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The conditions for the onset of oscil lat ions in a sys t em a re  analyzed for the case in which 
the only external  agent is a thermal  agent. The stabili ty boundary and the dependence of 
the osci l lat ion frequency on the p a r a m e t e r s  of the sys tem a re  evaluated. An experimental  
apparatus  is descr ibed,  and the resu l t s  found in experiments  with moist  wa~er vapor are  
descr ibed .  

The oscil lat ions of p a r a m e t e r s  which occur  in the operat ion of hea t - t r ans fe r  sys tems  involving s team 
generat ion,  descr ibed  in [1-3], a re  of definite in teres t  both in connection with the goal of achieving maxi-  
mum util ization of s t eam-genera t ing  sys t ems  and in connection with the development of new sys tems  for 
convert ing thermal  energy [4]. 

At cer ta in  combinations of the charac te r i s t i c s  of the s t eam-genera t ing  channels, nearly sinusoidal 
oscil lat ions of the s team p a r a m e t e r s  occur  [1, 2]; this behavior  is cha rac te r i s t i c  of se l f -osc i l l a to ry  sys -  
tems in the absence of a per iodic  external  agent. It is a lso ext remely  undesirable,  since it leads to the 
des t ruc t ion  of the s team genera to r .  

In the presen t  paper  we take a different approach:  we a re  concerned with the development of a s y s -  
t em which converts  a s teady-s ta te  external agent into se l f -osc i l la t ion  energy,  which can, in turn, be con- 
ver ted into mechanical  work (in a pump) or e lec t r ica l  energy [4]. 

A n a l y s i s  o f  t h e  C o n d i t i o n s  f o r  t h e  O n s e t  

o f  O s c i l l a t i o n s  

Let us examine the conditions under which se l f -osci l la t ions  occur  in a s team-genera t ing  sys tem 
(Fig. 1) consist ing of a hermet ica l ly  sealed pipe of length (2l 0 + ll) and c ross  sect ion S, filled with 
mois t  s t eam and containing a piston of mass  M 1. Heat (Q) is supplied to the pipe through its ends, and 
heat is removed  at a ra te  q through the la teral  sur face  of the pipe; this lat ter  ra te  depends on the p rope r -  
t ies  of the s team.  As mass  leaves the sys tem,  an energy proport ional  to the mass velocity can be r e -  
moved.  

To determine the conditions for  the onset of oscil lat ions and to evaluate their  frequency we write 
equations descr ibing the relat ionship between the pa rame te r s  of the sys tems  under the following assump-  
tions : 

1) The moist  s team is t rea ted  as an ideal gas with a heat of vaporizat ion r = 0 (this condition allows 
us to write the quantitative relat ions between the p a r a m e t e r s  of the sys tem in a more  simple manner,  
without affecting the qualitative side of the problem).  

2) The thermodynamic  proper t i es  of the s team a re  homogeneous in the volumes under consideration.  

Under these  conditions the p roces s  can be descr ibed by 
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F ig .  1. C a l c u l a t i o n  mode l .  1) Heat s o u r c e ;  
2) r e f r i g e r a t o r ;  3) i n e r t i a l  m a s s ;  4) work -  
ing m e d i u m ;  5, 6) s t e a m - f i l l e d  v o l u m e s .  
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In the a b s e n c e  of p e r t u r b a t i o n s ,  dx /d t  = d2x/dt 2 = O, we can  w r i t e  
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We now a s s u m e  that  at some  t~me t o a p e r t u r b a t i o n  x = l 0 + 5x is  appl ied .  

t=O. 

Denoting the values of P 

and T at  th is  t ime  (taken as the ze ro  of t ime)  by P0 and To, we find, a f t e r  l i n e a r i z a t i o n  of s y s t e m  (1) and 
s o m e  m a n i p u l a t i o n s ,  
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O s c i l l a t i o n s  can  a p p e a r  in  the s y s t e m  if 
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s i n c e  h e r e  one roo t  (K3) of the e h a r a c t e r i s t i c  equa t ion  in  (2) is  r e a l ,  while  two (KI,2) a r e  i m a g i n a r y .  

Th i s  s y s t e m  can  thus be t r e a t e d  as  a s e l f - e x c i t e d  o s c i l l a t o r y  s y s t e m  with a s ing le  d e g r e e  of f r eedom.  
The a p p e a r a n c e  of o s c i l l a t i o n s  in  such  a s y s t e m  is an  i n t e r n a l  p r o p e r t y ;  no ex t e rna t  agents  depend on the 
t i m e  (in th is  ease ,  the only e x t e r n a l  agen t s  a r e  the hea t ing  of the ends and the cool ing of the l a t e r a l  s u r -  
face of the pipe) .  

We c o n s i d e r  c e r t a i n  p a r t i c u l a r  c a se s  of Eq. (2). 

1. We a s s u m e  M 1 = 0, i . e . ,  that  the i n e r t i a  of the p i s t o n  is  neg l ig ib l e .  T h e n  We have  a 3 = ~ and 
t l eKl ,  2 < 0; in  th is  case  the  o s c i l l a t i o n s  a r e  damped ,  and the e q u i l i b r i u m  of the  p i s t o n  in  the midd le  of the 
pipe is  a lways  s t ab l e .  
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Fig .  2. E x p e r i m e n t a l  a p p a r a t u s ,  a) Block d i a g r a m ;  b) photo-  
g raph .  1) S team g e n e r a t o r ;  2) r e f r i g e r a t o r ;  3, 4) p ipes .  

2. We a s s u m e  that  t h e r e  is  no hea t  t r a n s f e r ,  i . e . ,  k = 0. Then  a 0 < 0, and the roo t s  Ki s a t i s fy  the 

cond i t ions  K1K2K 3 = --ao/a~> 0 and K 1 + K 2 + K s =--a2/a 3 < 0. T h e n  if  o s c i l l a t i o n s  occur  in  the s y s t e m  
(D > 0), the cond i t ions  Re K~ = Re K 2 < 0 and K 3 > 0 m u s t  be  s a t i s f i e d .  In o ther  words ,  the o sc i l l a t i ons  a r e  
d a m p e d .  

3. We a s s u m e  that  the m o t i o n  of the p i s t o n  is  not r e t a r d e d  and that  no power  is  d r a w n  f r o m  the s y s -  
t e m ,  A = 0 .  T h e n  

b s >  0. a 2 : b  1 : 0 ;  ~x= b~ >0;  ~ :  D ~ 0 ,  
3 ~ 2 < '  

In  o ther  words ,  the  m o t i o n  is  a lways  o s c i l l a t o r y ;  it  can  be shown that  in  the case  ~2 = 0 the s y s t e m  is in  a 

n e u t r a l  s t a te ,  in  the ca se  ~2 < 0 the  o s c i l l a t i o n s  in  the s y s t e m  a r e  damped ,  while  in  the case  ~2 > 0 the 
o s c i l l a t i o n s  in  the  s y s t e m  grow.  

D e t e r m i n a t i o n  o f  t h e  F r e q u e n c y  a n d  A m p l i t u d e  

o f  t h e  O s c i l l a t i o n s  

We a r e  not  c l a i m i n g  that  t he se  eva lu t ions  of the  f r e que nc y  and a mp l i t ude  of the o s c i l l a t i o n s  cons t i tu t e  
a n  exhaus t ive  d e s c r i p t i o n  of the  p h e n o m e n a .  Th i s  a n a l y s i s  is  ba se d  on a s i m p l i f i e d  phys i ca l  model  of the 
p r o c e s s e s  o c c u r r i n g  in  a s y s t e m  in  which the t h e r m o d y n a m i c  m e d i u m  i t s e l f  is  used  as the m a s s  M 1. 
F u r t h e r m o r e ,  we a r e  t r e a t i n g  the  ease  A = 0. A s t e a m  g e n e r a t o r  of vo lume  V is  connec ted  by a pipe of 
l eng th  l 2 and  c r o s s  s e c t i o n  S(V >> S/2) with a r e f r i g e r a t o r ,  and the l iquid  leve l  i n  the s y s t e m  is at a d i s -  
t a n c e  l 3 f r o m  the  s t e a m  g e n e r a t o r .  We a s s u m e  that  the o s c i l l a t i o n s  in  the s y s t e m  a r e  s inuso ida l ,  x = x 0 �9 
s i n  (2rrt/T); ~this a s s u m p t i o n  is  v e r i f i e d  by  e x p e r i m e n t  (Fig.  3a). 

In  the s t eady  s ta te ,  the  fol lowing condi t ions  should  hold:  

1) The  m a x i m u m  p r e s s u r e  d rop  in  the s y s t e m  is g o v e r n e d  by the e n e r g y  s t o r e d  in  the s t e a m  g e n e r a -  

t o r  ove r  a h a l f - p e r i o d  r / 2 :  

QxRT~ ,'-' M, ( d2x ~ (2r~ 12 
IAPlm.x S ~ ]Pl - -  P~lmax S ~ 2V [r o --  Cp (T O - -  T3)] \ dt ~ ]max ~'~ MIX~ \ T ] ' (4) 

w h e r e  r 0 is  the  hea t  of v a p o r i z a t i o n  of the l iquid  a t  t e m p e r a t u r e  T 0. Here  we a r e  a s s u m i n g  that  the l iquid  
is  a t  t e m p e r a t u r e  T 3 b e f o r e  i t  e n t e r s  the s t e a m  g e n e r a t o r  and that  the s t e a m  has  the p r o p e r t i e s  of a n  ideal  

gas. 

2) The power Q supplied to the system is dissipated in the refrigerator: 

Q = k (T o - -  73) H (x o - -  l~ +/3); (5) 

3) The  o s c i l l a t i o n  a m p l i t u d e  x 0 can  be eva lua ted  f r o m  the cond i t ion  for  e v a p o r a t i o n  of the  l iquid  AM 

which e n t e r s  the  s t e a m  g e n e r a t o r :  

Q'r --  AM [r o -}- Cp (T O "  Ta)] "~ [ro + C. (T o - -  Ts)] S(xo --/3) P. 
2 

(6) 
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Fig.  3. E xpe r i m e n t a l  r e s u l t s  for  Q = 800 W. a) O s e i l l o g r a m  of 
the p r e s s u r e  in the s t e a m  g e n e r a t o r s ;  b) expe r imen ta l  and ca l -  
cula ted dependences  of the f r equency  f (Hz) and the ampl i tude  of 
the p r e s s u r e  osc i l l a t ions ,  tAPlma x (N/m2), in the s t e a m  g e n e r a -  
t o r s  as  funct ions of  the p a r a m e t e r  MI/3 (kg. m).  

Equat ions  (4)-(6) r e l a t e  the quant i t ies  r ,  iAPlmax,  To, and x 0 with the govern ing  p a r a m e t e r s  of the 
s y s t e m  (R, Cp, S, Q, T 3, M 1, r 0, V, l 'I ,  l 3, /2). 

Using the r e l a t i o n  

ro § Cp (T O - -  T3) ~-- const ~ C .  (7) 

which holds  fo r  m o s t  l iquids over  a b r o a d  range ,  we can  find f r o m  (4)- (7) the fol lowing dependence  of the 
osc i l l a t ion  f r equency  f = 1 / r  on the gove rn ing  p a r a m e t e r s  of the s y s t e m :  

k H  Q , 2l 3 - -  l~ -r 
2C1S9~ 

~a _ ' (8)  
I - -  

2C1S9[ 

In the case  Q/2C1Spf  << l 3 Eq. (8) b e c o m e s  

RsQ Ta + ~ F  
f ~ 2 (2n) ~ C, V M l l  3 (9) 

whe re  F is the h e a t - t r a n s f e r  s u r f a c e  a r e a  of the r e f r i g e r a t o r .  The ampl i tude  of the p r e s s u r e  osc i l l a t ions  
in the s y s t e m  in this  c a s e  is d e s c r i b e d  by 

(Ta + Q , ~ F - j  
QR 

IAPma~I = IPz - -  Pe!max = 2ClVf  (10) 

Experimental Apparatus and Results 

To study self-oscillations in this system we assembled an apparatus (Fig. 2) consisting of two steam 
generators i, two refrigerators 2, and connecting pipes 3 and 4. All the pipes have an inside diameter of 
d = 8 " 10 -3 m. The steam generator consists of a flat tank and an electric heating element, pressed tightly 
together. Points on the tanks are provided for mounting thermoeouples and pressure gauges. The steam 
generators are enclosed in a common heat-insulation jacket; the pipes connecting the steam generators 
with the refrigerators are also insulated. The refrigerators are of the pipe-in-pipe type, ~4th the surface 
of the inner tube finned; the cooling of the refrigerators is sequential. 

In the experiments we measured the following: I) the static pressure P and the pressure oscillations 
lAP Imax in the s t e a m  g e n e r a t o r s  (P -< 10 ~ N/m2; TAP ! m a x  <- 105 N/m2); 2) the s t e a m  t e m p e r a t u r e  in the 
s t e a m  g e n e r a t o r s ,  T o -< 500~ 3) the flow r a t e  of cool ing wa te r  (---4 �9 10 -2 k g / s e c ) ;  4) the heat ing of the 
cool ing wa te r  (-<10~ 

The p r e s s u r e  m e a s u r e m e n t s  a r e  c a r r i e d  out with DD-10  p r e s s u r e  gauges ,  which a r e  capable  of d e -  
t ec t ing  p r e s s u r e  changes  at  f r equenc i e s  up to  1000 Hz.  The r e s u l t s  a r e  r e c o r d e d  on a loop osc i l log raph .  
The  e r r o r  of these  p r e s s u r e  m e a s u r e m e n t s  is l e s s  than 43% of the m e a s u r e d  va lues .  The f r equency  of the 
p r e s s u r e  os.eil lations is d e t e r m i n e d  f r o m  t i m e  m a r k e r s  on the osc i l l og raph .  The  e r r o r  in the m a r k e r s  is 
l e s s  than 1% and the e r r o r  of  the f r equency  d e t e r m i n a t i o n  is l e s s  than 5%. 

The  vapo r  t e m p e r a t u r e  is m e a s u r e d  with C h r o m e l - -  Copel t h e r m o c o u p l e s  loca ted  in the s t e a m  phase  
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0 of the tanks. These resu l t s  are  recorded  by an E P P -  9-M3 record ing  potent iometer .  The e r r o r  in the 
de terminat ion  of the t empera tu res  in the tanks is less than ~3.5~ 

The warming of the water  is determined by a differential  thermocouple  with 20 junctions, 10 of which 
a re  at the entrance to the r e f r i ge r a to r  and 10 at the exit f rom it. The corresponding e r r o r  is less than 
=e0.3~ 

The flow ra te  of the cooling water  is moni tored with a turbine f lowmeter  at the exit f rom the r e f r i g -  
e r a to r .  The flow ra te  is determined f rom the indications of the frequency meter ;  the corresponding e r r o r  
is less than 6%. 

In the exper iments  we achieved reg imes  with stable osci l la t ions.  The osc i l lograms of the p r e s s u r e  
changes in the sys t em (Figs. 3a) show that these oscil lat ions are  approximate ly  sinusoidal and that the 
p r e s s u r e  changes in the s team genera to rs  a re  out of phase.  The maximum amplitude of the p r e s s u r e  os-  
cillations observed in these experiments  was 1 �9 105 N/m 2, and the frequency ranged f rom 1 to 4 Hz. 

Figure  3a shows a typical  p r e s s u r e  osc i l logram;  Fig. 3b shows the calculated and experimental  de- 
pendences of the frequency f and the amplitude IAPlmax of the p r e s s u r e  oscillations in the sys tem on the 
quantity Ml/3, var ied in the exper iments .  This quantity was var ied by filling the connecting pipe 4 with 
var ious  amounts of water  [M 1 = (20-280) �9 10 -3 kg] and by changing the length of pipe 3 [l 2 = (0.05-0.25) m, 

The calculated curves  were  found f rom Eqs. (9) and (10) on the basis  of the following initial data: 
Q = 8 - 1 0 2 w ;  R =4 .7 -102  J/(kg-cleg),  C 1 = 2 . 6 " 1 0 6 J / k g ,  S =  0 .5 .10  -4 m 2, H =10  -t  m, k = 2 " 1 0 3 W / ( m  2 
"deg) (the s t e a m - -  water  hea t - t r ans f e r  coefficient in the r e f r i ge r a to r  is governed by the wall -- water heat -  
t r a n s f e r  coefficient for a flow rate  of 4" 10 -~ k g / s e c  of the cooling water  in an annular gap d ~ 10 -2 m in 
diameter) ,  5 --- 2 . 1 0  -3 m, T 3 = 3" 102~ F - 1 .5 .10  -2 m 2, and V = 2 .5 .10  -4 m 3. 

Q 
q 
T, P 
R 
Cp, C V 
II~ F 
Ta 

N O T A T I O N  

is the heat flux; 
is the specif ic  (linear) heat flux; 
a r e  the gas t empera tu re  and p r e s s u r e ;  
is the universa l  gas constant;  
a re  the specific heats at constant p r e s s u r e  and at constant volume; 
a re  the cooled p e r i m e t e r  and surface  a rea  of the r e f r ige ra to r ;  
is the t empera tu re  of the r e f r i g e r a t o r  wails; 

1) 3 = P(T = T3), 
T o 

k 

P 
r 

M0 
S, M I 
A 
X 

t 
T 

a r e  the s teady-s ta te  s team t empera tu re  in the s team genera tor ;  
is the hea t - t r ans f e r  coefficient;  
is the liquid density; 
is the heat of vapor izat ion of the liquid; 
is the gas  mass  in volume 1 or  2; 
a re  the a rea  and mass  of piston; 
is the power drawn f rom the apparatus with dx/dt  = 1; 
is the coordinate;  
is the t ime;  
is the osci l lat ion period.  

S u b s c r i p t s  

"1,, and "2" r e f e r  to volumes 1 and 2, respect ively .  

le 
2. 
3. 
4. 
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