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The thermodynamic expansion index is determined for a gas being 
evacuated from a reservoir with allowance for heat transfer. 

A technica l  p r o b l e m  f requent ly  encoun te red  is the 
de t e rmina t i on  of the p a r a m e t e r s  of a gas i s su ing  f rom 
a r e s e r v o i r .  The publ ished pape r s  deal ing with this  
m a t t e r  [1 -3 ,  5-7]  examine  i so la ted  p a r t i c u l a r  c a s e s ,  
and only in [7] does the r e a d e r  find some m e a n  index 
of polyt ropic  expansion.  

In the p r e s e n t  paper  an exp re s s ion  is de r ived  for  
the t he rmodynamic  index dur ing  evacua t ion  of a gas 
r e s e r v o i r ,  with al lowance for heat  t r a n s f e r  due to 
f ree  convect ion ,  as pointed out in [7]. 

The quant i ta t ive  r e l a t ions  be tween the individual  
t he rmodynamic  p a r a m e t e r s  of a f ree  sys t em a re  de-  
t e r m i n e d  by the coeff ic ient  (~ = Au/q, which indica tes  
the f rac t ion  of heat  expended in i n c r e a s i n g  the i n t e r n a l  
energy of the gas. O r d i n a r i l y ,  we use not the coeff i-  
c ient  a ,  but the r e l a t ed  coeff ic ient  of polytropy,  the 
exponent in the t he rmodynamic  p r o c e s s  equation.  It  
should be noted that the coeff icient  of polyt ropy is 
p r e s u m e d  to be cons tan t  dur ing  the whole p roces s .  

In actual  p r o c e s s e s  a is a va r i ab l e  quanti ty.  T h e r e -  
fore the index of the p r o c e s s  wil l  va ry  with t ime ,  i . e . ,  
i t  is not an ideal  t h e r m o s t a t i c  p r o c e s s  that  occ u r s ,  
but  a t he rmodynamic  p r o c e s s  in the ful l  s ense  of the 
word. 
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Fig. 1. Dependence of the 
t h e r m o d y n a m i c  index m 
of the p r o c e s s  of expansion 
of a gas on t ime  T (sec) 
dur ing  evacua t ion  of a 

r e s e r v o i r .  

In our  case ,  that  of evacuat ion  of a gas r e s e r v o i r  
with heat t r a n s f e r ,  the expansion p r o c e s s  may  be 
r e p r e s e n t e d  b~ the g e o m e t r i c a l  locat ion of points  
s i tua ted  be tween an i s o t h e r m  and an  adiabat ,  each 

point  c o r r e spond i ng  to a defini te  t ime  f rom the beg in -  
n ing  of evacuat ion  of the r e s e r v o i r .  In o rder  to e s t a b -  
l i sh  the na tu re  of the p r o c e s s  at d i f ferent  t i m e s ,  and 
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Fig. 2. The thermodynamic process of 

expansion of a gas at various values of 

m: I) isothermal process (m = 1); 2) 

process of expansion of a gas, during 

evacuation of a reservior, when m = 

= m(~-); 3) polytropic process, corre- 

sponding to the mean coefficient of 

polytropy, calculated from the formula 

of reference [7]; 4) adiabatic process, 
m =k (pin N/m 2, Vin m3/kg). 

also to make a compara t i ve  ana ly s i s  of d i f fe rent  p r o -  
c e s s e s ,  it  is t he re fo re  expedient  to use  the concept  
of an ins tan taneous  t h e r m o d y n a m i c  index,  d e t e r m i n e d  
by the r e l a t i on  [5] 

dp / d p  
m . . . .  (1) 

P J P 

This  index is the " ins tan taneous  c h a r a c t e r i s t i c  of 
the law of the p r o c e s s ,  and should be r ega rded  as the 
m o s t  impor t an t  e l emen t  in t h e r m o d y n a m i c  ana ly s i s "  
[5]. T h e r e f o r e ,  us ing  the r e s u l t s  of [2], we shal l  
d e t e r m i n e  i ts  value for  the case  of evacuat ion  of a 
r e s e r v o i r ,  making  a l lowance for  heat  t r a n s f e r  be -  
tween the gas and the wal ls .  

With the aid of the equat ion of s ta te ,  we t r a n s f o r m  
(1) to the fo rm 

p dT 
m = 1 t . . . .  (2) 

T d 9 

Hence it may  be seen  that ,  to d e t e r m i n e  m ,  it  is n e c -  
e s s a r y  to find the der iva t ive  dT/dp and the re l a t ions  



286 INZ HENE RNO-  F IZICI t  E SKII Z H U R N A L  

p = p (r) and P = p (r).  F o r  t h i s  i t  is  n e c e s s a r y  to i n t e -  
g r a t e  t he  e q u a t i o n  d e s c r i b i n g  v a r i a t i o n  o f  the  g a s  
p a r a m e t e r s  d u r i n g  e v a c u a t i o n  of  the  r e s e r v o i r  [5], 

d~ V 

dp ( k - - 1 )  ( dQ ) = 
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Fig .  3. D e p e n d e n c e  of  m on t i m e  r (see)  of  
e v a c u a t i o n  of  the  r e s e r v o i r :  a) w i th  D c r  = 

= 0. 004 m ;  b) 0 . 1  m .  
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C e r t a i n  a s s u m p t i o n s ,  d e s c r i b e d  in [2], a l l o w  the  
i n t e g r a t i o n  to be  p e r f o r m e d ,  y i e l d i n g  the  f o l l o w i n g  

t i m e  d e p e n d e n c e s  o f  the  p r e s s u r e ,  d e n s i t y ,  and t e m -  

p e r a t u r e  of  the  g a s  i s s u i n g  f r o m  the  r e s e r v o i r :  

= ~ = a ~ sh ~ ((oT 4- e_) (3) 
Po ~,~/2 th 2 ((o~ 4 .  e,) 

-P = 9/9o = - a / 2  t% sh (tot 4- e), (4) 

7" = T /T  o = a 2 cth "2 (oYt + a), (5) 

in add i t i on  to  t he  e q u a t i o n  of  the  t h e r m o d y n a m i c  p r o -  
c e s s  

i _/k-h) (~+,~..) 
- - -  p - -  a 2 = 0 .  ( 6 )  
9 1 + t ~  

Here 

= 1  a~1(I  -F ~ ) V ~ 0 ,  
2 

~1 = (k -- 1) A~. ~ Fcr ] /R /V , ,  

1,01%F ~ ' ~  T o 

~z -- Akf~Fcr I/R-- Po ' 

a = } / ~ 2 / ( 1  + ~)-, e = arth a, 

F k+l / 

&=V k\K+- 1 ' 

2 
6 (k -4) ( ]  +#~)' 

#--  
% = 7a]/T . 

T h e  c o n n e c t i o n  b e t w e e n  T and p m a y  e a s i l y  be  found,  
by e l i m i n a t i n g  t i m e  f r o m  (4) and (5): 

I _(k--l} (1-t~2) 1 1 ~)2 -F 9 �9 (7) 

H e n c e  we d e t e r m i n e  

dT _(k--l) (1q-{~2)--1 
- ( k -  I)o (8)  

S i n c e  

9 ar  ? d? 
r d,o f d ~ '  

s u b s t i t u t i n g  (8) into (2) and t ak ing  (4) and (5) into 

a c c o u n t ,  we o b t a i n  

(k -1)(1 +%_) (9) 
m =  l.a_ 

- -  (k--l) (1-t-02) 

This expression may easily be transformed with the 

help of (4) into a dependence of the index of the thermo- 

dynamic process under examination upon time: 

m = l + ( k - - 1 )  (1 + ~ )  (10) 
ch ~ (co'~ + e) 

From this special cases may be obtained. In an adia- 

batic process, where there is no heat transferred, 

XI = 0 ,  d2 = 0 ,  a = 0 ,  a = 0 ,  c h ( c 0 r + e ) =  1, w h i c h  

gives m = k. In an isothermal process • i ~ co, d2 

-~ co, a ~ i, co ~ 0% Removing the indeterminary 

obtained in (i0) according to l'H6pital's rule, we find 

that m = I. 

Figure 1 shows a graph of variation of the index m 

with time during evacuation of a reservoir with T O = 

= 300 ~ K, P0 = 196.1" 105 N/m 2, F = 0. 941 m 2, IR = 

= 295 J/kg. degree, Dcr = 0.03 m, V = 7.07 �9 10 .2 m 3, 
X = 5 . 7  kg#3,/eek 5/3. m 273 d e g r e e  5/G. 

F i g u r e  2 d e p i c t s  an a c t u a l  gas  e x p a n s i o n  p r o c e s s  
( c u r v e  2) on the  p - V  d i a g r a m .  A l s o  shown f o r  c o m -  
p a r i s o n  a r e  i s o t h e r m a l  and a d i a b a t i c  p r o c e s s e s  
( c u r v e s  i and 4),  a s  w e l l  as  a p r o c e s s  ( c u r v e  3) c o r r e -  

spond ing  to a m e a n  c o e f f i c i e n t  of p o l y t r o p y  (~ = 1 .09)  

c a l c u l a t e d  f r o m  the  f o r m u l a  of  [7]. D e p e n d i n g  on the  
t i m e  of  e v a c u a t i o n  of  the  r e s e r v o i r ,  the  gas  e x p a n -  

s i g n  p r o c e s s  w i l l  a p p r o x i m a t e  e i t h e r  to the  i s o t h e r -  

m a l  o r  t he  a d i a b a t i c .  F i g u r e  3 s h o w s  the  i n f l u e n c e  
of  r e s e r v o i r  e v a c u a t i o n  t i m e  on the  n a t u r e  of  the  p r o -  

e e s s .  F o r  a s m a l l  c r o s s  s e c t i o n ,  c o r r e s p o n d i n g  to 
a long  e v a c u a t i o n  t i m e ,  t he  p r o c e s s  i s  p r a c t i c a l l y  
i s o t h e r m a l  (a), w h i l e  f o r  a l a r g e  c r o s s  s e c t i o n i t  t ends  
to a d i a b a t i c .  

N OT AT ION 

p-pressure; p-density; m-index of thermodynamic process; T -  
temperature; r - t ime ;  k-adiabatic exponent; V-volume of reservoir; 
i-enthalpy; G-mass flow rate of gas per second; Q-heat supplied; 
c~-thermodynamic coefficient; u-internal energy; q-amount of heat 
supplied to 1 kg of gas; g-Now rate coefficient; Fcr-area of section 
determining gas flow rate; F--internal surface area of reservoir; R- 
gas constant; Xl-experimental eoefficiet~t obtained at a pressure of 
1 bar and proportional to temperature to the power - 1 / 2  (see [4]). 
The subscript 0 denotes parameters at tirnc zero. 
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