equals F ) These new

expressions are still of order of magnitude unity, so this approach does

not increase the theoretical conductance to a point where agreement with

experiment is possible. Although approximations were used in carrying

out these calculations, it seems unlikely that orders of magnitude would

be changed in a more exact calculation. Little (196 la) originally stated

that the lack of agreement with experiment might be due to these approxi-

mations, but in a later paper (Johnson and Little, 1963) he concluded that

the mechanism was inadequate as an explanation of the data. Qualitatively,

the theory predicts a value of about 2. 4 for the maximum ratio of con-

ductances in the normal and superconducting state. This is in accord

with the early results for lead, and was regarded as a success of the

electron-mechanism theory until recent work cast doubt upon the lead

experiments (Challis and Sherlock, 1969). The theories did not make

any quantitative predictions of the effects of large magnetic fields, though

the possibility of a de Haas-van Alphen type of oscillatory behavior (for
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single crystals) was discussed (Little, 196la).

4. 3. Thermal Accommodation

Although it is often asserted that Kapitza discovered interface

resistance in 1941, the existence of a discontinuity of temperature be-

tween a solid surface and a gas was experimentally demonstrated in 1898,

by Smoluchowski (1898). This gas-solid temperature discontinuity is

ascribed to incomplete transfer of energy by the collisions of gas atoms

at temperature T with atoms of the solid at a temperature T . If the
g s

energy with which the gas molecules rebound from the wall is considered

to correspond to an intermediate temperature T 1

,
the effect can be defined

by the thermal accommodation coefficient

T 1

- T
a =

T _ / . (8)

s "

g

A more rigorous definition of (X may be given in terms of distribution

functions of molecular velocities (Hurlbut, 1966). By definition, CL is

independent of pressure, and this independence has been verified by

careful experiments in which the solid surface composition does not vary

with pressure (Wachman, 1962). For cases of limited heat input in which

certain assumptions of kinetic theory are valid (Harris, 1967), the tem-

perature jump between the solid and gas is given by

1/2

O
nM

2 aAT=T
s- T

g =p(^^) "ST (9)
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where P is the pressure, M the molecular weight of the gas, and

O = - K(dT/dr), with K the gas thermal conductivity.

For gases, the accommodation coefficient concept has been so

influential that nearly all analyses of gas- solid surface interactions have

been expressed in terms of a and similar parameters. At very low

pressures and/or high temperatures, of course, the mean free path of

the gas molecules is too large to permit the propagation of phonon waves

from the solid, or equivalently, the acoustic mismatch is very great.

Whether the acoustic mismatch approach or the energy accommodation

approach is most relevant for a liquid-solid interface seems unclear at

present. Johnson and Little (1963) suggested that, in view of the failures

of the various modifications of the acoustic mismatch theory, an entirely

different mechanism of adsorption and desorption of helium atoms on the

solid surface should perhaps be considered. Such a mechanism is re-

lated to thermal accommodation processes, although the exact equivalence

may be questioned (Wachman, 1962). In a recent experiment by Mate

and Sawyer (1968), the thermal resistance between gaseous helium and

copper was measured in the range of 1. 5 to 4. 2 K„ At these tempera-

tures, several layers of helium atoms will be adsorbed on the solid sur-

face, and the authors interpreted their results as due to an energy accom-

modation resistance between the bulk gas and the adsorbed atoms in series

with a Kapitza resistance between the adsorbed atoms and the copper.
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Equation (9) was used to separate the accommodation term from the total

measured resistance by selecting a value of cc which would remove the

pressure dependence for the remaining data. The temperature depend-

ence and magnitude of the Kapitza resistance thus derived was similar to

that measured by other workers between liquid helium and an untreated

copper surface. Since most of the accommodation coefficients in the

literature were measured for solids with one or more layers of adsorbed

gas, it is difficult in general to make this separation of the data.

In later, more extensive experiments with an improved apparatus

(Mate and Sawyer, 1969), the Kapitza resistances of both the liquid and

3 4
vapor phases of He and He were measured between 1. 5 and 4. 5 K.

After the calculated contribution from the accommodation term is

subtracted for the gas phases, the resistances for gaseous and liquid

3 4
He and He above the lambda point are similar. Below the lambda

transition, the measured Kapitza resistances are anomalously low.

The accommodation term becomes negligible at the higher pressures

used in these experiments, since the authors use an cc of order unity

in (9).
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If experimental results for the accommodation coefficient of

helium gas on various surfaces were available in the low temperature

range, it would be interesting to compare the data with Kapitza conduct-

ances. However, such data do not exist. One conclusion that may be

drawn from data at higher temperatures, most of it for gases other than

helium, is that ct approaches 1, that is, energy exchange improves, as

the surface becomes more contaminated with foreign gases. This

seems opposite to the effect of surface contamination observed for Kapitza

conductance, but actually the same type of contamination is probably not

being observed, for this consists of a few monolayers of gas in the accom-

modation coefficient measurements in contrast to oxide or other chemically

different layers in the Kapitza measurements. Gas monolayers are gen-

erally present in the latter measurements, but their effect has not been

systematically investigated. A result of a simple classical analysis is

that cc should be inversely proportional to the molecular weight of the

atoms in the solid for light gases. This relation appears to hold approx-

imately for helium, but careful investigations have only been made for

two solids (Thomas, 1966). The Kapitza conductance, however, seems

to increase as M increases.
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It is also interesting to compare the temperature dependence of

ot to that of the Kapitza conductance. Early experiments (Roberts, 19 32)

indicated that a for helium on a tungsten surface decreased markedly

between room temperature and 80 K, and a one -dimensional theory

(perpendicular incidence of molecule) based on the Debye approximation

for the solid and a Morse potential for the helium-solid interaction could

be fitted to these experimental points (Devonshire, 1937). More recent

measurements (Thomas and Schofield, 1955; Thomas, 1966) on cleaner

tungsten surfaces gave a smaller value for oi
t

and showed that it de-

creased less rapidly in this temperature range. Below 50 K, oi started

to increase rather rapidly. This increase is in sharp constrast with the

3
earlier theory of Devonshire, in which oi decreased roughly as T at

low temperatures, as the lattice vibrations and the Kapitza conductance

do. A rigorous, general theory of accommodation coefficients does not

exist at present (Hurlbut, 1966; Goodman, 1968). A recent semi-empirical

expression of Goodman and Wachman (1967) which fits the newer data for

clean surfaces is

1/2 2

or(T) - 1 - exp(-T /T) + (2. 4n/( 1+H)^ tanhf
7

'

1(MT) - b(1+^ }

] exp(-T /T).
o l m © -I o

(10)
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The mass of the gas atoms is M, that of the solid atoms is m,

|i = M/m, © is the Debye temperature, and b is a Morse potential

parameter. T is a measure of the temperature at which 01 begins
o

to depart from unity. It is higher for gases with higher heats of adsorp-

tion. For helium, a very low value of T of a few tenths of a degree

brings (10) into agreement with the new data for a tungsten surface

mentioned above.

Because of the lack of both a general theory and relevant experi-

mental data, an explanation of thermal resistance at a liquid-solid inter-

face in terms of energy accommodation does not seem profitable at

present. Nevertheless, in interpreting Kapitza conductance data, it

may be useful to keep such concepts in mind. For example, Johnson

and Little (1963) carried out an experiment in which the Kapitza conduct-

ance was measured before and after a copper surface was milled under

liquid helium. Contrary to expectations based upon the Challis, Drans-

feld, and Wilks modification of the acoustic mismatch theory, the con-

ductance was reduced after machining. Presumably the surface before

milling had one or more layers of N~, O and H_,0 physically adsorbed,

which could be expected to improve the energy accomodation of impinging

molecules according to accommodation coefficient experiments. While

there were other important factors in this experiment, such as room

temperature recrystallization of the work-hardened surface, this example
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does indicate how the predicted effects of surface treatment can depend

upon the model assumed for energy exchange.

5. INTERFACE CONDUCTANCE WHEN AT ~ T

When the interface temperature difference AT rises above the

range where AT « T, properties of the bulk liquid increasingly deter-

mine the heat transfer. Three fairly distinct regions of behavior may

be described which depend upon both the magnitude of the heat input and

properties of the solid surface. Initially, the data obeys a Kapitza

relation such as (4) expanded to include higher powers of AT/T. When

the surface temperature becomes approximately equal to T, , deviations

occur and the slope of dh/d(AT) decreases slightly (fig. 6). At a surface

temperature approximately a degree higher than T, , a maximum heat

transfer rate q is reached, after which the liquid adjacent to the wall

is vaporized, and behavior similar to film boiling for ordinary liquids

*
. 2

is observed, q is about 10 kW/m for a flat surface.

5. 1. Kapitza Region

In deriving (4) for the net energy flux across the interface, only

4 4
terms to first order in AT/T were kept in the expansion ( T+AT) - T .

Thus as AT increases, initially one would expect the conductivity to

follow the form:

h' = h [l + (3/Z)(AT/T) + (AT/T)
2
+ (

1

/4)( AT/T)
3
] (11)

.K.
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where h is the function of T defined in (4). In figure 6, which shows

data of Clement and Frederking (1965) for a polished silver surface, the

dashed lines correspond to (11). The data begin to deviate for this equa-

tion because the surface reaches the ^-transition temperature, before

the highest order terms become effective. Similar behavior for h 1 was

found with a Ni-Fe film heater (Holdredge and McFadden, 1966; Madsen

and McFadden, 1968). In the Kapitza region, the effect of increasing

the pressure on the bath up to at least 1 atm. is not noticeable (Madsen

and McFadden, 1968). There are also no observable effects of the depth

of immersion of the heater upon the heat transfer (Irey, McFadden, and

Madsen, 1965). The total heat flux across a surface of a given geometry-

is simply proportional to its surface area, as was the case in the limit

AT ~* 0. The only effect of the bath temperature, T
n

, is to determine
b

at what AT deviations from (11) will begin to occur, since this AT is

approximately equal to T, - T . Hence, in this region, the observed

effects are essentially still determined by only the properties of the

solid surface.

5. 2. Pre -Film Boiling Region

After the temperature at the solid surface becomes approximately

equal to T, , the observed behavior is determined by a combination of

liquid and solid properties. Geometrical effects, such as the depth of

immersion of a test specimen compared to the diameter of the specimen,
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and to the diameter of the dewar, become important. Pressure and

temperature of the bath now have noticeable effects on the heat transferred.

Studies with an interferometer by Peshkov (1958) show that the density of

a layer of liquid adjacent to the surface is different from the bulk value,

and that the boundary between the regions of different fluid density is

sharp. A peak heat flux, q , is reached before vaporization of the layer

adjacent to the surface occurs. The available data seem to indicate that

q is entirely independent of the solid surface properties (Frederking,

1968). However, the corresponding temperature discontinuity, AT ,

is related to the properties of the solid, as will be discussed further in

Section 5. 3.

Not much data are available on the effects related to the liquid for

AT less than At" . Madsen and McFadden (1968) found that the heat

transfer was roughly doubled if the pressure over the bath was increased

from the saturated value to approximately 1 atm. Andron-

ikashvili and Mirskaia (1956) reported that the heat transfer at 8 atm.

was increased by a factor of 10 to 20 over the saturated vapor pressure

values. Increasing the depth of the liquid above the heated surface also

increased the heat transfer (Holdredge and McFadden, 1966). The heat

flux per unit area for two cylinders was observed to be greater for the

cylinder of smaller diameter in this AT region, but these observed

fluxes were not reproducible from run to run (Holdredge and McFadden,

1966).
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5. 3. q - Maximum Heat Flux

Considerable information is available about the parameters which

affect the magnitude of q , the maximum heat flux. This quantity varies

2
roughly from 10 to 150 kW/m . The effects of geometrical configuration

bath temperature, and pressure on q will be considered first, and then

the effect of the solid surface on AT will be discussed. Frederking

(1968) presents a more detailed discussion. Although q for flow in a

capillary tube has been investigated by Rorschach and Romberg (1957),

most studies have concerned heat dissipation from a horizontal cylinder

placed in a helium bath. The diameters have ranged in size from thin

wires to infinity, that is, a flat surface. Figure 7, reproduced from the

review paper by Frederking (1968), shows that the highest q values

are obtained for fine wires, and that a limiting value of about 10 kW/m

would be expected for a flat surface at about 1. 9 K. This is in agree-

ment with experimental results for flat surfaces (Clement and Frederking,

1965; Lyon, 1965), and the Kutateladze correlation followed by ordinary

fluids (Brentari, Giarratano and Smith, 1965). The scatter of the points

in figure 7 and the extrapolations and corrections used to get the points

are discussed by Frederking (1968).

Since the data presented in figure 7 represents different solids,

the fact that almost all of the data fall on the same curve would seem to

indicate that the properties of the solid are of lesser importance. The
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extent of influence of these properties could be better gauged from

studies in which the surface characteristics of a sample were varied,

while other parameters were kept constant. Lyon (1969) has observed

significant effects upon the peak heat flux density when a platinum

surface is coated with a thin layer of organic material or water.

As noted above, the test dewar diameter and depth of immersion

of the heater also affect q . The effect of immersion depth has been

investigated for wire heaters of 17 to 81M- diameter in an infinitely large

pool between T, and 2 o 00 K by Frederking and Haben (1968). Lemieux
A.

and Leonard (1968) have reported data on the effect of immersion depth

upon heat transfer for a fine wire over a larger temperature range.

The effect of immersion depth decreased in importance as T~> K and

T -
* T, . A few other scattered measurements of the immersion depth

effect are given in the literature (Frederking, 1961; Irey, McFadden

and Madsen, 1965), but not enough data are available to derive an ana-

lytic form for q as a function of the geometric parameters.

The experimentally observed variation of q with temperature

below the X point is shown in figure 8. A maximum occurs at about

1.9 K. Other types of experiments also show a maximum in heat trans-

port at about 1.9 K, and it appears that this behavior is explicable entirely
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on the basis of liquid properties. If the two-fluid model of helium II

superfluidity is invoked to explain this temperature dependence, the

Gorter-Mellink model for mutual friction between the normal and super-

fluid components of helium II gives

q = p ST(S/Ap )

1/3
(VT)

1/3
. (12)

Equation (12) is discussed further by A rp (1970). It has a maximum at

T— 1.9 K, as illustrated in figure 3 of Arp (1970). Another expression

with similar temperature dependence has also been proposed (Clement

and Frederking, 1965; Frederking, 1968).

The dependence of q on pressures up to about one atm. is

shown in figure 9, for the case of horizontal and vertical thin wires.

The solid lines in the figure are correlations obtained for ordinary

liquids. These expressions are exceeded for helium II, at least for fine

wires.

In contrast with q , which seems to be essentially hydrodynamic-

ally limited, AT appears to be correlated with the observed Kapitza re-

sistance, from the small amount of evidence available so far. Asa functio
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of temperature, AT appears to have about the same dependence as q .

Both these trends are indicated in figure 10, taken from Frederking (1968),

Since the Ni-Fe alloy had a higher Kapitza conductance than the silver,

and the observed peak heat flux q was about the same for both,

AT = q /h is expected to be smaller for the alloy. The information

presented earlier in this section can be used to estimate q for a par-

ticular geometry, pressure and temperature. (Equation (12) may be

scaled to give the temperature dependence.) If h(T) can be estimated

using (11) and low AT measurements from information in Section 2,

AT can be found to a first approximation. Where solid-liquid interface

data are not available, upper and lower bounds for AT can be obtained

from simple considerations suggested by Frederking (1968). These give

(T
x
-T

b
) * AT" * AT"

He l
+ (T

x
-T

b
) , (13)

where T, is the bath temperature, and AT the peak nucleate
b He I

boiling temperature difference, which appears to be less than about 2 K

from available He I experimental data.

5. 4. Film Boiling

After T is reached, the heated surface is surrounded by a film

of vapor, and the conductance across the boundary decreases by a factor

of about a hundred. Since Kapitza conductance is proportional to the

third power of the temperature, it rapidly ceases to be a limiting factor
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in this AT range. Hence this region is outside the scope of the paper,

and will be treated very sketchily with references to fuller discussions

elsewhere. A good brief discussion is found in Frederking (1968).

At very high AT, film boiling correlations for ordinary liquids

were in approximate agreement with the experimental data of Holdredge

and McFadden (1966). Frederking (1961) has also investigated the extent

to which He II film boiling data can be described by conventional corre-

lations. He presents data on film boiling for thin wires which indicates

the dependence of the heat transfer upon wire diameter, pressure, and

depth of immersion. No discontinuity in film heat conductance h at the

X point was observed, but dh/d(AT) is discontinuous because of these

effects. Recently, a theory which applies to lower AT values has

appeared (Rivers and McFadden, 1966); at present the validity of the

model hypothesized in the calculations has not been fully checked ex-

perimentally, though agreement over a small range of experimental

parameters is satisfactory. It should also be noted that the presence

or absence of noise associated with the breakup of a smooth gas film

over the surface affects the heat transfer in this AT range considerably

(Frederking, 1968; Lemieux and Leonard, 1968).
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6. SUMMARY

The thermal barrier at the interface between a solid and liquid

helium II will be much larger than the thermal impedance of the bulk

liquid in most cases. Hence a better understanding of Kapitza conduct-

ance is essential to the further development of the technology of heat

transfer to helium II. The phonon radiation limit, based on thermody-

namic considerations, is closely approached by the non-metallic crystals

which have been studied, and by the two metals, copper and lead, with

which some work has been done to bring surface conditions closer to

the ideal of a simple termination of the bulk. This possibility of approach-

ing the theoretical limit merits further investigation, but the parameters

which determine the conductance of practical interfaces also remain to

be identified. These parameters are unknown at present because the

specific mechanism of energy exchange at the surface has not been estab-

lished. The phonon transmission process on which the acoustic mismatch

theory is based has been most used in attempts to explain the experimental

data, but both the original theory of Khalatnikov and its various modifica-

tions predict conductances that are one or more orders of magnitude be-

low those actually observed, A possible alternative process is energy

exchange between the atoms of the fluid and those of the solid by adsorption-

desorption. This process is related to the thermal accommodation of gases

on solid surfaces, but accommodation coefficient calculations also have not
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achieved agreement with experiment at present. The question of whether

the conduction electrons in metals exchange energy directly with the

phonons of the liquid is also unclear because of conflicting experimental

evidence and because the theories developed for such processes are in

order of magnitude disagreement with experiment.

A theoretical solution of the interface conductance problem would

be of great intrinsic interest as well as of considerable practical assist-

ance in the development of helium II technology. For present design

problems, an order -of-magnitude estimate for a chemically cleaned or

polished metal surface can be made from figures 1 through 3 if the

Kapitza conductance of the metal has not been measured. If the surface

is not cleaned or polished, allowance for a conductance of as much as a

factor of 10 less should be made. Judging from the limited information

now available on non-metals, the phonon radiation limit, (5), can give

an approximation to within a factor of about 3 of the conductance if the

Debye temperature is known or can be estimated. (See Blackman, 1955

for further Debye temperature information. ) Even if the conductance of

the material under consideration has been previously measured, con-

siderable caution should be exercised in applying the data from Table I,

since it has been shown that conductances of different samples can vary

by about an order of magnitude. The condition of the surface for which the

measurements were made should be noted. If heat inputs are large enough
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that the AT « T limit is exceeded, heat transfer mechanisms in the

bulk liquid are also important, and the considerations of Section 5 must

also be taken into account.
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Table II. Comparison with Phonon Radiation Limit — Metals (1.9 K)

Solid

Phonon Radiation Highest Observed
eD Limit for hK ( 1.9 K) hK (1.9K)

(k W/m 2
K)

30

32

(k W/m2 K)

Hg 72 440

Pb 100 190

In 111 171

Au 162 155

Pt 221 62

Ag 226 55

Sn 195 54

Cu 343 30

Ni 44 19

W 405 18

11

Reference

Neeper, Pearce
& Wasilik[ 1967]

Challis & Che eke
[1965]

Neeper & Dillin-

ger [ 1964]

8.8 Johnson and
Little [1963]

lot Lyon [1968]

6 Clement & Fre-
derking [ 1965]

12. 5 Gittleman &
Bo^owski [ 1962]

7. 5 Johnson & Little

[1963]

4. Wey-Yen [ 1962]

2. 5 Johnson & Little

[1963]

t There is a large uncertainty in this value because of the scatter of

the data for small AT,

76



Table III. Comparison with Phonon Radiation Limit — Non-Metals ( 1 . 9 K)

Phonon Radiation Highest Observed
Solid GD Limit for hK( 1.9 K) hK (1.9K) Reference

(k W/ms K) (k W/m S
K)

KC1 Z30 22 6.9 Johnson [ 1964]

Si0 2 290 19 5.7 Wey-Yen [ 1962]

(quartz)

Si 636 6.4 4.2 Johnson & Little

[1963]

LiF 7 50 5. 1 4. 5 Johnson & Little

[1963]

A1 2 3 1000 1.5 1.6 Gittleman &
Bozowski [ 1962]
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Table IV. Measurements of Kapitza Conductance for Copper [1.9 K)

Conductance
at 1.9 K
(kW/m 2

K)

7. 5

7. 3

6.7

6.0

5.4

Condition

of Surface

Machined; cleaned chem-
ically and rinsed in water
& ethanol; 8 5 mm of

154 mm machined under
liquid helium; exposed to

atmosphere 1 week at room
temperature.

Same as preceeding except

47 mm'
chined.

Temperature
Dependence

.,2.6

of 1 6 1 mm ma

-

Machined; cleaned chem-
ically & rinsed in water &
ethanol; 47 mm of 1 61

mm machined under
liquid helium.

,3.1

-,3.1

Machined

Etched with dilute HN0 3 for

3 min. ; exposed to atmos-
phere a few min.

T 2.7

Reference

Johnson &t

Little [1963]

6.3 Polished; washed in NaOH
& CCU.

T Kapitza [ 194

6. 2 Machined; cleaned chem- T3.0 Johnson &

ically and rinsed in water & Little [ 1963]
? 2

ethanol; 85 mm of 154 mm
machined under liquid

helium

.

Goodling &
Irey [ 1969]

Challis, Drans.

feld & Wilks

4.2

3.5

Severely deformed by ham-
mering; mechanically polish-

ed;

Same as preceeding; then
cooled to liquid helium tem-
peratures; annealed for 4

hrs. at 625°C; lightly re-
polished mechanically.

Challis [1962]
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Table IV. Measurements of Kapitza Conductance for Copper (1.9 K)

(continued)

Conductance
at 1.9 K
(kW/m S

K)

2. 7

2. 6

2.3

1. 2

Condition

of Surface

Polished with jewelers

rouge; exposed to at-

mosphere a few min.

Temperature
Dependence

-,2.5

,2 6

,2.6

R eference

Challis, Drans-
feld, & Wilks

[1961]

Wey-Yen [ 1962]

Zinoveva [ 1953]

White, Gonzales,
and Johnson [ 1953]
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Table V. Measurements of Kapitza Conductance for Lead
in the Normal State (1.9 K)

Conductance
at 1. 9 K
(kW/m 2

K)

32

29

25

23

22

20.0

19

16.7

15. 1

Condition

of Surface

Annealed; machined;
lightly electropolished;

heavily bombarded by
ions.

Annealed; machined;
lightly electropolished;

heavily bombarded by
ions.

Freshly machined.

Machined; heavily elec-

tropolished and immedi-
ately placed in a 10~

bar vacuum.

Machined; exposed to

atmosphere 8 days; lightly

bombarded by ions; 2 00

M-m removed by electro-

polishing; heavily bom-
barded by ions.

Annealed a few weeks at

300 K; machined under
liquid helium; annealed
2-3 days at 77 K.

Machined; exposed to

atmosphere 8 days; lightly

bombarded by ions.

Annealed a few weeks at

300 K; Machined under
liquid helium.

Annealed at 300 K for 2

months; machined under
liquid helium.

Temperature
Dependence

n3.5

-,3.5

2.t> 7

T 3.00

Reference

Challis &
Cheeke [ 1965]

Cheeke 1 1969]

Challis &
Cheeke [ 1965]

Cheeke ] 1969]
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Table V. Measurements of Kapitza Conductance for Lead
in the Normal State (1.9 K) (continued)

Conductance
at 1 . 9 K
(kW/m 2 K)

15

Condition

of Surface

Etched; exposed to at-

mosphere a few min.

Temperature
Dependence

3.4

Reference

Challis, Drans.

feld, & Wilks

[1961].

14

14

13

6.3

5.3

4.7

2. 53

Annealed a few weeks at 300 K;

machined under liquid helium;

annealed 2-3 days at 77 K;

annealed 5 days at 300 K.

Machined; exposed to at-

mosphere 1-8 days.

Machined; annealed in

vacuum for 16 hrs. at 270°C.

Machined; annealed in vac-
uum for 16 hrs. at 270°C

Machined; exposed to atmos-
phere a total of 18 months.

Annealed a few weeks at 300 K;

machined under liquid helium.

Oxidized

T 3.5

1.58

>2.4

Cheeke [ 1969]

Challis &
Cheeke [1965]

Challis [1962]

Cheeke [ 1969]

Hesser, Chapman,
Chang & Frederkin^

[1969]
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