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FUNDAMENTAL THEOREMS ON THE GENERALIZED COUPLED 

THERMOELASTICITY PROBLEM FOR ANISOTROPIC BODIES 

Yu. M. Koiyano and E. P. Khomyakevich UDC 536.12:539.376 

The equation of motion,  Hooke ' s  law, and the gene ra l  heat-conduct ion equation 

~f  " . ii t, iJ - -  Cv It - -  Q~iilei j = - -  l~v 

for  anisot ropic  bodies a re  used to der ive  the energy equation 

d--? ( : + W + P ) + X t =  ~ ~'iX~eV + ;~eS  + t o  t--[ 
~ , -  

S ~ ]  S 

(1) 

which e x p r e s s e s  the genera l ized  energy conserva t ion  principle.  

Here  h}j a re  the t he rm a l  conductivity coeff ic ients ;  t is the t empera tu re ;  c V is the specif ic heat  at con-  
stant volume; l = 1 + ~-r(a/a~-); T r is the heat  flux re laxat ion t ime;  T is the t ime;  t o is the t empe ra tu r e  of the 

= c t a t l  a r e  the coefficients  Of t he rma l  expansion; eij is the s t ra in  ra te ;  body in the unstrained state;  /3 i j  ijk/C~k/; 
w is the densi ty  of in ternal  heat  sources ;  Xi a re  the iner t ia l  fo rces ;  vi = ui; ui a re  the components  of the d i s -  

p lacement  vector ;  Pi a re  the applied p r e s s u r e s  on the sur face  S of the body ~; K = p /2  .f vivi dV is the kinetic 
P. 

energy;  W =-~-. CijklekleijdV is the work  of deformat ion;  P = c v / 2 t  0 S t2dV is the t he rma l  energy function; 

~0 jt , j t , idV + gtdV is the genera l ized  diss ipat ion function; s is the entropy; and p is the density. 

The genera l ized  conservat ion  pr inciple  (1) differs  f rom the c l a s s i ca l  d iss ipat ion function by a t e r m  con-  
taining the acce le ra t ion  of entropy growth of the sys tem.  

The genera l ized  energy  t heo rem  is used to prove the uniqueness of solution of the fundamental  equations 
for  the genera l ized dynamic coupled thermoelas t i c i ty  of anisotropic  bodies in the p resence  of heat  sources  and 
iner t ia l  fo rces .  

The var ia t ion  of the work  of deformat ion ,  Hooke ' s  law, the genera l ized Fou r i e r  equation, and the en-  
t ropy g rowth- ra t e  re la t ion for  anisotropic  bodies a re  used to prove a var ia t ional  theorem on the general ized 
coupled the rmoe las t i c i ty  of anisotropic  bodies;  this theorem s ta tes  that the var ia t ion of the sum of the work  
of deformat ion ,  heat  flux, and genera l ized  diss ipat ion function is equal to the vi r tual  work of the externa l  
f o r c e s ,  iner t ia l  f o rces ,  and heating of the sur face  of the body. 

A rec iproc i ty  theorem is proved for  the genera l ized  coupled thermoelas t i c i ty  of anisotropic  bodies.  
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A P P R O X I M A T E  ANALYTICAL SOLUTION OF THE 

NONSTEADY HEAT-CONDUCTION PROBLEM IN A 

VARIABLE-TEMPERATURE MEDIUM 

I .  A. S o k o l o v a  UDC 536.2.023 

F o r  the determinat ion of the tempera ture  field t(r,  z, T) of a finite cyl inder  in a va r iab le - t empera tu re  
medium the duration of the investigated thermal  p rocess  is parti t ioned into a finite number  of j - th  intervals  
of a rb i t r a ry  duration ATj, in which the tempera ture  of the medium is approximated by a l inear law. 

A solution of the heat-conduction equation for the finite cyl inder  0 < r _< R, - h  _< z _ h 

at(r ,  z, -- a [ Ot'(r' z, O~t (r' z" ~ + O"-t ( r , z ,  ~) ] 
{1) 

subject to the boundary conditions 

t (r, z, 0) = to, (2) 

t(R, z, x)=t(r, _-' h, z)=tav, (3) 

in which tav is the time function tav = ~p(r), is found by applying the Duhamel integral  theorem to the solution 
for  a finite cyl inder  under cons tan t - tempera ture  conditions U(r, z, t) [1]: 

t (r, z, r) -- to = (t~v-- to) U (r, z, 0) + I (t~av - to)  U' (r, z, T - -  ~l) d,|. (4) 

where T is the duration of the investigated thermal  process .  

When the boundary condition is approximated by a p iecewise- l inear  time function, the express ion for the 
function ~(T) in the i- th interval  AT i is writ ten in the form 

(~) -- to = (~_~ -- to) + bi (~-- ri-D, (5) 
bi = (~i -- ~i_~)/hT~. (6) 

The computation of the integral  in (4) is ca r r ied  out by success ive  integration over the time intervals in which 
the function tar  is considered to be linear. Combining the integration resul ts  for all intervals and performing 
a se r i e s  of appropriate  t ransformat ions ,  we obtain 

i 
t (r, z. T)-- to = tar--to {I)(Fo~) + ' ~  Pdi [Fo~ e (Fo~) --Fo~ +I n (Fo~+i)], (7) 

to to 
i =  I 

where Pd i = bih2/at0 is the Predvodi te[ev number and Fo~ = a (T - - T [ - I ) / h  2 is the Four i e r  number.  

When the function tar  is approximated by a step function, the required solution takes the form 

i 
t (~, z, ~) - to __ E aim (Fo~,), (8) 

to i=1 

where 
d, = ( ~  - -  ~i-1)/to. (9) 

To facilitate the prac t ica l  application of the solutions obtained here a numerical  calculation of the d imen-  
s ionless  functions @(Foh) and ~(FOh) is ca r r ied  out. The computer-calcula ted values of the functions for the 
center  of the finite cyl inder  are  given in tables for  Four i e r  numbers ranging f rom 0.0100 to 100 and for cy l -  
inders with geometr ic  dimensions k = h / R  ranging from 0.1875 to 2. 

L I T E R A T U R E  C I T E D  

1. A . V .  Lykov, Theory of Heat Conduction [in Russian],  Vysshaya Shkoia, Moscow {1967). 
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THERMAL FIELD OF A SPHERICAL SOURCE IN 

A HETEROGENEOUS CONTINUUM 

V. S. K u t l y a r o v  UDC 536.12 

The propagation of heat by molecular  heat conduction in a two-component medium is investigated. The 
components of the medium have different thermophysical  charac te r i s t i c s ,  and heat t ransfer  takes place be-  
tween them. The hea t - t r ans fe r  p rocess  between the components is assumed to be quasisteady,  so that the 
t rans fe r  rate is proport ional  to the tempera ture  difference between the components.  

The problem of the temperature  field outside a sphere having a cer tain radius with a given heat flux 
to it is solved. Express ions  are derived by an operational method for the tempera tures  of both components 
when the latter have a rb i t r a ry  pa rame te r s  and the radius r 0 of the spherical  source is small. 

Then the case of a medium in which mlkl >> m2k2, where m 1 and m 2 are the volume or surface fractions 
occupied by the respective components and kl and k2 are the thermal  conductivities,  is discussed for a rb i -  
t r a ry  r 0. This case is important in connection with the obvious fact that the temperature  difference of the 
components increases  with the difference in their thermal  conductivities. 

Next, the limiting case in which mlkl >> m2k 2 but mlplc  I << m2P2c 2 is analyzed, where Pl and P2 are the 
densit ies and el and c 2 are  the specific heats of the respective components. Inasmuch as pc varies  only slightly 
for the majori ty of solids and liquids, the second stated condition is satisfied when ml << m2, i.e., when the 
portion of the medium occupied by the f i rs t  component with the higher thermal  conductivity is small.  

Finally,  an expression is obtained for the total net heat flux between the components per unit time 
throughout the entire volume: 

IV (t) = 4~a i iT2 (r, t) -- T 1 (r, t)] r2dr, 
ro 

where T1 and T 2 are the tempera tures  of the components,  r is the space coordinate,  t is the time, and ~ is the 
hea t - t r ans fe r  coefficient between the components. For  the case of a rb i t r a ry  pa ramete r s  of the medium W(t) is 
expressed in the form 

t 
~ ( l - - e~)  t' [ ~ ( l + ~ ) ( t - - O ) ] d O ,  IV (t) mlpxcl (1 + ~) f (0) exp - 

. m ipzcl 
o 

where ~ = m2k 2/talk1; 6 = mlPlC 1/m2P2C2; and f(t) is the source strength. 

Curves of Tl(r ,  t), T2(r, t), and W(t) are  plotted for selected values of the parameters .  

It is important  to note that allowance for the difference in the tempera tures  T1 and T 2 of the components 
is essent ial  for strongly nonsteady hea t - t ranspor t  p rocesses  for process  t imes t < T1, where T1 = m2P2c2(1 + 
aS)in (1 + a)]-I is the delay time constant for temperature  redistr ibut ion p rocesses  in the heterogeneous con-  
tinuum. 

Dep. 3412-75, July 22, 1975. 
Original art icle submitted June 6, 1974. 
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I N F L U E N C E  OF D E P A R T U R E  F R O M  O N E - D I M E N S I O N A L  

C O N D I T I O N S  IN D E T E R M I N I N G  T H E  T H E R M A  L C O N D U C T I V I T Y  

OF L I Q U I D S  B Y  T H E  M E T H O D  OF C O A X I A L  C Y L I N D E R S  

I .  t~. V e n e r a k i ,  V.  G .  L o z o v i k ,  
V. I .  D e s h k o ,  a n d  A.  Y a .  K u n k i n a  

UDC 536.2.08 

The method mos t  often used in expe r imen ta l  s tudies of the t h e r m a l  conductivity of liquids at high t e m -  
p e r a t u r e s  is the s t eady-s ta te  method of coaxia l  cy l inders  [1]. This  paper  d i s cus se s  the influence of the in-  
heren t  depar tu re  f rom one-dimensional i ty  in expe r imen ta l  rea l iza t ion  of the method under conditions of non- 
i so the rmic i ty  of the la te ra l  su r faces  of the cyl inders .  

Our ana lys i s  is based on the solution of the p rob lem of the s t eady - s t a t e  t e m p e r a t u r e  field of a t h r e e -  
layer  cyl inder  of finite length with an a r b i t r a r y  dis t r ibut ion of the t e m p e r a t u r e  lengthwise along the outer  s u r -  
face and radia l ly  at the end sur face  as well  as  an a r b i t r a r y  lengthwise dis t r ibut ion of the heat  flux on the inner 
sur face  of the cyl inders .  

The sough t -a f t e r  function mus t  vanish at the ends of the cy l inders .  Then the method of separa t ion  of 
va r i ab l e s  (Four ier  method) is used to find the rad ius-dependent  coeff icients  of the function f rom the inhomo-  
geneous modified B es s e l  equation of o rde r  ze ro  [2], which becomes  homogeneous when the t e m p e r a t u r e  at the 
ends is specif ied as a logari thmic function. The coeff ic ients  of the solution of the Bes se l  equation a re  found 
f rom the boundary conditions and the contact  conditions at the la te ra l  su r faces  with those conditions expanded 
into a F o u r i e r  sine s e r i e s .  

The calculat ions a re  ca r r i ed  out on a BI~SM-4M computer .  The t empe ra tu r e  di f ference in the layer  and, 
with the aid of the formula  for  the method of coaxial  cy l inders ,  the t he rma l  conductivity of the liquid a re  c o m -  
puted for  given geomet r i c  d imens ions ,  t he rm a l  conductivi t ies  of the cyl inders  (including the liquid layer) ,  and 
boundary conditions. The e r r o r  incurred in the r e su l t s  of the m e a s u r e m e n t s  due to [nhomogeneity is d e t e r -  
mined by compar ing  the computed and specif ied values of the t he rma l  conductivity. 

The influence of such f ac to r s  as nonisothermici ty  of the la tera l  su r face ,  the inequality of t he rma l  insula-  
tion of the ends,  the value of the heat flux at the inner  su r face ,  and the lengths, th icknesses ,  and the rma l  con-  

duc t iv i t i e s  of the cyl inder  m a t e r i a l s  on the e r r o r  iS invest igated.  

Noniso thermic i ty  significantly i nc rea se s  the e r r o r  of de te rmina t ion  of the t h e r m a l  conductivity. Axia 1 
leakages of heat  f r o m  the cen t ra l  zone in which the m e a s u r e m e n t s  a re  pe r fo rmed  a re  possible  not only through 
the ends,  but a l so  through the pe r iphe ra l  p a r t s  of the la tera l  sur face  of the cyl inders .  

The p re sence  of the inner  cyl inder  between the axia l  hea te r  and the liquid s t rongly  a f fec t s  the e r r o r .  The 
la t ter  i nc reases  with the th icknesses  and t he rma l  conductivi t ies of the cyl inders .  

F o r  a noniso thermic i ty  up to 2~ which is deemed acceptable  by many r e s e a r c h e r s ,  the e r r o r  at tains 2 
or  3% for  a l eng th - to -d iamete r  r a t io  of 8 to 10 and can attain 8 to 10% when that ra t io  is d iminished to 5. 

The r e su l t s  of the study make it poss ible  to e s t ima te  the e r r o r  due to non iso thermic i ty  for  specif ic e x -  
pe r imen ta l  conditions attending the de te rmina t ion  of the t h e r m a l  conductivity of liquids. 

L I T E R A T U R E  C I T E D  
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T H E R M A L  C O N D U C T I V I T Y  OF C RYOLITE  MELTS 

I. ]~. Ven~eraki ,  V. I. D e s h k o ,  
and O, E. K h l e b n i k o v  

UDC 536.22 

The the rma [ conductivity of me Its of aluminum e [ectrolyzer electrolyte and its main constituent, cryolite, 
has previously been investigated by the steady-state method of coaxial cylinders [1]. To assess the influence 
of radiative heat transfer the effective thermal conductivity of cryolite is determined for three thicknesses of 
the melt layer (ram): 1.53, 2.06, 2.67 in the temperature range from 10O0 to 1100~ and the same is deter- 
mined for the electrolyte in layers with thicknesses of 1.57 and 2.78 mm in the temperature range from 940 
to I040~ The material of the cylinders is GMZ graphite, whose surface is packed with pyrographite to in- 
crease its resistance to the aggressive melts. The maximum analytical error  of determination of the thermal 
conductivity is mainly attributable to the error of determination of the temperature difference in the layer 
and to end losses and is equal to 10%. 

The experimental results indicate an increase in the effective thermal conductivity with the layer thick- 
ness, an effect that can be explained by radiative heat transfer. The true (conductive) thermal conductivity and 
absorption coefficient of the melts are calculated in the gray-body approximation according to the equation 
of Poltz [2] on the basis of the dependence of the effective therma[ conductivity on the layer thickness. The 
emissivity of the graphite and the refractive index of the melts are evaluated in accordance with [3, 4]. In the 
investigated temperature range the true thermal conductivity of cryolite increases from 0.75 to 0.85 W/re. ~ 
while that of the electrolyte increases from 0.65 to 0.70 W/m. ~ The absorption coefficient lies in the inter- 
va[ 0.6 to 0.4 mm -I for cryolite andis about 0.6 mm -I for the electrolyte. 

The spectral absorption is also determined experimentally by the double specimen method [5] in the 
interval of wavelengths from i to 6/~; for this operation we have developed a windowless cell, in which a flat 
melt layer is maintained by surface tension, along with a high-temperature oven attachment to fit the IKS-21 
infrared spectrometer. It is found that the absorption coefficient can be assumed constant in the investigated 
wavelength interval. Th e greater absorption of the molten industrial electrolyte is attributable to its inferior 
purity and the presence of aluminum oxide in it. 

The use of the resulting values of 0.3 mm -I for cryolite and0.4 mm -I for the electrolyte in calculating 
the true thermal conductivity according to Poltz's equation yields results that are about i0 to 15% lower than 
the cited values. This discrepancy can be explained by the approximative character of the analytical method, 
errors in the data taken from the literature, and the lower transmissivity of the melt in the thermal conductiv- 
ity determinations as a result of graphite particle inclusions and other impurities. 

The results of the study show that for the investigation of the thermal conductivity and heat transfer in 
cryolite melts it is necessary to take into account the influence of radiation. The effective thermal conduc- 
tivity measuredfor cryolite melts in a graphite ceil by the nonsteady-state method of coaxial cylinders turns 
out to be more than double the true thermal conductivity. 

L I T E R A T U R E  C I T E D  
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4. J. Zarzycki and F. Naudin, Compt. Rend., 256, No. 6, 1282 (1963). 
5. A.A. Men', O. A. Sergeev, and Z. S. Settarova, in: Heat Measurement Studies [in Russian], No. 129 
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POWER EXPONENT FOR THE PRANDTL NUMBER 

FREE-CONVECTION MELTING CONDITIONS 

V. M. S t e f a n o v s k i i  

UNDER 

UDC 536.421.1:536.252 

Resul t s  a re  given f rom an expe r imen ta l  de te rmina t ion  of the power  exponent of P r  in the mel t ing of ice, 
benzene,  hexadecane,  pentadecane,  and cyclohexane in a natural  melt .  The expe r imen t s  a r e  ca r r i ed  out for  
two values  of the Grasho f  number :  Gr  = 3" 10 G and 1.88.105, permi t t ing  max imum util ization of the es tabl ished 
data of other  authors .  

Inasmuch as  the boundary conditions imply that the heat  t r a n s f e r  of a porous  body is propor t iona l  to the 
f i r s t  power  of P/Ps, the expe r imen ta l  r e su l t s  a re  p roces sed  to give N u / ( P / P s )  as a function of P r  for  G r  = 
const .  The power  of the Prandt l  number  turns out to be c lose  to 2, indicating the dominant  influence of iner t ia l  
f o r ce s  under f r ee -convec t ion  melt ing conditions.  This  effect  is at t r ibuted to gas l iberat ion,  which p romotes  
melt ing,  because  the f rozen  medium always contains gas bubbles.  

An inc rease  in the power exponent of the Prandt t  number  due to ar t i f ic ia l ly  genera ted turbulence has 
been noted e a r l i e r  in the examples  of m a s s  t r a n s f e r  assoc ia ted  with rec t i f ica t ion  and absorpt ion  [1] and heat  
t r a n s f e r  in the p re sence  of wire  turbulence p r o m o t e r s  in a s ing le -phase  medium with forced convection [2]. 

N O T A T I O N  

Nu, Nusse l t  number ;  Gr ,  Grashof  number ;  P r ,  P rand t I  number;  p, density of the me l t  at  the ave rage  
b o u n d a r y - l a y e r  t e m p e r a t u r e ,  k g / m 3 ;  Ps, bulk density of the solid phase,  k g / m  3. 

LITERATURE C I T E D  

1. V . V .  Kafarov,  Fundamenta ls  of Mass T r a n s f e r  [in Russian] ,  Vysshaya Shkola, Moscow (1962). 
2. D . M .  E i s senbe rg ,  J. T. Day, C. Por t a l ,  and P. Wadia, AIChE J . ,  19, No. 2 (1973). 

Dep. 149-76, November  19, 1975. 
As t rakhan  Technica l  Insti tute of the Fishing Industry 
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Original  a r t i c l e  submit ted F e b r u a r y  19, 1975. 

N U M E R I C A L  S O L U T I O N  OF T H E  P R O B L E M  OF T W I S T E D  

G A S  F L O W  IN A P I P E  W I T H  I N J E C T I O N  IN T H E  I N I T I A L  S E C T I O N  

V.  D. G o r y a c h e v  UDC 533.697.001.57:681.322.2 

A f in i te -d i f fe rence  method is proposed for  solving the equations of motion of twisted flow in a pipe in 
whose initial  sect ion a secondary  gas flow is injected at  a higher t empe ra tu r e .  Secondary flow injection is 
rea l ized  by means  of a swir l ing device in the fo rm of a volute c h a m b e r  with cascaded guide vanes.  

The numer i ca l  solution is based on the substi tution of average  va r i ab les  for  the values  of the axial  and 
rad ia l  flow veloci ty components  in the convect ive t e r m s  of the N a v i e r - S t o k e s  equations [1] with re l iance  on the 
"effective v i scos i ty"  hypothesis  [2]. 

The equations a re  solved in ma t r ix  fo rm,  and the ma t r ix  of coeff icients  has a re la t ive ly  s imple  ( three-  
diagonal) form.  This  fea ture  is an a s se t  of the proposed numer i ca l  technique over  the one proposed in [3]. 

A spec ia l  p r o g r a m  for  the M-222 digital  compute r  has been wri t ten  to implement  the ca tculations by the 
proposed method. The influence of flow twisting (swirling) on the mixing of gases  in the s w i r i e r  zone is in-  
vest igated by compute r  modeling. 

It  is found that the main fac tor  affecting the dis t r ibut ions  of the t e m p e r a t u r e  and veloci ty f ields is the 
tangential  component  of the secondary- f low injection ra te  at  the exit  f rom the guide-vane cascade.  The value 
of that veloci ty (fl) is de te rmined  by the m a s s  flow of gas  through the s w i r t e r  and the g e o m e t r i c a l  p a r a m e t e r s  
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Fig. i. Influence of an increase 
in the tangential injection velocity 
on the distributions of the static 
p r e s su re  and axial and tangential 
velocit ies for �9 = 0.75 at the 
swir le r  exit. 1) /3 = 3; 2) 2; 3) 1; 
4) 0.5. 

of the cascade.  Figure  1 shows the distr ibutions of the axial and tangential flow velocit ies (u, w) and the static 
p re s su re  (p) when the rat io of the mass  flow of gas through the swir ler  to the total mass  flow through the s y s -  
tem is ~ = 0.75. It is seen that an increase in fi produces a dip in the axial-flow velocity profile. It is possible 
for  reverse  cur ren ts  to form in the event of large swirling. An increase in the swirling rate intensifies longi- 
tudinal mixing and heat t r ans fe r  between the secondary and pr imary  gas flows. It is noted that an increase in 
the rat io of the radial to the tangential component of the injection velocity shifts the tangential maximum to- 
ward the pipe axis, inhibiting the inception of r eve r se  cur rents  of the gas. 

A compar ison of the modeling resul ts  with experimental  data shows that the proposed finite-difference 
method affords a sa t is factory descript ion of twisted flow in an initial section of the order  of six pipe radii. 

LITERATURE CITED 
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ADVANCEMENT OF THE MOISTURE CHANGE-OF-STATE 

FRONT IN THE FREEZING AND THAWING OF SOILS 

G. N. M a k s i m o v  UDC 624.138.35+624.139.64 

The solution of problems such as that named in the title is extremely relevant to the art i f icial  thawing of 
soils and construct ion in pe rmaf ros t  regions. Approximate solutions are investigated for the radial f reezing of 
a soil around a single icing column for  t u > t F,  with se r ies  expansion of the solutions, and one-dimensional  
soil thawing problems are  analyzed for the case tf < t F. 

The proposed solution for the radial  f reezing process  has the distinctive feature that the integral c h a r -  
acter izing the time variat ion of the gradient  for the unfrozen zone 

Otu (tu--tF) 2_ i exp (a~_2 ' ) Jl(v) Yo(v)--do(v)Yl(v) clv (1) 
or = p ~ J~ (v) + v~ (~) 

0 
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Fig .  1. a) D u r a t i o n  of f r e e z i n g  of the i c e - s o i l  zone .  1) A c -  
c o r d i n g  to  Eqs .  (3) and (4); 2) a c c o r d i n g  to  C h a r n y i ;  3) a e -  
c o r d i n g  to  K h a k i m o v  fo r  a = 4; 4) the  s a m e  f o r  a = 5; 5) a c -  
c o r d i n g  to  TrupakTs  equa t ion  when  t e = 0 ' f o r  R 0 = 0.375/;  6) 
the s a m e  when tc = 0 f o r  R 0 = 0 .45 / ;7 )  so lu t i on  of the p r o b l e m  
of V. S. L u k ' y a n o v ' s  " h y d r o i n t e g r a t o r . ,  b) Sec t ion  a long  the 
f r o s t  c u r t a i n  (the f r o z e n  zone is h a t c h e d ,  ~- i s  in d a y s ,  and R 
in m e t e r s ) .  

is  a p p r o x i m a t e d  in the i n t e r v a l  F o  = 0.5 to  25 by the e x p r e s s i o n  

i fro, v) .- Ar 
! Br 

0 #' p~ 

0.61 
- - - -  - ~  0,37 (2) 

w h e r e u p o n  the known b o u n d a r y  cond i t ion  a t  the  f r e e z i n g  f ron t  [1] is  used  and the e x p r e s s i o n  i n t e g r a t e d  to obta in  

~. = -  z, (3) 
a u  

r ~'uYBrk --  V qoau k ] 2 (4) z 
- -  

9 

q0 = [q (W -- Wu) ?f --' 0.5C f (t F -  t) + Cu(t u -  t F)]. (5) 

F i g u r e  l a  c o m p a r e s  the  r e s u l t  of  c a l c u l a t i o n s  b a s e d  on Eqs .  (3)-(5) wi th  the  w e l l - k n o w n  s o l u t i o n s  C h a r n y i  
[2] and K h a k i m o v  [3]. The  r e s u l t  is  c l o s e  to the  f o r m e r .  In the  c a s e  of a row of i c ing  c o l u m n s  w a l l s  of un -  
f r o z e n  so i l  w i th  a t h i c k n e s s  2x r e m a i n  b e t w e e n  the g e n e r a t r i c e s  of the c y l i n d r i c a l  i c e - s o i l  i n t e r f a c e s  ('Fig. lb ) .  
In the c a s e  of an in f in i t e  w a l l  a t w h i c h  t w = 0 fo r  F o  > 2 the t e m p e r a t u r e  a t  i t s  c e n t e r  t c ~ 0. Conse quen t l y ,  
a f t e r  R _> 0.25/ i t  i s  p e r m i s s i b l e  to c a r r y  out the  c a l c u l a t i o n s  a c c o r d i n g  to e q u a t i o n s  b a s e d  on the a s s u m p t i o n  

tha t  t u = 0 [2, 4]. 

F o r  o n e - d i m e n s i o n a l  thawing  of f r o z e n  g round  s o l u t i o n s  a r e  ob ta ined  f o r  b o u n d a r y  c ond i t i ons  of the f i r s t  
and th i rd  kind.  In th i s  c a s e  A 0 = 0 and B0 = 0.56. The  s o l u t i o n s  a r e  i d e n t i c a l  to (3) and (4). F o r  the b o u n d a r y  
cond i t i ons  of the  f i r s t  kind z is  d e t e r m i n e d  f r o m  the equa t ion  

z --  (pBoY~ ! r T  --  0.5 Ko = O. (6) 

N O T A T I O N  

J ,  Y, B e s s e [  func t ions ;  T, t i m e ;  a f ,  a u, t h e r m a l  d i f f u s i v i t i e s  of the f r o z e n  and un f rozen  s o i l s ;  t u, tf,  
in s i tu  t e m p e r a t u r e s  of  the f r e e z i n g  (unfrozen)  and thawing ( f rozen)  s o i l s ;  t F ,  so i l  f r e e z i n g  point ;  t ,  tw, tc ,  
t e m p e r a t u r e s  of i c e r ,  w a l l  s u r f a c e ,  and c e n t e r  of the wa l l ;  Y = (tu - t f ) / ( t F  - t ) ;  p ,  t i m e - v a r y i n g  r a d i u s ;  R,  
f r e e z i n g  r a d i u s ;  r0, r a d i u s  of i c e r ;  k = (R - r 0 ) / R ;  q,  h e a t  of c r y s t a l l i z a t i o n  of w a t e r ;  W, s o i l  m o i s t u r e  c o n -  
ten t  b y  we igh t ;  w u, u n f r o z e n - w a t e r  con ten t  of so i l ;  Tf, bu lk  d e n s i t y  of s o i l  m a t r i x ;  Cf,  Cu, h e a t  c a p a c i t i e s  
a t  c o n s t a n t  v o l u m e  of the f r o z e n  and u n f r o z e n  s o i l s ;  ~p = C f / C u ;  ~ = ~ Xu = auCu;  Xf = afCf;  F o ,  F o u r i e r  
n u m b e r  f o r  the  u n f r o z e n  zone ;  Ko, K o s s o v i c h  n u m b e r ;  in Eq.  (3) I = R f o r  the r a d i a l  p r o b l e m ,  l = H fo r  the 
o n e - - d i m e n s i o n a l  p r o b l e m ;  q0, v a r i a t i o n  of so i l  hea t  c on t e n t  a t  f r e e z i n g  f ron t .  
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E M I S S I V I T Y  OF G A S E S :  S U L F U R  D I O X I D E  A N D  

C A R B O N  M O N O X I D E  

S. P .  D e t k o v ,  A .  N.  B e r e g o v o i ,  
a n d  V. N.  T o k m a k o v  

UDC 536.3:535.343 

Equations a re  substant ia ted for  the emi s s iv i t y  of two gases :  sul fur  dioxide and carbon monoxide. The 
emphas i s  is on s impl i f icat ion of the equations.  All  calcula t ions  a re  c a r r i ed  out on a P r o m i n '  digital  computer .  
The bas ic  input c o m p r i s e s  expe r imen ta l  data on three  p a r a m e t e r s  of the spec t r a l  bands. Consequently,  the 
noniso thermic i ty  and nonisobar ic i ty  of the gas volumes can be taken into account by means  of the t h r e e - p a r a m -  
e t e r  approximat ion.  

The r e su l t s  a r e  independent for  sulfur  dioxide. They do not have the co r r ec t i ons  according to the data 
of e a r l i e r  r e s e a r c h e r s :  Hottel; Chen and Tien;  Baiakr i shnan and Edwards ;  A. N. Golitsyn. A c r i t i ca l  ex amin a -  
tion of works  published to date shows them to be insufficient and in some cases  inconsistent .  The p resen t  
method and resu l t s  d i f fer  significantly f r o m  those published ea r l i e r .  By con t ras t  with the analys is  of Chert and 
Tien:  1) or iginal  expres s ions  a re  used for  the in tegral  absorpt ion  in sepa ra t e  spec t r a l  bands; 2) a s ta t i s t ica l  
mode[ of the spec t rum  is adopted; 3) the inc rease  in the number  of s t rong lines due to population growth of the 
upper  v ibra t iona l  levels is taken into account; 4) the rotat ional  s t ruc ture  p a r a m e t e r  of the band ~3 is cons ide r -  
ably dec rea sed  to conform more  rea l i s t i ca l ly  with the influence of p r e s s u r e  on the absorpt ion;  5) the effective 
p r e s s u r e  equation is changed; 6) the in tegra l  intensity of the band wl + ~3 is increased  f rom 9 to 33 cm -1 �9 c m .  
bar .  

The emis s ion  spec t rum of ca rbon  monoxide is s imple  and has been thoroughly studied. This  gas is the 
object of t es t s  and compar i sons  of analyt ical  methods.  In the p resen t  calculat ion theore t ica l  innovations a re  
a lso  tes ted:  1 ) a  genera l ized  s ta t i s t i ca l  narrowband model  is developed and applied; 2) the regu la r  and s t a t i s t i -  
cal  narrowband models  have become be t t e r  reconc i ledwi th  increas ing  t empera tu re ;  3 ) the  shifts  of the subbands 
of upper  v ibra t ional  levels a re  taken into account  indirectly.  The in tegra l  absorpt ion  in the fundamental  s p e c -  
t ra [  band is calculated f rom the expe r imen ta l  data of Butch  and Wil l iams,  Abu-Romia ,  and Tien. The p resen t  
calculat ion is s imp l e r  than calculat ions of the Gre i f  group and exhibit be t te r  ag reemen t  with the exper imen ta l  
data.  

The main advances of applied spec t roscopy  that a re  appl icable to the p rob lem a re  used in the study. 
Consequently,  the r i sk  of ext rapola t ing the exper imen ta l  data on the t e m p e r a t u r e  and optical  thickness is 
minimized.  It nonetheless  r em a i ns  large.  The exist ing exper imen ta l  base  is too limited to provide more  r e -  
liable r e su l t s ,  pa r t i cu la r ly  with regard  to sulfur  dioxide. 
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