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Vibration modes  in liquids during heat  t r a n s f e r  with phase t r a n s f o r m a t i o n s  a r e  c lass i f ied  he re  
on the bas i s  of genera l ized  t e s t  data. Cr i te r ia l  equations of se l f -exc i ta t ion  and for  the na tu-  
ra l  f requency of harmonic  v ib ra t ions  a r e  der ived analyt ical ly.  These  equations a r e  in s a t i s f a c -  
to ry  ag reemen t  with t e s t  r esu l t s .  

The p rob lem of v ibra t ions  in liquids during heat  t r a n s f e r  f r o m  hot channel walls  has  in r ecen t  y e a r s  
a roused  cons iderable  in te res t .  These  v ib ra t ions  have a s t rong effect  on the heat  t r a n s f e r  and const i tute 
additional mechanical  loads on the channel walls .  

A method is  p roposed  here  fo r  calculat ing a ce r ta in  kind of v i b r a t o r y  p roce s s .  

Basic  Test  Data. An ana lys t s  of avai lable  data per ta in ing to v ib ra t ions  induced by a supply of heat  
[1-10] as well as  the r e s u l t s  of r e s e a r c h  on this  subject  conducted by this author jointly with N. A. Kafen-  
gauz [11-16] during the 1965-1970 per iod  support  the thes i s  that all v ib ra t ions  may  be tenta t ively  c lass i f ied ,  
on the bas i s  of the i r  c h a r a c t e r i s t i c s  as well as  the i r  excitat ion mode and probably  a lso  the i r  mechan i sm,  
into the following three  ca tegor ies :  low-frequency v ib ra t ions  (from a f rac t ion  of a cycle  pe r  second to tens  
of cyc les  pe r  second), h igh-f requency noise,  and high-f requency harmonic  v ib ra t ions  (from hundreds of 
cyc les  pe r  second to tens  of k i locyc les  pe r  second). 

Vibra t ions  of all th ree  kinds occur  in two-phase  fluids, low-frequency ones at t e m p e r a t u r e s  of the 
bulk m a s s  slightly below and h igh-f requency ones at t e m p e r a t u r e s  of the bulk m a s s  much below the p h a s e -  
t r ans fo rma t ion  point for  the pr incipal  component.  Low- and h igh-f requency noise is c h a r a c t e r i z e d  by a 
low intensi ty (p ressure  ampl i tudes  below 1 to 2 a tm.  abs) and occu r s  under  subcr i t i ca l  p r e s s u r e s  in s t a -  
t ionary  as  well as  in moving liquid. High-f requency harmonic  v ib ra t ions  differ  f r o m  all the o ther  kinds by 
the i r  c h a r a c t e r i s t i c s  and the i r  exci tat ion mode.  Vibrat ions  occur  mos t  often at single f requencies ,  l e s s  
often they a re  made up of two or  th ree  components  and in that case  one of them is  predominant .  The a m -  
pl i tudes of p r e s s u r e  va r i a t ions  r each  the o rde r  of tens  of a tmosphe re s ,  which makes  harmonic  p r e s s u r e  
f luctuations the mos t  dangerous  ones in heat  exchangers .  Fluctuat ions of th is  kind occur  only during the 
flow of a liquid through re la t ive ly  na r row  channels  under  e i ther  subcr i t tca l  or  supe rc r i t i ca l  p r e s s u r e s :  
the fluctuation c h a r a c t e r i s t i c s  a r e  the same  in both cases .  

The subsequent  ana lys i s  will deal with h igh-f requency harmonic  v ib ra t ions  only. Among all the p o s -  
sible a spec t s  of th is  p rob lem,  mos t  attention will be paid he re  to the mos t  impor tan t  ones: the i r  chf i rac-  
t e r i s t i c s  and the i r  excitat ion mode.  The study was made with a heat  exchanger  appara tus  descr ibed  in 
[14]. The cooling channels  were  made of thin walled grade  KhlSN10T steel  tubes  5 to 120 m m  long with an 
inside d i ame te r  f r o m  0.8 to 5.6 ram.  The tubes  were  heated by pas sage  of a l te rna t ing  e lec t r i c  cu r r en t  
through them.  The heat  loads  could be as  high as  40 MW/m 2, with the t es t  p r e s s u r e  ranging f r o m  0.1 to 
12 MN/m 2 and the flow veloci ty  ranging f r o m  0 to 50 m / s e c .  About ten l iquids with d ive r se  physical  p r o p -  
e r t i e s  were  tes ted ,  including d i - i sopropy l -cyc lohexane ,  ethyl alcohol,  toluene, isooctane,  g rade  T-1  k e r o -  
sene and a na r row  f rac t ion  of ke roseneous  naphtha with upper  boilout points  within the 465-540~ range,  
carbon te t rach lor ide ,  wa te r  under  p r e s s u r e s  up to 40 M N / m  2 [17], etc.  The tes t  p r e s s u r e s  cove red  both 
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Fig. 1. Temperature at which har- 
monic vibrations begin Tvi (~ as 
a function of the pressure p (MN/m2), 
for: 1) di-isopropyl-cyclohexane and 
2) isooctane; the numbers at the curve 
indicate the flow velocities in m/sec; 
tubular channel 1.6 mm in diameter 
and 30 mm long. 

the subcri t ical  and the supercr i t ica l  ranges  for each liquid. The 
t empera tu re  of the liquid at the channel entrance was maintained 
at the same level of 300~ 

As the p a r a m e t e r  cha rac te r i z ing  the condition under which 
the heat t r ans fe r  enters  the fluctuation mode we have adopted 
the wall t empera ture ,  inasmuch as this pa rame te r  reveals  most  
c lear ly  the interdependence between the vibration mode and the 
par t i cu la r  physical  proper t ies  of a liquid. As the t empera tu re  
at which vibrat ions begin Tvi must  be regarded  the wall t e m p e r -  
ature at which the heat t r ans fe r  ceases  to be convective and, un- 
der an increas ing heat load on the heat generat ing element,  en-  
t e r s  the fluctuation mode; it is the maximum tempera tu re  above 
which the heat t r ans fe r  cannot be convective. 

The tempera tu re  at which vibrat ions  begin depends on the 
modal p a r a m e t e r s  and on the channel geometry .  In Fig. 1 are  
shown curves  represent ing this t empera tu re  as a function of the 
p r e s s u r e  at constant flow velocit ies.  It is evident, foremost ,  
that the t rend of these curves  is the same for different liquids. 
Under subcri t ical  p r e s s u r e s  Tvi remains  independent of the flow 
velocity: all points fit on a single curve which coincides with 
the saturat ion line. Under supercr i t ica l  p r e s s u r e s  the curves  
depart: the t empera tu re  Tvi becomes  higher at lower flow ve l -  
ocities.  It has also been found that in this p r e s s u r e  range Tvi 
is higher in shor te r  and wider channels [16]. Whether the heat 
t r ans fe r  can be excited into a fluctuation mode at all will depend 
on the flow velocity.  A study of this problem has revealed that 

the minimum velocity at which vibrat ions  are  still possible is determined by the p re s su re ,  it follows f rom 
the data in Fig. 2 that this minimum velocity becomes  higher under higher p res su re .  

The frequency of vibrat ions inc reases  with increas ing p r e s s u r e  (Fig. 3a), with increas ing flow ve l -  
ocity (Fig. 3b), and with increas ing thermal  flux, but it becomes  lower in wider or shor te r  channels, it 
also dec reases  as the t empera tu re  of the liquid at the channel entrance increases .  

On the basis  of these data, it is possible not only to assay  the mechanism of this phenomenon but also 
to evaluate the vibrat ions  somewhat more  quantitatively. 

Mechanism of High-Frequency Harmonic Vibrations. While the wall is heated to the boiling point 
(under subcri t ical  p ressure )  or  to the t empera tu re  of maximum specific heat (under supercr i t ica l  pressure} 
of the liquid, a thin layer  of the liquid changes into a state with physical  proper t ies  ve ry  different f rom 
those of the ma ins t r eam liquid. 

The layer  becomes  more  compress ib le  and, consequently, capable of wide volume fluctuations. The 
state of the substance in this layer  may,  for general i ty,  be called gaseous and the t empera tu re  at which 
the substance changes f rom liquid to gas may be called the phase - t rans fo rmat ion  point. 

The moving s t r eam ca r r i ed  port ions of the gas away f rom the si tes  where it has been "generated."  
Gas "tongues" are  formed which extend the gaseous l ayer  beyond the hot channel segment. Such a "tongue" 
maintains at one end a contact with the gas mass  at the hot surface and f rom here it rece ives  heat together  
with the mass  of gas which has been c a r r i e d  away. At all other sides such a " tongue" bo rde r s  ei ther  on 
liquid or  on the channel wall, both of which are  at lower t empera tu res ,  and the "tongue" loses  heat a c r o s s  
these boundaries.  When a per turbing p r e s s u r e  is applied, the following happens: the volume of the "tongue" 
shrinks and its surface a rea  decreases ,  the heat  t r ans fe r  f rom the "tongue" to the liquid and to the wall 
also decreases ,  but the heat t r ans fe r  to the "tongue" f rom the gas m a s s  at the hot surface inc reases  be-  
cause of the r is ing t empera tu re  of the compres sed  gas. Therefore ,  the derivative d(~Ln/dp of thermal  flux 
to a gas "tongue" with respec t  to p r e s s u r e  is posit ive and, as we well know, aids the buildup of vibrat ions.  
Under the influence of r is ing p r e s s u r e  in the "tongue" -- r is ing as a resul t  of added heat -- the "tongue" 
begins to expand and displaces adjacent liquid. Owing to the iner t ia  of the liquid, the "tongue" passes  
through its equil ibrium state and will re lease  heat intensively while the p re s su re  in it drops.  The r e su l t -  
ing ra refac t ion  stops the displacement  of liquid and causes  it to move toward the wall, so that the "tongue" 
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o o o ~ Fig. 2. Stability l imi t  for  d i - i s o p r o p y l -  
, cyclohexane in p, W (p ressu re  M N / m  2, 

�9 �9 flow veloci ty  m / s e c )  coordinates ;  tubu-  

1 
l a r  channel 30 m m  long and 1.6 m m  in 
d iameter ;  blank dots r e p r e s e n t  heat  
t r a n s f e r  without v ibra t ions ,  dark  dots 
r e p r e s e n t  heat  t r a n s f e r  accompanied  
by harmonic  v ibra t ions .  

becomes  again c o m p r e s s e d .  This  p r o c e s s  r epea t s  i tself .  Thus, a gas  "tongue" r e p r e s e n t s  a source  of 
v ibra t ions .  

The preceding  hypothes is  is ,  of course ,  a ve ry  s impl i f ied descr ip t ion of the actual p roce s s .  It  o f -  
f e r s ,  however ,  an explanation of that  p r o c e s s  and a bas i s  for  a quanti tat ive ana lys i s .  

As the flow veloci ty  i nc rea se  s, the "tongue" b e c o m e s  longer  and will thus shr ink m o r e  under  a p e r -  
turbing p r e s s u r e ,  and will a lso  r ece ive  m o r e  t he rma l  energy  capable  of inducing v ibra t ions .  At high flow 
ve loc i t i e s  the t e m p e r a t u r e  of the channel wall does not have to be much above the p h a s e - t r a n s f o r m a t i o n  
point. At low flow ve loc i t ies  the "tongue" i s  shor t  and the der ivat ive  d(~in/dp can be made as  l a rge  as 
n e c e s s a r y  by ra i s ing  the gas  t e m p e r a t u r e  and, correspondingly ,  the wall t e m p e r a t u r e  so that the gas  l a y e r  
becomes  sufficiently thick. The "tongue" will be sho r t e r  in a sho r t e r  channel,  because  the amount of gas  
contained in the f o r m e r  is  p ropor t iona l  to the amount of gas  "genera ted"  at the hot sur face .  In th is  case ,  
a h igher  wall t e m p e r a t u r e  is  r equ i red  for  excit ing the v ibra t ions .  As the channel d i ame te r  is  inc reased ,  
the energy  of an excitat ion wave p e r  unit a r e a  of channel sect ion becomes  s m a l l e r  so that,  consequently,  
the exci tat ion impulse  becom es  weaker  and a higher  wall t e m p e r a t u r e  is requi red .  A p r e s s u r e  r i se  r e -  
duces the compres s ib i l i t y  of the gas  and this,  too, r equ i r e s  m o r e  degrees  superhea t  at the channel wall. 
This  ana lys i s  of events  appl ies  to supe rc r i t i ca l  p r e s s u r e s .  Under subcr i t ica l  p r e s s u r e s  the wall t e m p e r a -  
tu re  is  a lways n e a r  the boiling point of the liquid, inasmuch as  the fo rmat ion  of vapor  bubbles  enhances  the 
heat  t r a n s f e r  and thus p reven t s  the wall t e m p e r a t u r e  f r o m  r is ing.  It  i s  imposs ib le  then to superheat  the 
wall to any significant extent and this  explains  why, if no harmonic  v ib ra t ions  occur  immedia te ly  at the 
s t a r t  of sur face  boiling, none will occur  l a t e r  under  any additional amount of heat  load. 

Calculation F o r m u l a s .  Calculat ions a re  made under  the following assumpt ions .  The gas  at the wall 
is  cons idered  ideal.  There  is  a dist inct  in te rphase  boundary between gas  and liquid; the t e m p e r a t u r e  at 
th is  boundary is  equal to the p h a s e - t r a n s f o r m a t i o n  point. The th ickness  and the m e a n - o v e r - t h e - m a s s  t e m -  
pe r a tu r e  of the gas  l aye r  a r e  l inear  functions of the l aye r  length. The flow veloci ty  and the physical  p r o p -  
e r t i e s  of the gas,  namely  i ts  density and specif ic  heat,  a re  the same at all sect ions.  The exci ta t ion wave 
has  a plane front  and a single wave, common  to the gas  and the liquid, t r a v e l s  t h r o u g h t h e t w o - p h a s e  s t r e a m .  

The th ickness  of the gas  l a y e r  is  much s m a l l e r  than the channel d iamete r ,  the length of the gas  
"tongue" is  much s m a l l e r  than the length of the gas  l aye r  at the hot sur face .  In view of the smal l  d imen-  
sions of the l aye r ,  we a s s u m e  a wave to t r ave l  through the gas  in an instant  of t ime .  

If N E denotes the power  of an exci tat ion wave and NG denotes the power  of gas  "tongue" v ibra t ions ,  
then the condition of se l f -exc i ta t ion  (buildup) can be e x p r e s s e d  as 

NG > 2WE. (1) 

Assuming  that  both the volume of a gas  "tongue" and the heat  input to it v a r y  sinusoidal ly 

V = V 0 + Ao sin(o% Qi,, = Aq sino'q 

we find f r o m  the Second Law of T h e r m o d y n a m i c s  

Q~,fl'r = C~dT + ApdV, 

the power  of gas  "tongue" v ib ra t ions  to be 

2:t/(a 
r ~" 1 k - -  1 ApA~ (2) 

p "  
o 
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Fig. 3. Frequency of vibrat ions f (Hz) in d i - i sop ropy l - cy -  
clohexane, as a function of: a) p r e s s u r e  p, MN/m 2 (at a 
flow veloci ty W = 20 m/sec) ;  b) flow velocity W, m / s e c  (un- 
der a p r e s su re  p = 4.41 MN/m2); tubular channel 1.6 mm in 
diameter  and 30 mm long. 

The power of an excitation wave is found f rom the relation 

NE = (pCh ' 

A simultaneous solution of Eqs. 

(3) 

(1)-(3) yields the dimensionless  c r i te r ia I  self-exci tat ion pa rame te r  

1 k - -  1 (pC)~ AQ 

4 Ak pF --App > 
1. (4) 

The initial frequency of vibrat ions,  assuming the per turbat ions  to be infinitesimal,  can be determined 
f rom the equation of natural  vibrat ions in the two-phase column along a gas "tongue": 

O.,_x 
9.,.V2 ~ -i- dpF = O. (5) 

The solution to this equation yields 

1 
~0~ - - -  (6)  

We next replace the quantities in Eqs. (4) and (6) by quantities stipulated in the original  problem: 
p res su re ,  flow velocity,  t empera tu re  of the liquid and of the wall, channel length and diameter ,  and the 
physical  p roper t i e s  of a given liquid under normal  conditions. 

Let us consider  the equation of hea tba l ance  for a volume element of gas of length dx. 

On the left-hand side, in the direction of flow, an amount of heat equal to 

Q,: ::: O~C,~T~, (7) 

enters  it together  with the mass  current .  

On the r ight-hand side an amount of heat equal to 

a~}~ dx (8) 

leaves it. 

From the wall it generally receives an amount of heat equal to 

dO w :- ~Dqw dx. (9) 

F r o m  the liquid, a c ro s s  the tnterphase boundary, it r ece ives  an amount of heat equal to 

dQ L = C p Tph- ~ dx, ( 1 O) 

together  with the cur ren t  of mass  undergoing phase t ransformat ion.  
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P a r t  of the heat leaves  the gas ac ros s  the same boundary and re tu rns  to the liquid. Using a f ict i t ious 
thermal  conductivity ~x, which accounts not only for  the actual thermal  conductivity but also for  the convec-  

t ive heat t r ans fe r ,  we can write 

- -  2 h ~ , ~  AT? dx. (11) (D 

The equation of heat balance in the given volume element  will then be 

dQ~ + dQ L - -  dQ G -  dQ~ - 0. (12) 

Inser t ing here  express ions  (7)-(11), we can determine the ficti t ious the rmal  conductivity ?Lx = ~0 (x) 
and with it, integrating Eq. (12) f i r s t  over  the ent i re  length of the gas l aye r  and then over  the "tongue" 
length L t only, we can find that "tongue" length: 

1 CphTw. maxFG~_.._ (13) 
L t ~ -  

2u Dq w ~ 

as well as the derivat ive of heat input to the "tongue" with respec t  to p re s su re :  

d(~i._.~ =. FGYGW CpAT w max[~ ( k -  1)--!- ~2]. (14) 
dp 2 �9 

The resul t ing express ions  can now be inser ted  into the equations for  the vibrat ion frequency and 
sel f -exci ta t ion (for the la t te r  we assume that A~/Ap = d(~in/dp). 

In o rde r  to reduce them to the final form,  we will express  the p rope r t i e s  of a two-phase s t r e am in 
t e r m s  of the p roper t i e s  of both the liquid and the gas, which is r a the r  easy  on the basis  of the e a r l i e r  a s -  
sumption that a single wave t r ave l s  through both media.  The p roper t i e s  of the gas can then be expressed ,  
with some approximation,  through the p rope r t i e s  of the liquid in t e r m s  of r e f e r r e d  t empera tu re  and p r e s -  
sure,  on the basis  of the laws of thermodynamic  s imi lar i ty .  Concerning the section a rea  covered  with gas, 
we may r ega rd  it as proport ional  to the degrees  superheat  (thermal overload) of the wall above the gas f o r -  
mation t empera tu re  and proport ional  to the length of the channel segment heated above the p h a s e - t r a n s -  
format ion point. In turn,  according to tes t  data, this length of the hot channel segment is  proport ional  to 
the length of the heat source  e lement  and to the veloci ty  of the liquid. Omitting he re  all in termedia te  steps,  

we show the equations in the final form: 

coD = B1[ Y~oC~oCpLoTcr ]n,(_~_)n.~ Tcr',,,~ ( D ~ n ,  ( p_p__'),~ (15) 
W [- Agp2cr ' , T L / L ] \ Per ' 

" ( P I .... ( 1 6 )  hTw - -  B~ . 2 
Tph L 7LoCLoCp~Tcr \ T L l 

Coefficients B 1 and B 2 in these equations are  constant fo r  any given heat exchanger  apparatus.  

Not having sufficient information about the physical p roper t i e s  of the liquids tes ted  he re  and not hav-  
ing sufficiently explored the effect  of the t empera tu re  of the liquid, it is worthwhile to genera l ize  our tes t  
data by f i r s t  combining the coefficient  B 2 (or B1), the complex group represen t ing  the p rope r t i e s  of a liquid 
(expression inside the brackets) ,  the t empera tu re  ra t io  T c r / T L ,  and the veloci ty  of sound into a single 
p a r a m e t e r  B T (or Bo) with the dimension of veloci ty and with a value pecul iar  to each liquid and each heat 

exchanger .  

Equations (15) and (16) will then finally become 

p 2.6 D " B, o 
ATw (Pcr )  L W )  (17) 
TM -- _ _  - - ( - . - -  , 

p a r a m e t e r  B T is  numer ica l ly  equal to 4.73 for  d i - i sopropyl-cyclohexane ,  4.9 for  isooctane,  18.5 for  
grade T-1  kerosene ,  and 5.65 for  the na r row naphtha fract ion.  The value of p a r a m e t e r  Bw is 2550 for  the 
narrow naphtha f ract ion and 415 for  grade T-1  kerosene .  

The fo rm of Eq. (17) cor responds  to the supercr i t i ca l  p r e s s u r e  range,  for  lower  p r e s s u r e s  the ex-  
ponent would be different.  Using this  equation also for  subcr i t ical  p r e s s u r e s  is  hardly worthwhile, how- 
ever :  the t empera tu re  at which vibra t ions  begin is  a lmost  equal then to the boil ing point of the liquid, 

which is  known without calculat ions.  
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Fig. 4. Correlat ion between test  data and calculated values:  
a) experimental ly  and theoret ical ly  determined c r i te r ia l  t e m -  
pera ture  fac tor  for the beginning of vibrations;  b) exper imen-  
tally and theoret ical ly  determined c r i te r ia l  pa rame te r  for the 
natural  frequency; 1) di - isopropyl-cyclohexane;  2) isooctane; 
3) kerosene;  4) naphtha fract ion with upper boilout points with- 
in 465-540~ tubular channels 0.8-3.0 mm in diameter  and 
10-60 mm long; flow velocity W = 2.0-30 m / s e c ,  r e f e r r ed  

p r e s s u r e  P /Pcr  = 1-3. 

In Fig. 
the relation 

The corre la t ion  between test  data and calculated values is shown in Fig. 4a, b. 

4a we have plotted the test  values for  (TvI/TM) ve r sus  their  theoret ical  values according to 

and in Fig. 4b we have plotted the values for 

 T/ox;= iT, 
The e r r o r  of calculat ions does not exceed ->10 to 15%. 

The significance of Eq. (17) is not l imited to its usefulness for calculating the t empera tu re  at which 
vibrat ions  begin. It can also be used for finding the l imits  of stable heat t r ans fe r  in p, W (pressure,  flow 
velocity) coordinates ,  which would indicate p r io r  to an experiment  whether or not vibrat ion is possible in 
a given apparatus and, in the aff i rmat ive case,  how the hydrodynamic and other pa r ame te r s  should be 
changed to avoid it. 

Let the channel dimensions as well as the coolant p r e s su re  and velocity be known. The maximum 
wall t empera tu re  T m a  x permiss ib le  f rom the standpoint of strength will also be stipulated. Then Eq. (17) 
can be rewri t ten as, for example, 

/ -  -'~ 

P cr / L Tma x --T~ 

Inser t ing the known and stipulated values into the r ight-hand side, we obtain the limiting flow velocity 
WlI m. If the given veloci ty is higher than that, then vibrat ion is possible (of course ,  at a definite heat load 
level). If the given velocity is lower than that, on the other hand, then no vibration can occur  under any 
load. 

The development of a v ibra tory  p roces s  can be inhibited by an increase  of p res su re ,  by a wider or  
shor te r  channel, or  by a decrease  of the flow velocity. 

The solid line in Fig. 2 r ep resen t s  the stability limit calculated on the basis  of 1173~K as the l imi t -  
ing maximum wall t empera tu re  (also assumed so in our tests).  

The equations derived here are  in sa t i s fac tory  agreement  with our test  data and, therefore ,  can serve 
as a basis  for general izing the data available on harmonic  vibrat ions induced by a heat load as well as a 
basis  for calculating the var ious  vibration modes.  
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N O T A T I O N  

is the heat  equivalent  of mechanica l  energy;  
is  the ampli tude of p r e s s u r e  var ia t ions ;  
is the ampli tude of volume var ia t ions ;  
is  the ampli tude of t he rm a l  flux var ia t ions;  
is  the veloci ty  of sound; 
is  the specif ic  heat  at constant  p r e s s u r e ;  
i s  the 
is the 

,s the 

is the 

is the 

ts the 

i s  the 
is  the 
is  the 
Ls the 
is  the 
is  the 
is  the 
is  the 
Is  the 
is  the 
is the 
is  the 
is  the 
is  the 
Is  the 
is  the 
is  the 
is  the 
is the 
is  the 
is  the 
is  the 

specif ic  heat  at constant  volume; 
tube d iameter ;  
a r e a  of a tube c r o s s  section; 
sect ion a r e a  cove red  with gas; 
flow rate;  
th ickness  of the gas layer ;  
acce le ra t ion  due to gravi ty;  
adiabatic  exponent; 
length of the heat  source  element;  
length of the gas  "tongue"; 
p r e s s u r e ;  
t he rm a l  flux densi ty at the wall; 
t h e rm a l  flux; 
net t he rm a l  flux {heat input) to the gas  "tongue"; 
t empera tu re ;  
p h a s e - t r a n s f o r m a t i o n  point; 
t e m p e r a t u r e  of m a x i m u m  specif ic  heat; 
wall t e m p e r a t u r e  at which v ibra t ion  begins; 
superheat  t e m p e r a t u r e  of the wall above the Tph point; 
volume; 
flow velocity;  
displacement;  
adiabatic compress ib i l i ty ;  
specif ic gravi ty;  
density; 
t ime;  
wave res i s t ance ;  
radian f requency.  

S u b s c r i p t s  

G r e f e r s  to gas; 
L r e f e r s  to liquid; 
c r  r e f e r s  to c r i t i ca l  level;  
0 r e f e r s  to normal  conditions; 
M r e f e r s  to m a x i m u m  p e r m i s s i b l e  value; 
max r e f e r s  to l a r g e s t  sect ion at hot end; 
cale  r e f e r s  to calcula ted value; 
exp r e f e r s  to t e s t  value; 
l ira r e f e r s  to l imit ing value; 
x r e f e r s  to a sect ion at dis tance x; 
2 r e f e r s  to two-phase  state;  

1. 
2. 
3. 
4. 
5. 
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