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It is shown that the appearance of relaxation properties, inherent to polymer materials, permits 
establishing a basis for applying the hyperbolic transfer equations and proposinga model permit- 
ting the description of heat transfer in polymers. The interrelation between the mechanical and 
thermal relaxation characteristics of a medium is indicated. 

Many practical problems in the area of polymer material application, reworking, molding into items, 
etc., cannot be solved correctly without clarifying the nature of the progress of transfer processes in .such 
materials and determlnlngthe appropriate phenomenological constants. Knowledge of the thermophysical char- 
acteristics which, for these materials, are strongly dependent on the temperature, method of fabrication, 
conditions of utilization, and a number of other factors [1-3], acquires special value. In particular, proper- 
ties of the filler and the constitution of the composition, the mechanical loads, the polymerization mode, etc. 
[4, 5] exert a quite strong influence, where the presence of a quite definite anisotropy, indicating the suffi- 
ciently strong influence of internal orientation on the physicomechanical properties [6], is characteristic. A 
peculiarity of polymers is also the presence of a close correlation between the mechanical and thermophysical 
properties, which stresses the relaxation nature of the transfer processes in polymer materials and permits 
considering them as rheological media [7-12]. 

The interrelations established experimentally, between the temperature dependence of the diffusion 
coefficient and the temperature dependence of the shear viscosity [13, 14], the dependence of viscosity on the 
shear stress and velocity and heat conduction of these same parameters [10-12], etc., permitted the proposal 
of an invariant-temperature dependence of the transfer coefficient for polymers belonging to one homologous 
series using just two parameters: the vitrification temperature and the minimal (critical) molecular weight at 
which the polymer chains start to form a supermolecular structure [8, 15]. Therefore, the dependence of the 
physicomechanical properties on the strain rate and on the external energy supply rate affords a basis for as- 
serting the presence of the same coupling with respect to both the thermal characteristics and the heat supply 
rate [16-19] and the widely used phenomenological transfer coefficients depend implicitly on the heat supply, 
i.e., the nature of the external action. 

Test and computations show convincingly that the molecule structure and orientation in polymers vary 
substantially upon the imposition of external fields (of even low intensity), which causes a change in the nature 
of the thermal motion of the particles in turn, and in the long run, of the transfer properties. Any action 
causes a change in the isotropy of the medium; the material in which the transfer processes proceed becomes 
anisotropic. 

This appears especially noticeably for polymers. The equal probability of micromolecule arrangement 
in the absence of external force fields is replaced upon their imposition by the orientation of prestrained mac- 
romolecules and supermolecular formations of some degree of complexity. It is hence necessary to take into 
account that the great complexity of the formations, and the low mobility, in thermal respects, indeed govern 
the high inertness of the medium in reaction to the external thermal effects than holds for the transfer of 
momentum. 

Hence, the most general expression of the heat-transfer law for such relaxing media will be [12] 

q+' r r ,  Or ). gradT--~r,  -~-T (gradT) . (1) 

Considering the case of the joint p rogres s  of heat and momentum t ransfer  (constraints result ing f rom 
the Curie principle are  not considered because of anisotropy of the medium) with the relaxation of the p ro -  
cesses  themselves  taken into account,  the sys tem of Onsager  equations can be represented as 
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J* = 2 L,~ i XhK ( x - x ' ) d ' d '  (2) ' 
k = l  0 

where K ( r - r ' )  is the relaxation kernel ,  which indicates the interre la t ion between themoelast ic i ty  problems 
for a finite rate of per turbat ion propagation. 

There fore ,  f rom the viewpoint of its t r ans fe r  p roper t i es ,  the rate  of propagation of excitation is an im-  
por tant  cha rac te r i s t i c  of a medium. The ra te  of per turbat ion propagation (the rate of signal t ransmiss ion)  
can be quite high in all real  sys tems.  However,  it is always finite. The effect  of react ion lag is a result .  
The relaxation nature of equil ibrium build-up in a sys tem subjected to external  effects hence follows. The 
duration of the relaxation p roces se s  depends on the complexity of the sys tem s t ruc ture  and if the relaxation 
t ime of the mechanical  per turbat ions for gases is pract ica l ly  zero ,  it is counted in t imes on the order  of 10 -l~ 
sec for simple fluids, and ~ 10 -5 sec in solutions of po lymers  and mel ts ,  then it is a l ready hours  and more  [1, 
12] in po lymers  in the vi tr if icat ion state. The relaxation t ime in c rys ta l s  is ext raordinar i ly  large;  i .e. ,  s t r e s s  
relaxation is not observed with the lapse of time in pract ice .  

A s imi lar  picture can also be observed with r e s p e c t  to the t r ansmiss ion  of a thermal  signal. The rate 
of heat propagation in metals  and c rys ta l s  is quite large  (practically infinite) and the build-up of equil ibrium 
of a medium and the incoming signal occurs  instantaneously (the relaxation t ime,  the lag t ime equals 10 -1~ sec). 
It is on the o rder  of 10 -5 sec and more  for  amorphous bodies and po lymers  (depending on the complexity of the 
s t ruc ture) ,  and the s lowest  signal propagation holds in ra ref ied  gases since 1/r ~ r [20]. 

There fore ,  for  a v iscoelas t ic  relaxing medium it is seen f rom the s train equation 

and the corresponding solution 

de 1 d~ a 
dr E dr - ] - - -  (3) 

-~- exp (-~-- dr (4) 

0 

that for  a given constant  s t ra in  e = e 0 = const 

= o 0 exp - -  , (5) 

i .e. ,  s t r e s s e s  re lax with the lapse of t ime. Upon giving a =a o = const the instantaneous s train of the medium 
will equal e 0 = r and a flow s ta r t s  at  a constant  velocity. Upon removal  of the s t r e s ses  the s t ra in  rate 
vanishes but a cer tain residual  s t ra in  remains .  

As is seen,  the magnitude of the s t r e s s e s  in such media is a function of the s train rate  de/dr ,  i .e. ,  the 
s t ra in  of the medium is re la ted to the rate of energy  coming in f rom outside,  to the intensity of the external  
effect. 

The use of the hyperbolic  t r ans fe r  equation of the fo rm (1), which is wri t ten thus for the one-d imen-  
sional case 

dT dq 
= - -  - -  "~ - -  ' (6) q - -  ~" dx d'r 

has been given a theoret ical  foundation by A. V. Lykov, A. S. Predvodi telev,  and a number of other scientists  
[12] for sys tems  with a finite ra te  of signal t ransmiss ion .  

Let us introduce the notation E T = K/cr r and #T = k/c, to which the value of the e las t ic  modulus of the 
thermal  field in a given medium and the v iscos i ty  field can be ascr ibed  by analogy exactly as in momentum 

t ransfer .  

We therefore  consider  the p rocess  of thermal  signal propagation in a cer tain v iscoelas t ic  medium of 
Maxwell type,  where the charac te r i s t i c s  of this medium depend on the s t ructure  of the rea l  mater ia l  in which 
the heat  t r ans fe r  proceeds .  

Taking account of the notation used,  the propagation velocity of the thermal  perturbat ion is 
~ - -  �9 
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and (6) becomes 

or  

q _ ET d U  dq 

% dx  d r  

dU 1 dq + q .  
dx - ET d~ ~T (8) 

According to [21], we can w r i t e  

dU _ _ llrz dU  
dr d---~- ' (9) 

where W T =dx/dr is the rate of d isplacement  of an i sothermal  surface.  It then follows f rom (8) 

1 d U  _ 1 dq 't- q-q-- (I0) 
W T d'~ E T dT ~T 

or  introducing the notation eT = U/W~?, the re lat ive  s tra in  of the thermal  f ie lds ,  and a T = qAV T the s t r e s s  of  
the thermal  f ie ld ,  we  obtain the hyperbol ic  equation of heat  propagation in a form analogous  to (3) for the m e c h -  
anical  s t r a i n s ,  i . e . ,  

de T __ I dGT ~ aT "(11) 
dr E T dr PT 

or  

A solution of the equation obtained will be 

a, = exp - -  ~-r a,, -t- E, - ~  exp 

0 

o x p t v  ' 
0 

We hence obtain that for  q = const  the t empera tu re  field rece ives  an elast ic  s t ra in  equal to q /E  T in the initial 
instant and then s ta r t s  to be propagated at a constant velocity. Upon removal  of the thermal  s t r e ss  the s t ra in  
rate of the thermal  fields will drop exponentially,  but the residual  s t rain is conserved;  i .e. ,  the tempera ture  
of the medium is set  at a new level (cases with negative sources ,  with the efflux of energy f rom the sys tem are 
not considered).  If the constant s t ra in  of a t empera ture  field is given, then the thermal  s t r e s s e s ,  i .e . ,  the 
flux, will re lax with the lapse of time by decreas ing  exponentially. 

The ext reme l imit  cases  we have considered are  charac te r i s t i c  for rea l  heat  propagation p rocesses  in 
different sys t ems  and can be used to analyze the phenomena being observed. 

The general  regular i ty  for per turbat ions  propagation in relaxing sys tems  is s t r e s sed  still more  if (3) is 
given the fo rm 

da _ E d W  a (14) 
dT dx  Tp 

analogous to 

dq __ ET dU q 
dT dx  "~r ' (15) 

by the evident substitution de/dT =-(dW/dx) .  

Equations (14) and (15) are  wri t ten in the form of dependences between the rate of energy supply and the 
shear -ve loc i ty  gradient  or  the energy-dis t r ibut ion  gradient,  originating in the medium, and should be solved 
jointly in the general  case or ,  as follows f rom the preceding examination,  E (the elast ic  modulus of the medi-  
um) is a function of the tempera ture  and E T (the e las t ic  modulus of the thermal  field) is a function of the state 
of s t ress .  Moreover ,  the relaxation time rp itself is a certain function of the temperature  and the s t r e s s ,  i .e. ,  
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~p = ~ p .  e x p  , - -  R - - -T -~ / '  
(16) 

where  Tp0 and Tp a re  cer ta in  constants  dependent on the s t r u c t u r e ,  and U0p is the t rue  act ivat ion ene rgy  of the 
re laxa t ion  p r o c e s s .  An analogous dependence should ex i s t  a lso  in r e s p e c t  to the t ime T r [21]. It  is hence 
impor tan t  to se t  up re la t ionships  between the s t r e s s e s ,  s t r a i n s ,  and the change in t e m p e r a t u r e  in o rde r  to 
desc r ibe  t r a n s f e r  p r o c e s s e s  in re laxing  media  quite exact ly .  

Turning to an examinat ion  of the s y s t e m  mic ros t ruc t t i r e  and keeping in mind that  according  to modern  
viewpoints heat  is p ropaga ted  because  of the motion of phonons,  it is e a s y  to c a r r y  out an additional c o r r e l a -  
tion between heat  t r a n s f e r  and m om en t um  t r ans fe r .  

A phonon gas fi l l ing a volume of space occupied by a body is in constant  t he rma l  motion. Because of 
phonon col l i s ions ,  ene rgy  is exchanged par t i a l ly  and is d i ss ipa ted  par t ia l ly .  The phenomenon o f  the so -ca l l ed  
t h e r m a l  r e s i s t ance  occurs .  The more  o rde r ed  the s t r u c t u r e ,  the g r e a t e r  the mean  f ree  path of a phonon, the 
s m a l l e r  the r e s i s t ance  of the medium to phonon mot ion,  and the re fo re ,  the t h e r m a l  conductivity of the medium 
grows,  the re laxat ion  t ime and the t ime of equi l ibr ium build-up diminish ,  and the ra te  of signal t r a n s m i s s i o n  
grows. 

The ra te  of hea t  propagat ion  should be infinite in a med ium absolute ly  o rde red  s t ruc tu ra l ly  and the t h e r -  
mal  re laxa t ion  t ime should tend to ze ro  in the l imit .  

At the same  t ime the coupling force  between sepa ra t e  pa r t i c l e s  for  such a s y s t e m  should be quite l a rge  
because  the pa r t i c l e s  a re  at  the s table  equi l ibr ium posi t ion and the s y s t e m  energy  is minimal .  

The par t i c le  mobi l i ty  is inf in i tes imal ,  which co r r e sponds  to an infinite value of the s y s t e m  v i scos i ty ,  i ts  
e las t ic i ty  is finite and de te rmined  by adhesion fo r ce s  of the s t ruc tu ra l  pa r t i c l e s .  In this case  the  act ivat ion 
energy  should be infinite; i . e . ,  an infinite fo rce  m u s t  be applied to ex t r ac t  the sy s t em f r o m  the equi l ibr ium 
state. 

T h e r e f o r e ,  it follows f r o m  the condition of a finite propagat ion veloci ty  for  the pe r tu rba t ions  (7) and the 
dependence (16) that  the re laxa t ion  t ime of the mechan ica l  s t r e s s e s  should be infinite for  a pe r f ec t  c rys ta l .  

The r e s i s t a n c e  to d i sp l acemen t  of the phonon gas grows with the inc rease  in d i so rde r ,  the t he rma l  r e -  
s i s tance  grows,  and the t h e r m a l  conductivity d iminishes .  The t r a n s m i s s i o n  veloci ty  of a t he rma l  p e r t u r b a -  
t ion is reduced and the re laxa t ion  t ime  r r i n c r e a s e s .  The par t i c le  mobi l i ty  s imul taneous ly  i n c r e a s e s ,  the 
medium v i scos i ty  is reduced,  and the s t r e s s  re laxa t ion  t ime rp  d iminishes .  In comple te ly  d i so rde red  med ia ,  
among which a re  sufficiently r a r e f i e d  gases ,  the t h e r m a l  and dynamical  v i scos i ty  a re  c o m m e n s u r a t e  and there  
should be ~/c~ =cons t  accord ing  to Maxwell [21]. In this case  the re laxa t ion  t imes  of the t he rma l  and dynami -  
cal will  be of the s a m e  o rde r .  

Thus ,  the t h e r m a l  equi l ibr ium build-up t ime  T r grows f r o m  zero  to a cer ta in  finite value in going f r o m  a 
comple te ly  o rde red  to a d i so rde red  s t ruc tu r e ,  and the re laxat ion  t ime  of the e las t i c  s t r e s s e s  is reduced f r o m  
Tp = oo to a ce r ta in  finite value also.  The speci f ic  f o r m  of the dependences mentioned is de te rmined  by the 
nature  of the medium in which the heat  and momen tum t r a n s f e r  p r o c e s s e s  occur.  

A cor re la t ion  can be es tab l i shed  between the re laxa t ion  t ime of the t h e r m a l  p r o c e s s e s  and the s t r e s s  r e -  
laxat ion t ime.  It  is known on the bas i s  of mo lecu l a r -k ine t i c  theory  that  the re laxat ion  t ime is a function of the 
pa r t i c l e  densi ty in phase  space n, the t rans i t ion  probabi l i ty  f r o m  the exci ted to the equi l ibr ium s ta te  a ~ the 
ene rgy  of this s ta te ,  and the t e m p e r a t u r e ,  i .e . ,  

..0[, ox,( 
(n, T) 

hence hw[exp(hw/kT)-l] -1= e~ is the equi l ibr ium energy  of a s y s t e m  of osc i l l a to r s  at  a t e m p e r a t u r e  T [20]. 
Going f r o m  the quantum ove r  into the r ea l  space and using the model  of a Maxwell gas with the potential  u = 
Kr  -4, we obtain 

, _ 0 .  - -  - -  O ( 1 7 )  
T r /71 

or  in the notation a l r eady  used 

I (18) 
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T h e r e f o r e ,  it can be obtained f r o m  (17) or  (18) that  

.c, = C R T ,  (19) 

where  C is some constant.  

Substituting (19) into {16), we obtain a re la t ionsh ip  between rp  and r r in the f o r m  

~p N A exp (_~r)  . (20) 

The constants  A and B depend on the s t ruc tu re  of the r ea l  med ium,  have the d imensional i ty  of t ime ,  and 
c h a r a c t e r i z e  the iner t ia  of the med ium with r e s p e c t  to the dynamical  and t he rma l  p r o c e s s e s .  

The re la t ionsh ip  obtained again s t r e s s e s  the unity and mutual  dependency of the progres .s  of the t r a n s f e r  
p r o c e s s e s ,  the i r  mutual  influence on each other .  Hence,  not taking these  pecu l ia r i t i e s  of r ea l  s t r u c t u r e s  into 
account  should inevi tably r e s u l t  in an i n c o r r e c t  in te rpre ta t ion  of the phenomena obse rved  in genera l  and in i n -  
a c c u r a c i e s  in the de te rmina t ion  of the phenomenological  coeff icients  in pa r t i cu la r .  

The mutual  influence of the s epa ra t e  t r a n s f e r  p r o c e s s e s  on each other  i n c r e a s e s  with the growth in the 
complexi ty  of the const ruct ion of r e a l  s t r u c t u r e s  and fo r ce s  the i r  joint  examinat ion  in o rde r  to solve adjoint 
p r o b l e m s  with i n t e r r e l a t ed  t r a n s f e r  coeff icients .  The si tuation in the r e s p e c t s  mentioned is espec ia l ly  acute 
fo r  p o l y m e r  m a t e r i a l s :  The complexi ty  of the configurat ion a t  the mo lecu l a r  leve l ,  the fo rmat ion  of s u p e r m o l e -  
cular  s t r u c t u r e s  and t h e i r  re la t ive  f lexibi l i ty ,  the tendency to r e a r r a n g e m e n t  upon applicat ion of ex te rna l  f ie lds ,  
the re la t ive ly  sma l l  s t r e s s  re laxa t ion  t ime ,  and the compara t ive ly  high iner t ia  to t h e r m a l  p r o c e s s e s ,  aU to -  
gether  specify a m o r e  abrupt  appea rance  of the re laxa t ion  p r o p e r t i e s  inherent  to this kind of m a t e r i a l s  and r e -  
sult  in the need to get r id  of t radi t ional  methods fo r  e s t ima t ing  the t r a n s f e r  p r o p e r t i e s  by using the pheno-  
menologiea l  coeff ic ients .  In applicat ion to po lymer  m a t e r i a l s ,  as  in no other  case ,  the o rd inary  t r a n s f e r  coef-  
f ic ients  of the v i scos i ty ,  t h e r m a l  conductivi ty,  o r  diffusion coeff icient  type ,  lose  the i r  c l ea r  meaning and it  is 
imposs ib le  to use  them to desc r ibe  the t rue  nature  of the p r o c e s s e s  in p r o g r e s s .  The c o r r e c t  de te rmina t ion  
of these coeff ic ients  under  t e s t  conditions becomes  difficult  and the i r  ut i l izat ion in computat ions causes  addi -  
t ional  ma thema t i ca l  diff icult ies .  

Tr 1 
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J i  
L ik  
Xk 
g 
0"* 

n 

g 

ff 

rp  
E 

P 
e 

9 
dU = d(cT) 
m 

h 
R 

N O T A T I O N  

is the re laxa t ion  t ime  of the t e m p e r a t u r e  gradient ;  
is the re laxa t ion  t ime  of the t h e r m a l  f luxes;  
is the flux; 
a r e  the kinetic coeff icients;  
a r e  the the rmodynamic  t r a n s f e r  fo rces ;  
is the mean  re la t ive  veloci ty  of the ensemble  of pa r t i c l e s ;  
IS  

IS  

IS  

1S 

1S 

1S 

1S 

lS  

IS  

is 
i s  
i s  
i s  

the effect ive col l is ion c r o s s  sect ion;  
the par t i c le  concentrat ion;  
the re la t ive  mechan ica l  s t ra in ;  
the s t r e s s ;  
the re laxa t ion  t ime  of the mechan ica l  s t r e s s e s ;  
the e l a s t i c  modulus;  
the coeff ic ient  of dynamic  v i scos i ty ;  
the speci f ic  heat ;  
the densi ty;  
the change in in ternal  energy  per  unit volume;  
the par t i c le  m a s s ;  
the P l anck ' s  constant ;  
the un ive r sa l  gas constant.  
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AN E X P E R I M E N T A L  S T U D Y  O F  I N F L U E N C E  O F  D E G R E E  

O F  S W I R L I N G  O F  A P L A S M A  A I R  J E T  A N D  

I N T R O D U C T I O N  O F  N A T U R A L  G A S  I N T O  I T  ON 

T E M P E R A T U R E  A N D  V E L O C I T Y  F I E L D S  

S. P .  P o l y a k o v ,  P .  F .  B u l a n y i ,  
a n d  S. N.  P i s a n k o  

UDC 533.9.07 

The r e su l t s  of the m e a s u r e m e n t  of t e m p e r a t u r e  and veloci ty  f ie lds  of swir led  p l a sma  je t s  a re  
p resen ted .  An improved  method is p roposed  for  m e a s u r i n g  the t e m p e r a t u r e  of a p l a sma .  

The swir l ing  of gas s t r e a m s  finds appl icat ion for  the s tabi l izat ion of a r c  burning in p l a smot rons  [1], for  
i m p r o v e m e n t  of the p r o c e s s  of mixing gas j e t s  [2], and for  inc reas ing  the coefficient  of hea t  t r a n s f e r  to p a r t i -  
c les  in the spray ing  of a number  of m a t e r i a l s  [3]. In con t ras t  to s t ra ight - f lowing p l a sma  je t s ,  swir led je ts  
p o s s e s s  a higher  mixing intensi ty ,  a l a rge  expansion angle of the je t ,  and an inc reased  eject ing capaci ty ,  which 
is  pa r t i cu l a r ly  impor tan t  in the c rea t ion  of p l a s m a - c h e m i c a l  r e a c t o r s  and of devices  for  p l a sma  spraying.  

The p r o c e s s e s  of pa r t i c le  heat ing in the p l a sma  je t  of an obl ique-act!on p l a smot ron  can be invest igated 
only when the detai led pa t t e rn  of the gas- f low dynamics  and the th ree -d imens iona l  pa t te rn  of the t e m p e r a t u r  e 
field a re  known [4]. I t  has  now been es tab l i shed  that  the var ia t ion  in the veloci ty  prof i les  in a p la sma  je t  has  a 
complex c h a r a c t e r  depending on the degree  of swir l ing ,  the dis tance to the nozzle cut of the p l a smot ron ,  and 
the gas flow ra te  [5, 6]. Unfortunately,  the exis t ing  methods of calculat ing the propagat ion of swir led  turbulent  
j e t s  do not give sa t i s f ac to ry  r e su l t s  for  the main  sect ion of a p l a sma  jet.  T h e r e f o r e ,  the dynamic s t ruc tu re  of 
swir led  p l a sma  s t r e a m s  can now be es tab l i shed  on the bas i s  of expe r imen ta l  data obtained under  one or  another  
concre te  conditions. 
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