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The study of the p r o c e s s e s  involved in the t r ans f e r  
of heat  a s sumes  pa r t i cu l a r  impor tance  and urgency in 
connection with the rapid  growth of production,  sc ience ,  
and engineering.  The ever  inc reas ing  flow of new syn-  
thetic m a t e r i a l s  is confronting r e s e a r c h e r s  with the 
problems  involved in seeking effective means and f ac i l -  
i t ies  to study the i r  phys icochemical  p r o p e r t i e s .  In 
addition to the pure ly  exper imenta l  methods of r e -  
search ,  the theore t i ca l  calculat ion of the heat  conduc- 
tion of porous m a t e r i a l s ,  of complex mult icomponent  
sy s t ems ,  and of mix tu re s  of var ious  subs tances  is gaining 
inc reas ing ly  g r e a t e r  acceptance and development.  In 
this connection, the requ i rements  for  accuracy  in the 
exper imenta l  invest igat ions  are  increas ing ,  because 
these must  se rve  not only as a source  of p r i m a r y  in-  
format ion,  but a l so  as an objective c r i t e r ion  to evaluate 
the accuracy  of the theore t ica l  ca lcula t ions .  Unable to 
cover  the ent i re  complex of r e s e a r c h  c a r r i e d  out in 
recen t  y e a r s  at  the thermophys ics  l abo ra to ry  of the 
Institute of Heat -  and M a s s - T r a n s f e r  of the B e l o r u s -  
s ian Academy of Sciences [IHMT, AS BSSR], we will 
dwell b r ie f ly  only on cer ta in  of the resu l t s  re la t ing  to 
the exper imenta l  methods of invest igat ing the the rmal  
p rope r t i e s  of m a t e r i a l s .  

The exper imenta l  invest igat ion of thermophys ica l  
c h a r a c t e r i s t i c s  p roceeded  along three  fundamental 
lines : 

i) the development of new, unique, and more com- 

plete methods of determining thermal conductivity, 

thermal diffusivity, and specific heat; 
2) the theoretical analysis of optimum experimental 

conditions ; 

3) the design of experimental stands and instruments 

to study the thermophysical characteristics in a tem- 

perature range between 80 and 1500 ~ K. 

The common feature of the methods for determining 

thermophysical characteristics lies primarily in the 

fact that each is based on an analysis of the solutions 

of the differential equation of heat conduction for spe- 

cific initial and boundary conditions, whereas their 

difference lies in the means and facilities to achieve 

a final result. Since the quantitative relationships gov- 

erning the development of temperature fields are func- 
tions both of the nature of the specified boundary con- 

ditions and of their effective duration, it is possible, 
in principle, to use a single solution for the develop- 

ment of a number of methods. Below we will consider 
the methods and instruments whose analytical bases 
are the solutions of problems pertaining to a plate and 
a cylinder with an internal constant-power source and 
heat transfer at the boundary. In addition to the famil- 
iar methods of de termining the the rmophys ica l  c h a r -  

a c t e r i s t i e s ,  we will  a lso  examine cer ta in  new develop-  
ments  by the authors  of this a r t i c l e .  Compar ison of 
the desc r ibed  methods with the methods of other au-  
thors  is p resen ted  p r i m a r i l y  only when there  is a 
common theore t ica l  bas is  or if the methods for the 
calculat ion of the the rmophys iea l  c h a r a c t e r i s t i c s  a re  
e s sen t i a l ly  c lose .  

Most of the methods developed at the thermophys ics  
l abora to ry  of the IHMT were devised f rom analys is  of 
the r igorous  analyt ica l  solutions of the dif ferent ia l  hea t -  
conduction equation ci ted in the works of A. V. Luikov. 
The t empera tu re  f ields at  the ini t ia l  stage in the de-  
velopment  of the the rmal  p roces s  a re  mos t  complex in 
nature .  The yie ld  of final r e su l t s ,  just  as the mon i to r -  
ing of p roper  exper imenta l  p rocedure ,  in these cases  
involves cer ta in  diff icul t ies .  In this connection, the 
method and ins t rument  for the in tegra ted  determinat ion  
of the thermophys ica l  c h a r a c t e r i s t i c s  of sol id and g ran-  
u la r  nonmetal l ic  m a t e r i a l s ,  proposed  by Luikov and 
developed by Verzhinskaya will doubt less ly  be of in-  
t e r e s t .  The theore t ica l  bas i s  for  this method is the 
solution of the problem for a semi- inf in i te  body whose 
bounding surface  is heated by a constant  flow of heat.  
Since the same problem will be considered l a t e r  on 
with somewhat different  boundary conditions,  we p r e -  
sent  i ts formulat ion and solution: 

at (x, ~) a~t (x, ~) 
a ; (1) 

O "~ ax ~ 

t(x, O)=to=COnSt, ~, a t ( o , z )  +q=O;  (2) 
Ox 

a t ( ~ ,  t) 
= 0; (3) 

Ox 

t(x, ~) 2q K x = az ierfc �9 (4) 

Solution (4) is the bas i s  for  the calculat ion of the 
thermophys ica l  c h a r a c t e r i s t i c s .  The uniqueness of the 
ins t rument  technique l ies  in the fact  that  the automatic 
r e c o r d e r  r e g i s t e r s  the t empe ra tu r e  at  a speed inve r se -  
ly propor t ional  to the square root of the t ime,  allowing 
moni tor ing of the c o r r e c t n e s s  of the actual exper iment  
(it should show a s t ra igh t  line), as well as s implifying 
the p rocess ing  of the exper imenta l  data to the max i -  
mum. 

The solution of Eq. (1) for  condition (2) and a bound- 
a ry  condition of the form 

_ ~ at  (R,  ~) 
a ~ -  § c~ [t~,-- t (R, -c)] = o, (5) 
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being the more  general ,  served as a basis for the de- 
velopment of a ser ies  of other methods to determine 
the thermophysical character is t ics .  Let us examine 
some of these. In the absence of a source within the 
plate (q = 0) the problem reduces to the heating of an 
unbounded plate. Th i s  solution, as well as the anal- 
ogous solution for an infinite cylinder, was used to 
determine the coefficient of thermal-diffusivity under 
conditions in which a -~ ~ (a boundary condition of 
the f i rs t  kind). In the experimental procedures devel- 
oped by us, the boundary condition of the f i rs t  kind is 
maintained only at the bases (in the case of a plate) 
and at the side surface (case of a cylinder), which is 
technically more  convenient than providing for these 
conditions at all of the surfaces of the specimen (see, 
for example, the diagram of a calorimeter) .  The nec-  
e s sa ry  theoretical relationships can be found easily 
from the corresponding solutions. In addition to the 
method of calculating the coefficient of thermal dif- 
fusivity--generally employed in the theory of a regular 
regime--we ~also employed another method which el im- 
inated the need of plotting the lnt  = f(r)  curve. The 
essence of this method ties in the recording of the time 
interval during which the temperature difference be- 
tween the cooling unit and the specimen during the 
cooling process  varies by a specific fraction of its 
initial value. 

Let us examine certain variants of the integrated 
determination of the thermophysical  character is t ics  in 
the presence of a constant-power source within the 
plate (cylinder) and with heat t ransfer  at the bounding 
surfaces.  The solution of the differential equation (1) 
with the initial and boundary condition (2) and the s im- 
plifying condition (5) (tw -~ twO~ -- ~) can be presented 
in the form 

t (x, ~) - -  to - q (R - -  x) 

2q R 1 7 ~ - -  (--l)n+lsin R- -X . . .  I xz p.,,----~ exp(--Ixn2Vo ). (6) 
n ~ t  It 

The final effect of the development of the t emper -  
ature field in this case is the steady thermal  state for 
which the coefficient of heat conduction is usually found, 
It is obvious that the analysis of the temperature field 
during the course of its development and in the steady 
state makes it possible to achieve a method for the 
integrated determination of the thermophysical char -  
acter is t ics .  We noted such an approach in the method 
developed by Fogel and Alekseev. The essence of this 
method reduces to the calculation of the function 

O t(x, ~)--to ( x ) 
o,--~- = t~,t~, T)-to -- f ~ - '  Vo (7) 

and the experimental determination of t(x, r) and tst(X, 
t). The drawbacks of this version are that the ratio (7) 
is a function of the coordinates, and that it is neces-  
sary  to use tables prepared in advance. We can avoid 
this shortcoming by introducing the rate of heating for 
a given s y s t em.  Indeed, it follows from relationship 

(6) that during the course of regularization, a charac- 
teristic feature of the development of the temperature 
field is the constancy of the quantities 

In b 1 - -  In b~ 

In (tst -- t l ) - -  In(tst -- t~) ~ ~ 
= % -  ~1 4R--- ~ a, (8) 

where b is the rate of heating and tst is the temperature 
in the steady state. Analogous relationships are  also 
found f rom corresponding solutions for bodies of other 
geometrical  shapes. Thus, the nonsteady thermal 
process  preceding the steady state may be uniquely 
employed to determine the coefficient of thermal dif- 
fusivify, based on a single method which follows from 
(8). With small values for the Four ier  number the 
thermophysical  character is t ics  may be calculated by 
using solution (4). These considerations served as the 
basis for the simple instrument developed by Volokhov 
to study the thermophysical  character is t ics  of solid 
and granular  materials  at room temperature.  The basic 
elements of the instrument are:  a galvanometer,  a 
power source for  the heater,  a t imer ,  a vise with two 
hollow plane-parallel  copper blocks and a cylindrical 
form to study granular mater ia ls .  In addition, it con- 
rains a simple relay system permitting the automatic 
switching on and off of the t imer .  The power source is 
a t ransformer  whose winding is fashioned so that the 
voltage that is taken can be varied according to the 
law: U0, (2)I/2U0, (3)1/2U 0 . . . .  (a total of ten ranges). 
The heat-flow and temperature sensors  are of the usual 
type: a tow-lag flat or cylindrical heater and a differ- 
ential thermoeouple, one of whose junctions is caulked 
into the plane of the refr igerat ing unit, while the other 
is housed in the specimen. In addition to the theoret-  
ical methods, provision is also made in the instrument 
for semiautomatic determination of the thermophysical 
character is t ics .  We will demonstrate this with an ex- 
ample of the determination of the coefficient of thermal 
diffusivity. F i r s t  we record  the temperature difference 
between the specimen at room temperature and the 
"refr igerat ion unit" through which water is passed. 
Before the introduction of the specimen into the space 
between the "refr igerat ion units", photoresistances 
capable of moving freely along the scale of the galva- 
nometer "mark off" some portion of the steady temper- 
ature difference. The specimen is then brought into 
the space between the "refr igerat ion units" and com-  
pressed by their sides. A process  of natural tem- 
perature leveling .begins through the volume of the 
specimen, during whichthe time in which the temper -  
ature difference changes by the specified magnitude 
is automatically recorded.  It is obvious that the read-  
ings of the t imer  will be proportional to R2/a, regard-  
less of the initial temperature difference. 

The investigation of thermophysical character is t ics  
over a wide range of temperatures  is an incomparably 
more  difficult problem than the determination of t h e s e  
at temperatures  near room temperature.  The methods 
considered above may be employed fundamentally for 
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broad-range  temperature  studies in which the subject 
specimens are heated to the required temperature 
level. Thus, for example, the Verzhinskaya method 
was used by Vishnevskii and Dzyubenko to measure  the 
heat-conduction coefficients and the coeffic{ents of 
thermal  diffusivity for r e f rac to ry  mater ia ls ,  where no 
less than 6-7  hr  were required to ca r ry  out m e a s u r e -  
ments every 50 ~ in an interval of 300-1000 ~ K. In this 
connection, the methods of investigation carr ied  out 
during a p rocess  of continuous heating are  more  ef-  
fective. Among these methods we find, f i rs t  of all, the 
quasi-s teady methods whose theory was developed by 
Luikov, and the methods of monotonic heating, deveIoped 
by Dul'nev and his eo-workers .  One way of aehieving a 
quasi-steady thermal  state is the symmetr ic  heating of 
a specimen by a t ime-constant  heat flow. As an ex- 
ample of a way in which t ime-constant  boundary condi- 
tions of the second kind can be achieved, the l i terature 
usually describes the Semenov method. In evaluating 
the symmetry  of the heat flow, i . e . ,  the conditions of 
its constancy, the author of the method considered a 
system of bodies, including a plate with ideal thermal 
insulation, a source of constant power, and a semi-  
infinite body. We also examined a s imilar  system, and 
found that the ratio of the heat flowing into the region 
of the semi-infinite body and into the plate, is de ter -  
mined by the relationship 

. - -  )--I , 
q' ( e r [ c ~ R a  ~-~- l ) ( e r f c ~ - - - I  (9) 
qt 

The calculations car r ied  out on the basis of (9) have 
demonstrated that in such a system there is continuous 
redistribution of the heat flows, and in the general 
energy balance the specific weight of the flow entering 
the region of the semi - i~ in i t e  body increases  gradu-  
ally. Although these conclusions do not agree with those 
of Semenov who found that the symmet ry  of the heat 
flows is accurate to within 2%, it is nevertheless pos-  
sible to demonstrate that the approximation of the t em-  
perature  field for the plate by the laws of a quasi-steady 
regime is possible within a narrow time interval. The 
constancy of the heat flow at the surface of the eentral 
plate is achieved in the Krisher  method by using four 
heaters .  However, this is a part icular ly inconvenient 
system, since it requires a large number of pIate-iike 
specimens and identical heaters .  The various p roce-  
dures which we examined above for the testing of ma -  
ter ials  in the quasi-steady regime are essentially 
"room" variants and cannot be employed effectively in 
broad-range temperature  studies, since the application 
of substantial electr ical  power on the probes inserted 
into the specimens will resul t  in corresponding in- 
creased temperature  differences,  which necessar i ly  
will lead to a disruption in the unidimensionality of the 
temperature field in the measurement  area.  Thus, at-  
tainment of constancy conditions for the heat flow at 
the surface of the specimen over a wide range of t em-  
peratures  cannot be achieved in principle without a 
special system to regulate and maintain this ftow or 
corresponding tempera tures .  One of the possible and 

most  frequently employed means of obtaining a constant 
heat flow is heating the specimen under adiabatic con- 
ditions. Vasil 'ev developed a method and equipment to 
determine the thermophysical  character is t ics  of poor 
heat conductors in the 80-400 ~ K range. The precision 
amplification equipment developed by him makes it 
possible to maintain the adiabatic conditions of heating 
in the indicated temperature range, with a high degree 
of accuracy.  

In addition to the methods which provide for specifi-  
cation of a constant heat flow, great  acceptance has 
been gained by quasi-steady methods involving linear 
heating for boundary conditions of tile f i rs t  and third 
kinds. The idea of determining the thermal  diffusivity 
in a quasi-steady regime was f i rs t  proposed by Luikov. 
The quasi-steady methods were subsequently developed 
and refined by many authors,  with the methods of de- 
termining thermal  dfffusivity being developed most  
extensively. The theoretical basis for the absolute 
method of integrated determination of thermophysical  
character is t ics ,  proposed by Fraiman,  was the quasi- 
steady solution of the problem involving the heating of 
an infinite holIow cylinder with a constant-power source,  
in a medium whose temperature  varies  linearly. This 
method and the installation makes it possible to under-  
take an integrated study of the thermophysical  p roper -  
ties of nonmetallic mater ia ls  in a temperature  range 
of 300-1500 ~ without using any standard reference ma-  
ter ia ls .  The ear l ier  proposed method provided for  
heating the specimen twice, at the same rate,  with the 
internal heater  connected and disconnected. In the 
Lazarev method, employing analogous theoretical solu- 
tions, the simultaneous heating of two identical speci-  
mens is proposed (with and without a heater) under 
identical conditions. Both versions exhibit certain 
shortcomings which stem, respectively,  f rom the t ime 
and space dissociation in the experiment. Before we 
indicate how to remove these drawbacks, let us dwell 
b r i e f y  on a method for the integrated determination of 
the thermophysical  character is t ics  of specimens in 
the form of plates and disks, when these are heated 
l inearly.  

The nonsteady solution of Eq. (1), which we found 
for conditions (2) and (5) under the assumption that 
t w = t o + br, has the following form: 

2 co 

q q 0R v A n  x + - Z ( R - x ) + - - a  + a ~ 2 c o s ~ - ~ - x  
t~=l ~tl 

Fo) q_Q~ x x exp (-- ~] a ~ A= cos ~ cos ~, -~- x 

X 

• exp (--~t~ Fo) --'qR ~"~ An sin ~t. cos !*~ -~- 

n = 1  

x exp (--~,~ Fo), (io) 
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where #n are the roots of the character is t ic  equation 

c t g ~  : 1 A~ (--1) ~§ 2BiI/Bi2 -~- ~2 
B~- ~; = Vn ( Bi2 + B i + ~ )  �9 

Detailed tables of the values of Pn and A n are  given 
in the l i terature.  

In the quasi-steady state when Bi = oo expression 
(10) assumes the simpler form 

t (x, ~) - -  to = b ,  + bx2 qx  _ bR__ 2 + q RR. (11) 
2a  ~. 2 a  ~. 

The temperature field in this case is a parabola shifted 
relative to the coordinate origin (nonsymmetric heat-  
ing) and in general (the exception is adiabatic heating) 
to eliminate the time or space dissocation of the ex- 
periment, the temperature must  be established at 
three points. An analogous method was used by Shakh- 
tin and Vishnevskii in determining the coefficient of 
thermal dfffusivity under conditions of nonsymmetric 
heating. The necessary  theoretical relationships can 
be found easily f rom relationship (11) and we there-  
fore do not present them here.  The experimental in- 
stallation includes a low-lag furnace with a power of 
no more than 2.5 kW and the equipment for the speci-  
fied linear heating and temperature measurement .  The 
furnace is designed to test  specimens in the form of 
plates and disks in a temperature range of 300-1300 ~ 
K. The methods of achieving linear heating may vary 
greatly: manual, semiautomatic,  and automatic tem-  
perature regulation. 

The methods of monotonic heating, whose common 
nature with purely quasi-steady methods lies in the 
fact that the necessary  information for both is derived 
from an experiment in continuous progress ,  are being 
developed and are gaining recognition on an ever 
greater  scale. The technical achievement of monotonic 
heating methods is simpler than that of quasi-steady 
methods. However, the processing of the experimental 
data in the fo rmer  case seems more  complex to us 
than for the latter.  The comparative evaluation of 
accuracy in these methods becomes difficult because 
of a lack of comparable experimental data. The meth-  
ods considered above for the determination of thermo-  
physical character is t ics  are based on an analysis of 
solutions for the one-dimensional equation of heat con- 
duction with constant coefficients. In this connection, 

research  into the selection of optimum experimenta- 
tion regimes  assumes part icular  importance. With 
broad-range temperature tests on materials  experi-  
encing no phase conversions, the method of zonal cal- 
culation of the thermophysical character is t ics  is 
completely justified. The validity of this approach has 
been demonstrated by many authors and it has been 
given a theoretical foundation by E. S. Platunov. It 
should be s t ressed  here  that rigorous adherence to 
the boundary conditions will considerably facilitate the 
problem of finding the required relationships, since 
the only factor responsible in this case for a change in 
the temperature field and in the corresponding gradient 
is the change in the thermophysical  properties of the 
mater ia l  under investigation. No less important a 
factor--determining the quality of the investigation to 
a great  extent--is adherence to the conditions of one- 
dimensionality for the heat flows during the course of 
the experiment. One-dimensionality for the heat flow 
is generally achieved either by the installation of spe- 
cial protective devices or by selection of appropriate 
relationships between the linear dimensions of the 
specimen. Another testing procedure is preferable;  
however, its rigorous theoretical foundation is pos-  
sible only through an analysis of corresponding two- 
dimensional temperature fields. This work provided 
foundations for m ost of the methods of determining ther- 
mophysical character is t ics ,  developed at the thermo-  
physics laboratory of the Institute of Heat- and Mass-  
Transfer  of the Belorussian Academy of Sciences. 

Raising the level and efficiency of thermophysics 
research  requires continued theoretical general iza-  
tion, unification, and standardization of existing meth-  
ods, improvement in experimentation techniques as a 
whole, and the development and ser ies  production of 
reliable instruments that are convenient to use for 
the determination of thermophysical  charcter is t ics .  
There is no doubt that these and similar  problems 
facing Soviet thermophysicis ts  will be resolved suc-  
cessfully, and this will be due to the continued expan- 
sion and blossoming of all branches of our production, 
science, and engineering. 

19 July 1967 Institute of Heat and Mass 
Transfer,  AS BSSR, Minsk 


