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The losses  of exergy due to regenerat ive  heat t ransfer  in a piston expansion cooler  are  de- 
termined analytically.  The dependence of the heat flux, taking par t  in the regenerat ive  heat 
t ransfer ,  on the thermophysical  proper t ies  of the mater ia ls  of the cylinder group is analyzed. 

In the investigation of piston expansion coolers  a large attention is devoted to the study of regenerat ive  
heat t r ans fe r  [1-5]. However, many problems related to regenerat ive heat t ransfer  are  still not sufficiently 
c lear .  

As yet there  a re  no methods for an analytic computation of losses  due to regenerat ive  heat t ransfer ;  
the effect of the thermophysical  proper t ies  of the construct ional  mater ia ls  on the heat flux Qp, taking par t  
in regenerat ive  heat t ransfer ,  has also been studied inadequately. 

An analytic determination of losses  and the effect of some factors  on Qp are considered below. * 

The heat flux Qp, developing between the expanding gas in the machine and the walls of the cylinder 
resul ts  in a loss of exergy [7]; for an e lementary  segment the instantaneous value of this loss can be wri t-  
ten in the following way: 

5d = 5%5Qp, (1) 

where 

A~ - T1 --  Tamb T2 - -  Tamb 
T1 T2 

The total loss during one per iod of the machine cycle is 

to 

D = .I A~e6QP" (2) 
0 

It is known [3] that the tempera ture  of a gas in the cylinder of a piston expansion cooler  changes ac-  
cording to a law close to harmonic .  If the cosine law of variat ion of the tempera ture  of the gas in the cylin- 
der is taken as the f i rs t  approximation, then using known assumptions [1] the instantaneous values of T1, 
T 2, and 6Qp can be written in the form 

1) t empera ture  of the gas 

2~t 
T 1 = Tar -+- T~ cos - - ,  (3) 

to 

2) tempera ture  of the wall 

T2 Tav+ T"Jl~176 2n t ) = % , ( 4 )  
to 

*The procedure  of analytical  computation of losses  has been worked out in collaboration with Prof .  V. M. 
B r odyanski [. 
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where  ~0 =4-1/(1 + 2[f:/h2ato] + 2 [v/h2ato]) is  a fac tor  showing how m a n y t i m e s  the ampli tude of osci l la t ions of 
the t e m p e r a t u r e  at the su r face  of the walt  is s m a l l e r  than the ampli tude of oscil lat ion of the gas  t e m p e r a -  
t u r e ;  0 = a rc  tan 1//(1 + [~rh2ato/Tr]) is  a quan t i t y  that takes  account of the phase  shift of the t e m p e r a t u r e  osc il- 
lat ions of the wall  and the gas  [1]. 

3) the amount of heat  given out f r o m  the gas  to the wall  (or the r e v e r s e )  during the t ime  dt, 

dQp = "aF (T, - -  T~) dT. (5) 

Neglecting the ratio of the crank radius to the length of the connecting rod of the expansion cooler, 
the expression for F has the form 

F = 2Fcl + 1 - -  cos 2n ~-o " (5a) 

Substituting the va lues  of AT e, T 1, T 2, and dQp into Eq. (2) we have 
to 

= c~Ta mb " - -  t 

o 

In integrat ing express ion  (6) we a s s u m e  that  

Then Eq. (6) becomes  

Tar t 
>> cos 2~ --'to 

(6) 

aTambTj0, 
D = 4-~a v (~cm + 4Fci )[1--2~loc~ (7) 

computed f r o m  Eq. (7) and obtained f r o m  the rmodynamic  ana lys i s  of l o s ses  using The values  of D, 
m e a s u r e m e n t s  of in ternal  p a r a m e t e r s  of the gas  in an expansion cooler  [4], c o m p r i s e  5 and 5.77 kJ/~g, 
r e spec t ive ly .  The re fo re ,  the final r e su l t s  for  D, obtained with the assumpt ion  of cosine  law of motion of 
the piston, a r e  c lose  to the exper imenta l  va lues .  

Express ion  (7) enables one to analyze the effect  of some fac to r s  on the loss  due to r egenera t ive  heat  
t r a n s f e r .  Thus, the value of D is d i rec t ly  propor t iona l  to a, t 0, T M and inverse ly  propor t iona l  to T2av. 

The dependence of D on the the rmophys ica l  p r o p e r t i e s  of the m a t e r i a l s  of the cyl inder  group is ap-  
p rec i ab ly  m o r e  complex .  It  can be analyzed mos t  s imply  through the va r ia t ion  of Qp. 

The heat  flux, taking p a r t  in r egene ra t ive  heat  t r ans fe r ,  can be calcula ted f r o m  the equations given 
in [1] with well  known assumpt ions :  

Q~ = ~ V - ~ / ~ T ~ o .  (8) 

In order  to de te rmine  the effect of the the rmophys ica l  p r o p e r t i e s  of the m a t e r i a l  of the cyl inder  group 
on Qp we wri te  Eq. (8) (for F = t) in the following form:  

x (9) 
qp----B 1 + 2V x - + 2 x '  

where  

T M V " 2  B = - - - - x - - t ~ ;  x=AXc~; A =  ~ . 

An invest igat ion of the function qp = f(x) for  constant  coeff icients  A and B shows that  it i n c r e a s e s  con-  
t inuously f r o m  ze ro  and has the l imit  (for x - -  ~) B/~fl2: 

lira qp B TM t~3. (10 
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Fig.  1. Dependence of heat  flux on the the rmophys ica l  
p r o p e r t i e s  of the m a t e r i a l s  of the cyl inder  group for  dif- 
f e ren t  t e m p e r a t u r e s  (kcT, k j2 /sec  �9 m 4" deg2): a) s tee l  
1KhlSN9T at  T = 20~ b) Textol i te  at  T = 250~ c) co-  
pe r  M3 at  T = 20~ d) s tee l  1KhlSN9T at  T = 250~ e) 
copper  M3 at T = 250~ 

The dependence of the quantity qp on the complex k c y  is shown in Fig. 1. It is evident f r o m  the f igure that 
qp changes insignificantly on changing k c 7  f r o m  100 to ~o (roughly by 10% of the m a x i m u m  value of qp). This  
is  accounted for  by the fact  that s imul taneous ly  with the i nc r ea se  in the accumulat ion coeff icient  (kcY) the 
ampli tudeTMV 0 o f t h e t e m p e r a t u r e  osci l la t ions  at  the su r face  of the walls  dec rea se s ,  which in turn  leads to 
a slowing down of the growth of qp. It  is a l so  seen f r o m  the f igure  that a r ep l acemen t  of one m a t e r i a l  by 
another  differ ing in i ts  the rmophys ica l  p r o p e r t i e s  (the complex k c 7 )  by an o rde r  of magnitude does not 
cause  a significant va r ia t ion  in qp and, hence, has  a smal l  effect  on the eff iciency of the machine .  

The curve  in Fig. 1 is plotted for  the computed quanti t ies  cor responding  to the values  of qp for  Tex-  
toli te,  copper ,  and s ta in less  s tee l  (1Kht8N9T) at t e m p e r a t u r e s  of 250 and 20~ The m a x i m u m  difference 
in the values  for  one and the s a m e  t e m p e r a t u r e  (250~ does not exceed 10%. 

Expe r imen t s  c a r r i e d  out on expansion cooler  of MEI [4] conf i rm these  conclusions .  The  r ep lacemen t  
of the Textol i te  cy l inder  by  the copper  cyl inder  {the remain ing  p a r a m e t e r s  unchanged) leads to a dec r ea se  
of the adiabat ic  eff ic iency of the machine by 3.5%. * 

A the rmodynamic  ana lys i s  of the operat ion of this expansion cooler ,  c a r r i e d  out f rom the m e a s u r e -  
ments  of the gas  p a r a m e t e r s  in the cyl inder  of the machine,  shows that this  change in the efficiency c o r -  
responds  to an i n c r e a s e  of qp by 9.7-10.8%. 

A substant ia l  d e c r e a s e  in qp can be obtained only by using m a t e r i a l s  for  which the complex k c y  is  
s m a l l e r  than 1.5 �9 10 -2. F r o m  this  point of view it is advisable  to line the cyl inder  and the piston by a m a -  
t e r i a l  of the type of po lys t e rene  p las t ic  for  which k c 7  = 1 .4 .10  -~ [6] (at T = 293~ However,  in this ca se  
cons t ruc t iona l  diff icult ies appear ,  mainly  due to the inc rease  in the l inear  expansion coeff icient .  

T a m b  
T i and T 2 
T a r  
TM 
t 

X, c, T 

F 

F c m  

N O T A T I O N  

is the ambient  t empera tu re ;  
a r e  the instantaneous va lues  of the t e m p e r a t u r e  of the gas  and the wall  of the cylinder;  
is the a v e r a g e  t e m p e r a t u r e  of the gas; 
is the ampli tude of osci l la t ion of the gas  t empera tu re ;  
is  the instantaneous value of t ime;  
is the conventional  heat  t r a n s f e r  coeff icient  f r o m  gas  to  cyl inder  wall; 
a r e  the t h e r m a l  conductivity, heat  capaci ty ,  and d e n s i t y o f  the m a t e r i a l  of the cyl inder  wall  

and piston; 
is  the heat  t r a n s f e r  surface;  
is the m a x i m u m  l a t e r a l  su r face  of the cylinder;  

*The adiabatic  eff ic iency of the expansion coo le r  wi thTexto t i te  and copper  cyl inder  was 70.1 and 66.6%, 
r e spec t ive ly .  
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Fcl is the area of the cylinder lid or the face of the piston head; 
a is the thermal conductivity of the material  of the cylinder; 
h is the relative heat transfer coefficient; 
q~nax is the maximum value of specific heat flux. 
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