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A relative method is proposed for the direct determination of the set 
of thermal characteristics for the free-flowing masses of materials in 
the process of heating, said method based on the application of the 
principle of a diathermic shell, 

No methods are cu r ren t ly  avai lable for the d i rec t  
de te rmina t ion  of the ent i re  set of the rmal  c h a r a c t e r -  
i s t ics  of d i sperse  ma te r i a l s  dur ing the actual heating 
process  [1]. The exis t ing  indi rec t  methods of de te r -  
mining  the thermal  cha rac t e r i s t i c s  of the subs tances - -  
the methods of thermographic  ca lo r ime t ry ,  based on 
the use of a so-ca l led  d ia thermic  (standard) shel l - -  
make it possible  to de te rmine  the above-ment ioned 
cha rac t e r i s t i c s  on the bas is  of the known cha rac t e r -  
i s t ics  of the d ia thermic  shell  [2,3] or of the s tandard 
ma te r i a l  [4]. 

The Barski i  method [2], based on the pr inciple  of 
m e a s u r i n g  the heat flow di rec t ly ,  can be used to de te r -  
mine  the t empera tu re  re la t ionship  between the heat 
capaci t ies  for smal l  quanti t ies  of a ma te r i a l  which, in 
pr inc ip le ,  can be heated in accordance  with any given 
law. This method has also been used in another appli-  
c a t i o n - t o  de te rmine  the heat capaci ty and coefficient 
of the rmal  conductivity for more  subs tant ia l  quanti t ies  
of ma te r i a l .  However,  in this case the ma te r i a l  can-  
not be in the pulver ized state,  and a special  heating 
reg ime  is used. 

Berg and Yagfarov used a quas i - s t eady  heating 
regime [4] to de te rmine  the the rmal  constants  of the 
ma te r i a l s  in bound form.  The posit ive aspects  of this 
p rec i se  re la t ive  method are the following: no need for 
ca l ib ra t ion  of the insulat ion,  which was mandatory  in 
the Barsk i i  method; e l imina t ion  of the effect r e su l t ing  
f rom changes in the constants  of the actual shell  on 
the na ture  of the recorded readings;  and f inal ly,  the 
abi l i ty  to use s imple  calcula t ional  fo rmulas .  The 
the rmal  constants  for the ma t e r i a l s  were  de te rmined  
in this m a n n e r  up to 300 ~ C. To de te rmine  the effec- 
tive value of the specific heat for  a coal load, Agroskin 
and Goncharov [5] developed an ins ta l la t ion  based on 
the Barsk i i  method. The drawback of this ins ta l la t ion  
is the imposs ib i l i ty  of using it to de te rmine  the r e -  
main ing  the rmal  cha rac t e r i s t i c s  of the coal load. 

Here we propose a s imple method of de te rmin ing  
the the rmal  constants  of a f ree- f lowing load of mate -  
r ia l  which is in the process  of being heated. This 
method is also based on the applicat ion of the p r in -  
ciple of the d ia thermic  shell ,  but it is a re la t ive  meth-  
od, thus e l iminat ing  the need for p r e l i m i n a r y  ca l ib ra -  
tion of the thermo ca lo r ime te r .  

Unlike the Berg and Yagfarov method in which we 
are actual ly dealing with two standard m a t e r i a l s - -  
ma te r i a l  with zero heat capaci ty (air) and the actual 
s tandard ma te r i a l  (a compar i son  of the proper t ies  in 
the test  ma te r i a l  and the s tandard is ca r r i ed  out by 
compar ing these against  the proper t ies  of a ma te r i a l  
with zero heat capaci ty)- - in  the proposed method, the 
test  ma te r i a l  is compared d i rec t ly  against  the s tan-  
dard.  

A genera l  d iagram of the ins ta l la t ion  is shown in 
Fig.  1; an individual conta iner  [cell] is shown in 
detail  in Fig. 2. The ins ta l la t ion  of the cel ls  p resup-  
poses the es tab l i shment  of condit ions making possible  
a radia l  influx of heat both to the s tandard ma te r i a l  
and to the test  substance.  The th ickness  of the dia-  
thermic  shell  and the thickness  of the layer  of mate -  
r ia l  in the beakers  are approximately the same,  i . e . ,  
7 and 8 mm,  respect ively .  We have chosen these 
th icknesses  because  the ins ta l la t ion  is intended for 
the de te rmina t ion  of the coal- load proper t ies  (when 
heated, coal changes into a plast ic state which spreads  
through a bed of specified th ickness  which, for the 
coal being invest igated,  amounts  to 8 ram). On the 
other hand, to faci l i ta te  automatic t empera tu re  r ecord -  
ing, the t empe ra tu r e s  being measu red  by the differen-  
t ial  thermocouples  must  be approximately of the same 
order  of magnitude.  

The special  design of the beakers  into the test  sub- 
s tances  are poured, and the method on the basis  of 
which the junct ions of the different ial  thermocouples  
are  d is t r ibuted  within the cell ,  make it possible  to 
de termine  the heat capacity and the coefficient of 
the rmal  conductivity for the test  substance without 
r e so r t ing  to special  heating reg imes .  

The ma t e r i a l s  employed in the fabr ica t ion of the 
insu la t ion- -as  well as its des ign- -make  it possible to 
de te rmine  the t e m p e r a t u r e  re la t ionships  between the 
thermal  constants  of the subs tances  when the la t ter  
are heated to 600 ~ C. 

Many m a t e r i a l s - - p a r t i c u l a r l y  coal - -undergo a change 
in volume when heated, i . e . ,  shr inkage.  In the case of 
coal, the shr inkage and the p rocesses  resu l t ing  in 
shr inkage (intense des t ruc t ion  of the coal and the r e -  
lated l ibera t ion  of gases  and weight loss) set in ap- 
proximately  at 400 ~ C. At these t e mpe r a t u r e s ,  the 
d is rupt ion  of h e a t - t r a n s f e r  conditions at the boundary 
between the beaker  and the test  m a t e r i a l - - r e s u l t i n g  
f r o m  the format ion  of a shrinkage c learance  between 
the beaker  and the coa l - -may dis tor t  the resu l t ing  
data. To e l iminate  the effect of shr inkage,  the tes t  
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Fig. 1. Diagram of exper imental  installation. 1) Steel block; 2) thermal  insulators;  
3 and 4) containers  to house the tes t  mate r ia l  and the standard (see Fig. 2); 5) 
hea te r  spira l ,  consist ing of two f ace - to - f ace  connected sections; 6) voltage regulator;  
7) block cover;  8 and 9) piston and device to apply p r e s s u r e  to the piston; 10) the rmo-  
couples (KhA, d iamete r  0. 2 ram); ]1) thermosta ted  space; 12) MSR-58 res i s tance  
boxes; 13) EPP-09 potent iometer  with modified bridge circuit ;  14) electronic t ime 
relay;  ]5) e lect romagnet ic  relay;  in the upper left-hand corner ,  a top view of the steel  
block with the containers ,  showing c lear ly  the sequence of thermocouple location; the 

thermocouples  are connected to potent iometer  13 in the following manner :  

Loadnumber 1 2 23f 'shun'p'51 OpT" hun, 
me--rod,emPOra,ure I IT'LT'T3'I "' r T ' T r T ' T 3 s l  T s 
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Fig. 2. Design of an individual container Ice;l]: 
I) steel block; 2) block cover; 3 and 4) hollow 
steel cylinder into which a light weight brick 
diathermic shell has been pressed; 5 and 6} ther- 
mal insulators; 7) steel beaker into which the 
test (standard) material is poured; a special 
"pocket" for the thermocouple has been welded 
to the beaker (the thickness of the beaker wall 
is 0.25 ram); 8) test (standard) material; 9} 
piston made of high-melting glass; 10) steel 
cylindrical rod; 11) asbestos layer; 12) remov- 
able ring; 13) thermocouple "pockets" (inside 
diameter 1.7 ram); 14)thermocouple; 15)exter- 
nal high-melting glass housing (diameter 1.6 

mm); 16) glass insulation capillary. 
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mate r i a l  is placed beneath a special  piston which ex- 
e r t s  a p r e s su re ,  so that it descends as the volume of 
the ma te r i a l  is reduced.  It thus becomes  possible  to 

T 

600 

000 

200 
r 3;"" 

/ /  

T ! 

IZO 

80 

#0 

20 40 60 
Fig. 3. Tempera tu re  curves  der ived on the 
exper imenta l  ins ta l la t ion  and used for the 
calculat ions  based on fo rmulas  (2), (3), and 
(4): 1) ATIt; 2) ATzt; 3) Tit;  4) ATts;  5) AT2s; 
6) Tls;  7 and 8) average t empe ra tu r e s  for 
the coal load (Tt) and for the s tandard  ma-  
t e r i a l  (Ts), calculated according to formula  
(2). The 600-degree scale  cor responds  to 
the curves  for Tlt,  Tls ,  Tt, and T s. The 
scale  for the durat ion of the heating is given 

in min.  

automatical ly  shunted at the appropriate  ins tants  of 
t ime so that the i r  readings  cor respond to a 600-degree 
scale.  

During the course  of the exper iment ,  the cu r r en t  
supplied to the heater  sp i ra l  is not regulated,  i . e . ,  
the r i se  in the t empe ra tu r e s  Tit  and Tls is not kept 
l inear .  

However, if the heating regime were s t r ic t ly  l inear ,  
and the the rmal  indices of the d ia thermic  shell and 
the substances  being heated were not changing with a 
r i se  in the t empera tu re ,  the differences between the 
t empera tu res  ATl t ,  ATzt and ATls ,  ATzs with the 
passage of t ime would tend toward a specific l imi t ,  
subsequently remain ing  constant ,  and this would cor -  
respond to the es tab l i shment  of a quas i - s teady  reg ime.  
The form of this funct ion--exponent ial  [7]--is quite 
f ami l i a r  in numerous  physical  phenomena and is ex- 
pressed ,  for example,  in the case of ATls ,  by a fo r -  
mula  derived under the condition that the law govern-  
ing the change in t empera tu re  at the outside surface 
of the d ia thermic  shell  and the heat flow expended on 
the heating of the ma te r i a l s  contained within the shell  
are  specified: 

ATls -- X 
2n L ~0 

d~ . (1) 
X (0.4como + 1.4c~m~)ln -~1 

avoid the d is tor t ion  of the resu l t s  which follow f rom 
the shrinkage,  thereby re ta in ing  constant  conditions 
of heat t r ans fe r  at the boundary.  

The piston is made of a h igh-mel t ing  glass  which is 
a comparat ively  poor conductor of heat and which is 
fabr icated with or if ices  to t r ansmi t  the gaseous prod-  
ucts which are  formed during the heating process .  To 
ensure  identity of condit ions,  the beaker  containing 
the s tandard  substance is fitted out with a s im i l a r  
piston. 

The d is t r ibut ion  of the thermocouples  is shown in 
Figs .  1 and 2. Each of the conta iners  [cel ls] - -housing 
three thermocouples  each--give recordings  of three 
emf ' s  which cor respond to the t empera tu re s  

T l t - - T 2 t  : AT1 t, T2t--T8 t = AT~ t, Tit, 

T:ts--T~s =AT~s, T~s--T3s =AT~s andV~s 

(the subscr ip ts  "t" and "s '7 denote that the the rmo-  
couples per ta in ,  respect ively ,  to the cell with the 
test  coal load and the s tandard  mater ia l ) .  

A conventional EPP-09  automatic potent iometer  
with a scale  ranging to 600 ~ C was employed for  r e -  
cording purposes.  Its br idge c i rcu i t  was modified by 
the method proposed in [6], as a resul t  of which it 
became possible to record  the t empera tu re s  ATlt, 
AT2t, ATls and AT2s di rec t ly  (the scale of the device 
in this case corresponded to 120 ~ C). To record  the 
t empera tu re s  Tit  and Tis  by means  of which the aver -  
age t empera tu res  are calculated for the loads of the 
test  and s tandard  ma te r i a l s ,  the thermocouples  are  

If we take into considera t ion the change (an in-  
c rease ,  in our case) in the coefficient of thermal  con- 
ductivity for the shell during the heating process  and 
if we consider  the nonl inear i ty  of the change in t ime 
for the surface t empera tu re  of the shell ,  the curve  
mus t  change its exponential  charac te r  and develop an 
ex t remum with a c lear ly  defined maximum.  The curves  
cor responding  to the tes t  ma t e r i a l - - f o r  which the laws 
governing the var ia t ions  in heat capacity and the rmal  
conductivity may be random in c h a r a c t e r - - a r e  more  
complex in form. The exper imenta l  curves  which 
have been derived cor respond to these cons idera t ions .  

F igure  3 shows the curves  corresponding to the 
heating of pulverized Tkibuli  coal (with the following 
m e s h - s i z e  d is t r ibut ion  in m �9 10 -6 : 200-250) 9% ; 
200-150) 21% ; 150-100) 30%; 100-50) 24%; < 50) 16%) 
with a mois tu re  content of 6% ; the s tandard ma te r i a l  
is a powdered a luminum oxide that is usually employed 
in thermography as the s tandard for work with coal. 

The na ture  of the resu l t ing  curves  ATlt =fi(t) and 
AT2t =f2(t) cor responds  to the phenomena occur r ing  
in the charging of coal in heating: the phenomenon of 
heat and mois tu re  conductivity at 80-100" C; the evap- 
orat ion associated with the unbound mois tu re  at 100- 
160 ~ C; and the exothermic (at 340-360 and 460-500 ~ C) 
and endothermic (at 390-430 and 550-580 ~ C) effects. 

F rom the six der ived curves  we can calculate the 
average t empera tu re s  for the test  and s tandard ma-  
t e r i a l s ,  and then the the rmal  cha rac te r i s t i c s  of the 
coal load of in te res t  to us,  provided that we know the 
t empera tu re  re la t ionships  for the coefficient of the rmal  
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conductivity and the heat capacity of the s tandard  ma -  
te r ia l .  

Consider ing  the fact that the load is shaped in the 
form of a hollow cyl inder  and that the t empera tu re  
d is t r ibut ion  within this cyl inder  is nea r ly  parabol ic  
[8], the average t empera tu re  of the s tandard  ma te r i a l  
is expressed  by the fo rmula  

Ts = Txs - -  A r~s - -  0.4 A T2s. (2) 

Analogous fo rmulas  are used to de te rmine  t h e  

average t empera tu re  for the tes t  ma te r i a l  and the 
average t empe ra tu r e s  used in the der iva t ion  of for-  
mula  (I). The dashed l ines  in Fig. 3 show the change 
in the average t empe ra tu r e s  of the coal and s tandard  
l aye r s ,  cor responding  to the solid curves  of that fig- 
ure .  

The change in the thickness  of the ma te r i a l  l aye r  
a l te rs  the accuracy  with which the t empera tu re  is 
de te rmined .  Thus,  the t empera tu re  of a l ayer  of m i n i -  
mum thickness  s imul taneous ly  ref lects  the average and 
t rue  t empera tu re .  With an inc rease  in the th ickness  of 
the layer ,  the inaccuracy  in the de te rmina t inn  of the 
average t empera tu re  will i nc rease .  Having chosen a 
specific layer  th ickness ,  we proceed on the a s sump-  
tion that the p rocesses  of heat t r ans f e r  in an actual 
load cannot be modeled [simulated] in a layer  of m i n i -  
mum th ickness ,  s ince the p roces se s  occur r ing  in the 
adjacent  l ayers  (both on the hot and cold sides) affect 
the p rocesses  of heat and mass  t r a n s f e r  in a smal l  
l aye r  of finite d imens ions .  For  each type of tes t  ma -  
te r ia l  it is therefore  possible  to a r r i ve  at a theore t -  
ical ly  valid m i n i m u m  possible layer  thickness  which 
will yield an adequate approximat ion of the condit ions 
needed to pe r fo rm indus t r i a i  operat ions  (in our case,  
as noted above, this th ickness  is equal to 8 mm).  On 
the bas i s  of the selected layer  th ickness ,  it becomes 
possible  to a l te r  other geomet r ic  cha rac t e r i s t i c s  of 
the cell  as well.  

To find the values  of the heat capaci ty for a specific 
t empera tu re ,  we propose a s imple  fo rmula  which is 
s t ruc tu ra I ly  s i m i l a r  to the fo rmula  offered by Berg 
and Yagfarov: 

ms ATlt 
c t  = c s  - -  �9 ( 3 )  

IT~t ~ Ts=Tt 

The values  of c s and ATls are  taken for  the ave rage  
t empera tu re  of the s tandard  ma te r i a l ,  which is equal 
to the average t empera tu re  of the tes t  ma te r i a l .  Indeed, 
given equal average t e m p e r a t u r e s  for the two l aye r s ,  
the readings  of the different ia l  thermocouples  (ATlt 
and ATls) will be propor t ional  to the quanti t ies  of heat 
received by the s tandard and tes t  m a t e r i a l s  in an 
inf ini te ly smal l  in terva l  of t ime.  Thus, the value of 
the heat capacity derived f rom fo rmula  (3) expresses  
the effective value of the heat capaci ty for a specific 
t empera tu re .  

The change in the coefficient of the rmal  conductivity 
as a function of t empera tu re  is also defined by the 
re la t ive  method on the bas i s  of the f ami l i a r  r e l a t ion -  
ship for  the change in the coefficient of t he rma l  con- 
ductivi ty for the s tandard ma te r i a l .  The fo rmula  used 
in this case is the following: 

AT2s ATls I 
L t = ~ s  AT~t ATltJrs=r t" (4) 

The resu l t ing  value will express  the effective value 
of the coefficient of the rmal  conductivity for  a specific 
t empera tu re .  Indeed, the coefficients of the rmal  con- 
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Fig. 4. Tempera tu re  re la t ionships  for the heat capac-  
ity c, in J /kg  - deg (1) and the coefficient of the rmal  
conductivity X, in W/ m �9 deg (2) for a load of Tkibuli  

coal (W a = 6.0 % ; A s = 14.10 % ; vg  = 39.75 %). 

-\ 

ductivi ty for  the subs tances  in the two cel ls  are in-  
ve r se ly  propor t ional  to the differences between the 
t empera tu res  AT 2 s and AT2t when the quanti t ies of 
heat supplied in both cases  are kept constant .  The co- 
efficient ATIs /ATl t  enables us to account for the exis t -  
ing inequali ty in the quanti t ies  of heat supplied. It is 
introduced in the assumpt ion  that the re la t ionship  be-  
tween the magnitude of the heat flux and the t empe ra -  
t u re s  AT2s and AT2t is d i rec t ly  propor t ional ,  all other 
conditions being equal. 

The coefficient of the rmal  conductivity is calculated 
f rom the f ami l i a r  formula  

L 
a = - -  ( 5 )  

cp" 

The imperfect  nature  of the method by which the 
heat flow is supplied to the cel ls  and by which the heat 
flow i tself  is measured ,  as well a s  the above- indicated 
assumpt ions ,  introduce no signif icant  d is tor t ions  into 
the resu l t s  that are obtained, since the la t ter  are off- 
set by the re la t ive  na ture  of the m e a s u r e m e n t s  in the 
proposed method. 

Fo rmulas  (3), (4), and (5) were used to calculate 
the t empera tu re  re la t ionships  of the the rmal  constants  
for the loads of the Tkibuli  coal (prepared in a var ie ty  
of ways), and for the coke made f rom this coal; these 
re la t ionships  showed that reproducible  resu l t s  are 
possible  by this method. The reproducib i l i ty  of the 
var ious effects-- the total and absolute magnitude of 
the ordinates  of the curves ,  cor responding  to the 
repeated exper imen t s - -d id  not differ,  one f rom the 
other,  by more  than 3.0%. 

Figure  4 shows the functions X = f l ( T )  and c =f2(T) 
for a load of Tkibuli  coal,  cor responding  to the curves  
in Fig. 3. 

The specific heat of the a luminum oxide was taken 
f rom the following fo rmula  [91: 
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cp = (1005 q- 0.29T) J / kg  ' deg 

The coeff ic ient  of t h e r m a l  conduct ivi ty  as  a function 
of the t e m p e r a t u r e  of the powdered  a luminum oxide 
(pa r t i c l e  d i a m e t e r  15-20 �9 10 -6 m; p = 1000 k g / c m  a ; 
load po ros i t y ,  72%) was taken f rom l i t e r a t u r e  da ta  
[1 ,1o,  111: 

T e m p e r a t u r e ,  *C 0 100 200 300 400 500 600 

w 
L, 0.139 0.135 0.132 0.134 0.138 0.147 0.158 

m �9 deg 

The resu l t ing  va lues  for  the t he rma l  c h a r a c t e r i s t i c s  
a r e  in ag reemen t  with the few l i t e r a t u r e  da ta  c h a r -  
ac t e r i z ing  the effect ive va lues  of the t h e r m a l  cons tants  
for  coa ls  [5, 12]. The va lues  of the in teg ra l  hea t s  ex -  
pended on the heat ing of the coal  load to a spec i f ic  
t e m p e r a t u r e  (ca lcula ted  f rom the c = f ( T )  curves )  a r e  
in ag reemen t  with the P i e p e r  [13] c a l o r i m e t r y  e x p e r i -  
men ts .  

NOTATION 

co, m0, c s,  m s , ct ,  and m t a re  the spec i f ic  heat  
capac i t i e s  and m a s s e s  of the d i a the rmic  she l l ,  and 
of the s t andard  and t e s t  m a t e r i a l s ;  c~ and m~ = Ecnm n, 
Cn, and m n a r e  the spec i f ic  heat  capac i t i e s  and m a s s e s  
of the m a t e r i a l s  ins ide  the d i a the rmic  shel l  (a be a ke r ,  
the ac tual  m a t e r i a l ,  and a cen t e r  rod); d 1, d 2, and L 
a r e  the inside and outside d i a m e t e r s  and the height of 
the d i a the rmic  shel l ;  ~0, Xs, and ~t a r e  the t h e r m a l  
conduct iv i t ies  of the d i a the rmic  she l l ,  the s tandard  
and the t e s t  m a t e r i a l s ;  t is  the heat ing t ime ;  n = T t s / t  
is  the coef f ic ien t  of t e m p e r a t u r e - r i s e  l inea r i ty ;  T s 
and Tt a r e  the ave rage  t e m p e r a t u r e s  for  the loads  of 
s t andard  and tes t  m a t e r i a l s ;  p is  the densi ty;  a is  the 
t h e r m a l  diffusivi ty;  W a, A s,  and V g a r e  conventional  
notat ions for  the technica l  p r o p e r t i e s  of coal .  
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