
JOURNAL OF ENGINEERING PHYSICS 243 

DISSIPATION OF THE MECHANICAL ENERGY OF A SUBSONIC STREAM OF 
COMPRESSIBLE FLUID WITH CHANGE IN DIRECTION 

A. I. Volkov 

I n z h e n e r n o - F i z i c h e s k i i  Zhurna l ,  Vol. 1],  No. 4, pp. 447-454 ,  1966 

UDC 532.501.312 

An analysis is made of the influence of viscosity and themmal conduc- 
tivity of a compressible fluid on the process of dissipation of the me- 
chanical energy of a stream decelerated in a region where its direction 
changes. 

In the l i t e r a t u r e  r e l a t ing  to local  r e s i s t a n c e ,  t u rbu-  
lence is cons idered  to be the fundamenta l  and unique 
fac tor  r e spons ib l e  for  c r ea t i ng  r e s i s t a n c e  when there  
is a change i n d i r e c t i o n  of the s t r e a m  (both for incom-  
p r e s s i b l e  and for  c o m p r e s s i b l e  f luids).  The i m p o s s i -  
b i l i ty  of a ma thema t i ca l  ana lys i s  of its inf luence  on the 
p roces s  of mechan ica l  energy  d i ss ipa t ion  has led to 
the ca lcu la t ion  of local r e s i s t a n c e  with the aid of ex- 
p e r i m e n t a l  coeff icients  and to acceptance  of the view 
that tu rbu lence  of the s t r e a m  plays a dec i s ive  ro le  in 
the p roces s  of d i s s ipa t ion  of mechan ica l  energy  of a 
c o m p r e s s i b l e  fluid. 

A second fac tor  which may  be r e spons ib l e  for  d i s -  
s i p a t i o n - t h e  i n c r e a s e  in p r e s s u r e  in a reg ion  where  
the s t r e a m  changes d i r ec t i on - -has  been  noted,  but  has  
not rece ived  the at tent ion it d e s e r v e s ,  although for 
c o m p r e s s i b l e  f luids it should be dec is ive .  

The purpose  of the p r e s e n t  a r t i c l e  is to analyze  the 
inf luence of p r e s s u r e  i nc r ea se ,  in a reg ion  where  the 
s t r e a m  changes d i rec t ion ,  on the p roce s s  of d i s s ipa t ion  
of mechan ica l  energy of a c o m p r e s s i b l e  fluid. 

The p r e s e n c e  of g rad ien ts  along the y axis (Fig. 1) 
of the low p a r a m e t e r s  ( p r e s s u r e ,  t e m p e r a t u r e ,  and 
velocity} in the reg ion  of a change in d i rec t ion  a re  
evidence that there  is a p roces s  of t r a n s f o r m a t i o n  of 
the kinet ic  energy  of a s t r e a m  a r r i v i n g  at an obs tac le  
into p r e s s u r e  potent ia l  energy,  with subsequent  t r a n s -  
fo rma t ion  into kinet ic  energy of the s t r e a m  in the new 
d i rec t ion ,  i . e . ,  p roce s se s  without which it is impos -  
s ible  to explain the ve ry  p roce s s  of change of d i r ec t ion  
of the s t r e am.  The value of the p r e s s u r e  along the x 
axis in the above reg ion  is also di f ferent .  The p r e s -  
su re  at the point  b is l e s s  than at the point  a. T h e r e -  
fore  the plane of equal p r e s s u r e s  is  located at an an-  
gle fl r e la t ive  to the x axis ,  which, together  with the 
deformat ion ,  leads  to a d i sp l acemen t  of the specif ic  
volume along the x axis in the reg ion  of change of d i -  
rec t ion ,  because  of the p r e s s u r e  d i f fe rences  on the 
a r e a  e lements  f l  and f l '  of the e l e m e n t a r y  volume.  Be-  
cause  the equal p r e s s u r e  p lane  is inc l ined at an angle 
/3 to the x axis ,  the veloci ty component ,  which is at-  
tenuated by the t r a n s f o r m a t i o n  of k inet ic  energy  of the 
s t r e a m  a r r i v i n g  at an obstac le  into potent ia l  p r e s s u r e  
energy whi le  t r a v e r s i n g  a region  where  there  a re  g ra -  
dients  of the flow p a r a m e t e r s ,  m u s t b e  calcula ted f rom 

the fo rmula  
u = u~ s~n ( ' ~ - - D .  (1) 

The p r e s e n c e  of v i scos i ty  and t he r ma l  conduct ivi ty  
in a c o m p r e s s i b l e  fluid causes  d i s s ipa t ion  of m e c h a n i -  
cal  energy  of the s t r e a m  when it  t r a v e r s e s  a region  
where  there  a re  grad ien ts  of the flow p a r a m e t e r s ,  
i. e . ,  i r r e v e r s i b l e  p r o c e s s e s  t r a n s f o r m i n g  mechan ica l  
energy  of the s t r e a m  into t he rma l  energy.  

~3 Yob ~ 

Fig .  1. D i s t r i bu t ion  of the flow p a r a m e t e r s  in a 
r eg ion  where  the s t r e a m  d i rec t ion  changes;  1,2) 
the flow veloci ty  at the en t r ance  and exit  of the r e -  
gion, r e spec t ive ly ;  3,4) the s ta t ic  p r e s s u r e  along 

the x and y axes ,  r e spec t ive ly .  

We shal l  examine  the .p rocess  of d i s s ipa t ion  of me -  
chanical  energy of the s t r e a m  in pas s ing  through a r e -  
gion inwhich  there  a re  grad ien ts  of the flow p a r a m e t e r s  
f rom the point  of view of mo l e c u l a r  phys ics .  In the 
flow of a gas over  an obs tac le  the c o m p r e s s i o n  and ex-  
pans ion  is accompanied  by a t e m p e r a t u r e  change. The 
t ime in which this change occurs  is de t e rmined  by the 
d imens ions  of the obs tac le  and the s t r e a m  veloci ty .  If 
these t ime in t e rva l s  a re  equal to or l ess  than the r e -  
laxat ion t ime  r e q u i r e d  to es tab l i sh  equ i l i b r ium in all  the 
degrees  of f reedom of the molecu les  of the gas when 
there  is a devia t ion f rom the equ i l i b r ium condit ion,  
then the t r a n s m i s s i o n  of energy f rom the pa r t  of the 
gas which p o s s e s s e s  g r e a t e r  heat  capaci ty  to the pa r t  
p o s s e s s i n g  l e s s  heat  capaci ty  wil l  be  an i r r e v e r s i b l e  
p roces s  and the entropy of the gas wil l  i nc r ea se .  This  
is due to the v i scos i ty  and the rma l  conductivi ty pos tu-  
lated in gases  with v ib ra t iona l  heat  capaci ty .  When a 
sudden change in the p a r a m e t e r s  of the gas occurs ,  
the degrees  of f reedom of the molecu les  acqu i re  a n  
energy  level  c o r r e spond i ng  to the new state .  

The exchange of energy of t r ans l a t i ona l  and ro ta -  
t ional mot ion  of the molecu les  occurs  at a high ra te ,  
s ince  even s imple  co l l i s ions  between molecu les  lead 
to a subs tan t i a l  change in the i r  t r ans l a t i ona l  and ro-  
tat ional  motion.  On the other  hand, the p r oce s s  of r e -  
d i s t r ibu t ion  of v ib ra t iona l  energy  occurs  r e l a t ive ly  
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slowly,  s o  that equ i l i b r ium is c o n s i d e r a b l y  de layed  for  
this d e g r e e  of f r e e d o m .  T h e r e f o r e ,  the t r a n s l a t i o n a l  
and ro t a t iona l  d e g r e e s  of f r e edom a r e  ac t ive ,  whi le  
the v ib ra t iona l  is  inac t ive .  The in t e rna l  energy  c o r -  
r e spond ing  to the ac t ive  d e g r e e s  of f r e e d o m  changes  
a l m o s t  cont inuous ly ,  s ince  the t r a n s i t i o n  o c c u r s  at  
d i s t a n c e s  of the o r d e r  of s e v e r a l  m o l e c u l a r  mean  f r e e  
paths .  

AS' 

llTO ..r 
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F i g .  2. Dependence  of the r e l a t i v e  
en t ropy  i n c r e a s e  AS' on the ve loc i ty  
u ( m / s e e )  when the flow is b rought  

to r e s t .  

It may be shown that at  e v e r y  point  of a f r ee  s t r e a m  

e,, + p,p = ~a RT. (2) 

F o r  a d i a tomic  gas ,  fla = 7/2 .  
The ene rgy  of unit m a s s ,  c o r r e s p o n d i n g  to the in-  

ac t ive  d e g r e e s  of f r e e d o m  (e i = c v i T i )  , i s  not e a = 
= CVaT and i s  not n e c e s s a r i l y  a function of the  loca l  
t e m p e r a t u r e .  Dividing the spec i f i c  hea t  into p a r t s  
c o r r e s p o n d i n g  to the ac t ive  and to the inac t ive  d e g r e e s  
of f r e e d o m ,  we may  w r i t e  

Cv + eva  CV i '  

cp =. Cv a "t- Cv~ + R, 

%, = c% + R, (3) 

y ----- Cp/Cv, 

ya = cpJCv. (4) 

When the re  is  an abrup t  change in the p a r a m e t e r s  
of the work ing  subs t ance ,  and dur ing  e s t a b l i s h m e n t  of 
e qu i l i b r i um,  the t e m p e r a t u r e  c o r r e s p o n d i n g  to the in-  
ac t ive  d e g r e e s  of f r eedom wil l  depend on the c u r r e n t  
value of the t e m p e r a t u r e  a c c o r d i n g  to the law 

or,  
o--i- = z ( T  - -  r , ) .  (5) 

We shal l  examine  the 1)henomenon of relmxation in 
a s t eady  subsonic  s t r e a m .  If the x taxis is d i r e c t e d  
along the s t r e a m  tubes at a point whe re  the c r o s s  s e c -  
tion a r e a  is Fx,  then we nlay w r i t e  the equat ions  of 
mot ion ill the form 

p qFx = const, 

Oq 1 0 p  q - -  
OS p OS' 

cp, T + Cv~ T~ + @q~ = cp T o, (6) 

w h e r e  

OT 
p = o R T ;  q - ~ = z ( r - - r ~ ) .  

F o r  v e r y  rap id  c o m p r e s s i o n  

c% r 1 + @ q2 = c% T 2. (7) 

By r e p l a c i n g  Cp by epa,  the equat ions  r educe  to a f o r m  
s i m i l a r  to the usual  i s e n t rop i c  equat ions .  T h e r e f o r e ,  

'Va/(Va - 1 )  7 a 
P2/P~ = (TJTa) , P2/P~ = (9.-/90 �9 (8) 

We note h e r e  that  Ya > Y; this  i nd i ca t e s  that  t he re  a r e  
p r o c e s s e s  d i s s i p a t i n g  the me c ha n i c a l  e ne rgy ,  and that  
the re  is  an i n c r e a s e  of en t ropy .  The c o r r e s p o n d i n g  
en t ropy  i n c r e a s e  is 

CcvadT S dT, 
A S = J T + cvl "I'~ ' 

s ince  q = 0 in this  p r o c e s s ,  we m a y  w r i t e  i t  in the 
f o r m  

A S = R log (Polp~). (9) 

Taking  account  of the v i s c o s i t y  and t h e r m a l  eonduc-  
t iv i ty  of the work ing  f luid,  and us ing  the equat ions  of 
gas  d y n a m i c s ,  we a r r i v e  at  the equat ion of the ad i a -  
ba t ic  c u r v e ,  a l lowing fo r  the d i s s i p a t i o n  of m e c h a n i -  
ea l  energy,  

i.'r, --  " Ya:'(Ya-I ) 
PJPt = tJd'l O 

obtained by examin ing  the m o l e c u l a r  theory  of flow 
d e c e l e r a t i o n .  
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Fig .  3. T h e o r e t i c a l  (broken l ines)  and 
e x p e r i m e n t a l  (continuous l ines )  depen-  
dences  of the p r e s s u r e  l o s s  on the 
ve loc i ty  u ( m / s e e )  of s t r e a m s  of d r y  
a i r  with t e m p e r a t u r e  300 (1), 500 (2), 
700 (3) and 1000 ~ K (4), when the 

d i r e c t i o n  is  changed by 90 ~ . 

In o r d e r  to examine  the change in the p a r a m e t e r s  
of the work ing  fluid when it s lows down in the r eg ion  
of change in flow d i r e c t i on ,  a long each s t r e a m l i n e  we 
use  the f i r s t  i n t e g r a l s  of the equat ions  of cont inui ty ,  
momen tum,  and en t ropy  for  the plane s t a t i o n a r y  ca se ;  
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these  have the fol lowing fo rm [1] (with s u b s c r i p t s  1 
and 2 fo r  the in i t i a l  and f inal  s t a t e s ,  r e s p e c t i v e l y ) :  

92/ ' /2  = P l  U l ,  

4 0u 

dT ( u~ \ 
- ~ = p, ul  co, + T , J '  ( 1 0 )  

Br ing ing  in the t h e r m o d y n a m i c  r e l a t i o n  for  the 
enthalpy of a p e r f e c t  gas  

(o = V pV, (11) 
y - - I  

we s eek  a so lu t ion  in the f o r m  

Pl (i/ol)m = P., (I/92) m. (12) 

The so lu t ion  has  the fol lowing f o r m :  

In (F+C--Au~)--ln p, 
In ( l / ? , ) - - In  (u2/A) 

w h e r e  

=(F +C--Au~)(  A ) 

In (F+C--Au2)- - ln  p~ 
In ( /o~)-- n ( a / A )  

, (13) 

4 du A = pl ul; C = - -  ~I �9 F = p~ + pl u~. 
3 -dTx' 

In th is  c a s e  we a l so  a r r i v e  at  an equat ion of the P o i s -  
son type with an ad iaba t i c  exponent  which t akes  d i s s i -  
pa t ion  p r o c e s s e s  into account .  

The theory  of d i s s i p a t i o n  of the mechan i ca l  ene rgy  
of a subsonic  s t r e a m  of c o m p r e s s i b l e  f luid,  when it  
is  d e c e l e r a t e d  in a r eg ion  w h e r e  the s t r e a m  d i r e c t i o n  
changes  has  been  con f i rmed  e x p e r i m e n t a l l y  by Kan-  
t rowi tz  [2, 3], who inves t iga t ed  this  p r o c e s s  in a sub -  
sonic  c o m p r e s s i b l e  s t r e a m  of CO2. 

The  gas  was  a c c e l e r a t e d  f rom a s t a t e  of r e s t  in a 
r e s e r v o i r ,  and flowed at  subsonic  ve loc i ty  ove r  a to-  
ta l  p r e s s u r e  tube.  The length of the r e s e r v o i r  nozz le  
1as such that in i t  the gas p a r a m e t e r s  v a r i e d  v e r y  
, lowly in c o m p a r i s o n  with the r e l a x a t i o n  t ime ,  i . e . ,  

the p r o c e s s  was  i s e n t r o p i c .  On the o the r  hand, the 
flow was  d e c e l e r a t e d  abrup t ly  ahead of the to ta l  p r e s -  
s u r e  tube,  and the du ra t ion  of this  c o m p r e s s i o n  was  
c o m p a r a b l e  with the r e l a x a t i o n  t ime ,  a s i tua t ion  which,  
as  shown above,  l eads  to d i s s i p a t i o n  of the m e c h a n i c a l  
ene rgy  o[ the s t r e a m  and to an i n c r e a s e  in en t ropy .  
Tota l  head tubes  of two d i a m e t e r s ,  0 .46 and 0.76 ram,  
w e r e  used  in the e x p e r i m e n t .  F i g u r e  2 shows the r e -  
l a t ionsh ip  of AS ' ,  the i n c r e a s e  in en t ropy ,  as  d e t e r -  
mined by ca l cu l a t i ons  f rom the m e a s u r e d  p a r a m e t e r s  
of the work ing  fluid be fo re  s t agna t ing  in the r e s e r v o i r  
and a f t e r  s t agna t ing  at the total  head tube,  to the c a l -  
cu la ted  en t ropy  i n c r e a s e  which would be obtained if 
Lhe v ib r a t i ona l  d e g r e e  of f r e edom w e r e  c o m p l e t e l y  
f rozen .  

/ 
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Fig. 4. Dependenee of the entropy i,11~r~ase AS 
( J / k g  �9 deg) of a s t r e a m  of d ry  a i r  on i t s  v e l o c -  
i ty u (m/sec ) ,  when i ts  d i r e c t i o n  is  changed by  90~ 

The  d e c e l e r a t i o n  of a s t r e a m  of c o m p r e s s i b l e  f luid 
in the r e g i o n  of a change of flow d i r e c t i o n ,  when the 
v i b r a t i o n a l  d e g r e e  of f r e e d o m  is  " f rozen , "  p r o c e e d s  
along the Miche l son  l ine  

P--Pc P~--Po (Op)  - -  - -  - -  X 

V 1 - -  V 0 ~ y -  SA 

x (V- -Vo)+ =:-::.~I(V~--Vo)(V--Vo). (14) 
oVa] 

The p a r a m e t e r s  of the w ork ing  f luid change to a 
nonequ i l ib r ium s t a t e ,  d e t e r m i n e d  by a n o n e q u i l i b r i u m  
Hugoniot  cu rve  and then s lowly  change  to an equ i l ib -  
r i u m  s t a t e ,  d e t e r m i n e d  by  an e q u i l i b r i u m  Hugoniot  
c u r v e ,  whi le ,  in the absence  of " f r e e z i n g "  of the v i -  
b r a t i o n a l  d e g r e e  of f r e e d o m ,  the f inal  p a r a m e t e r s  of 
the  work ing  f luid would be  d e t e r m i n e d  by a P e i s s o n  
cu rve .  I t  should be  noted that  when the re  is  a change 
of the p a r a m e t e r s  of the work ing  fluid with " f rozen  n 
v i b r a t i o n a l  d e g r e e  of f r e e d o m  the f inal  e q u i l i b r i u m  
s t a t e ,  does  not  depend on the path  of the t r a n s i t i o n ,  
and is  d e t e r m i n e d  by the two c u r v e s  with c o o r d i n a t e s  
w, S, p a s s i n g  through the in i t i a l  s t a t e  point  of the p a r -  
a m e t e r s :  a) the cu rve  which is  the g e o m e t r i c a l  locus  
of the poin ts  r e p r e s e n t i n g  the s t a t e  of the work ing  
fluid in a s t e ady  flow when it  p a s s e s  through a r eg ion  
w h e r e  t he re  a r e  g r a d i e n t s  of the flow p a r a m e t e r s  and 
t h e r e  a r e  no e x t e r n a l  f o r c e s  be tween  the in i t i a l  and 
the f inal  s t a t e s ;  b) a cu rve  which is  the g e o m e t r i c a l  
r e p r e s e n t a t i o n  of the s imu l t a ne ous  so lu t ion  of the en-  
e rgy  equat ion for  the ad iaba t i c  c a s e  and the flow con-  
t inui ty  equat ion [4]. 

When the re  is  no " f r e e z ing"  of the v i b r a t i o n a l  de -  
g r e e  of f r e e d o m ,  the second cu rve  wi l l  be  i s e n t r o p i c .  
However ,  in p r a c t i c e  i t  is  d i f f icul t  to ca l cu l a t e  d i s s i -  
pa t ion  of me c ha n i c a l  ene rgy  with spec i f i c  va lues  of 
the g r a d i e n t s  of the flow p a r a m e t e r s  f o r  e v e r y  s t r e a m -  
l ine .  T h e r e f o r e ,  in ca l cu l a t i ng  the loca l  r e s i s t a n c e s ,  
whose  r e s u l t s  wi l l  be  p r e s e n t e d  be low,  the a s s u m p t i o n  
was  made ,  that  a l l  the s t r e a m l i n e s  have the s a m e  
va lues  of the g r a d i e n t s  of the flow p a r a m e t e r s .  

A second a s s u m p t i o n  made  in the ca l cu l a t i ons  p o s -  
tu la tes  that  the work ing  fluid r e t u r n s  a f t e r  d e c e l e r a -  
t ion to an e q u i l i b r i u m  condi t ion  in the r eg ion  w h e r e  
t h e r e  has  been  a change of d i r e c t i o n ,  i . e . ,  the d e c e l -  
e r a t i on  p r o c e s s  p r o c e e d s  a long an e q u i l i b r i u m  Hugo- 
niot  cu rve .  
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The ca lcu la t ion  was  p e r f o r m e d  a c c o r d i n g  to the 
fol lowing s cheme :  

1) ca lcu la t ion  of non i sen t rop ic  d e c e l e r a t i o n  of the 
flow in the change of d i r e c t i o n  r eg ion  a c c o r d i n g  to an 
equ i l ib r ium Hugoniot  cu rve .  

2) ca lcu la t ion  of the non i sen t rop ic  change of t h e  
p a r a m e t e r s  of the work ing  fluid dur ing  t r a n s f o r m a t i o n  
of the po ten t i a l  p r e s s u r e  energy  into k ine t ic  ene rgy  of 
the s t r e a m  in the new d i r ec t i on .  

The boundary  condi t ion in the p r o c e s s  of expans ion  
of the work ing  fluid in the new d i r e c t i o n  was  that  the 
two flow equa t ions - - the  cont inui ty  and ene rgy  equat ions  
(the c o n s e r v a t i o n  of momentum equat ion is  not  s a t i s -  
fied b e c a u s e  t he re  a r e  d i s s i p a t i o n  p r o c e s s e s ) - - s h o u l d  
be s a t i s f i ed  a f t e r  change of d i r ec t i on .  S imul taneous  
so lu t ion  of the cont inui ty  and ene rgy  equat ions  for  the 
c a s e  when the f i r s t  two t e r m s  on the le f t  s ide  of the 
equat ion r e p r e s e n t  the d i f f e r ence  in en t ropy  in a non- 
i s en t rop i c  p r o c e s s ,  g ives  the boundary  condi t ion  in 
the fo rm 

cp T~ - -  cp T 1 + u--~-J2 X 
2 

F i g u r e  3 shows the r e s u l t s  of ca lcu la t ion  for  
s t r e a m s  of d r y  a i r  of dens i ty  P ~ 19 k g / m  3 with tern-  
p e r a t u r e s  (300,700 and 1000 ~ t.~.), when the d i r e c t i o n  
is changed by 90 ~ F o r  c o m p a r i s o n ,  the c u r v e s  c a l e u -  
la ted f rom the e x p e r i m e n t a l  loca l  r e s i s t a n c e  coef f i -  
c ien ts  a r c  a l so  given.  The r e s u l t s  show that as  the 
t e m p e r a t u r e  i n c r e a s e s ,  the p r e s s u r e  l o s s  d e c r e a s e s .  
However ,  we should not  d raw the conc lus ions  f rom 
this that the r o l e  of the d i s s i p a t i o n  p r o c e s s e s  d e c r e a s e s  
as  the t e m p e r a t u r e  i n c r e a s e s  (this would be i l l og i ca l ,  
s ince  the v i s c o s i t y  and t h e r m a l  conduct iv i ty  of the 
work ing  third i n c r e a s e  as  the t e m p e r a t u r e  i n c r e a s e s } .  
The inf luence of the p r o c e s s e s  of d i s s i p a t i o n  of m e -  
chan ica l  energy  is e s t i m a t e d  by the i n c r e a s e  in the 
ent ropy of the flow, and, as is  seen f rom Fig .  4, the 
i n c r e a s e  in ent ropy is p r o p o r t i o n a l  to the s t r e a m  t e m -  
p e r a t u r e .  

The dependence  obtained of l o c a l  p r e s s u r e  l o s s e s  
on the s t r e a m  t e m p e r a t u r e  may be expla ined  by the 
fact  that in the p r o c e s s  of expans ion  of a s t r e a m  be ing  
d e c e l e r a t e d  in a r eg ion  w h e r e  i t s  d i r e c t i o n  is changedp 

fo rming  two s t r e a m s  with the s a m e  dens i ty  but d i f f e r -  
ent  t e m p e r a t u r e s  (and t h e r e f o r e  d i f fe ren t  p r e s s u r e s ) ,  
the change in dens i ty  of the s t r e a m s  will  not be the 
s a m e .  F r o m  the e x p r e s s i o n  

"'-@~ = (P: Pl)' v, 

i t  is  not d i f f icul t  to s ee  that the change in dens i ty  of 
the s t r e a m  with the lower  t e m p e r a t u r e  (and t h e r e f o r e  
a l so  with the lower  p r e s s u r e )  is  c o n s i d e r a b l y  g r e a t e r  
than the change in dens i ty  of the s t r e a m  with the h igher  
t e m p e r a t u r e .  The r e s u l t  is  that to c o n s e r v e  the con-  
t inuity of the s t r e a m ,  i . e . ,  to s a t i s fy  the equal i ty  
plu 1 = P2U2 = cons t ,  a l a r g e r  v e l o c i t y  mus t  be c o m m u n i -  
ca ted to the s t r e a m  with the l ower  t e m p e r a t u r e ,  b e -  
cause  pa r t  of the p r e s s u r e  poten t ia l  ene rgy  has  been  
t r a n s f o r m e d  into k inet ic  energy  of mot ion of the s t r e a m  
in the new d i r e c t i on ,  i. e . ,  the condi t ion of continuity~ 
a f t e r  expans ion  of the s t r e a m  in the new d i r ec t i on ,  
wi l l  be s a t i s f i ed  at  a s m a l l e r  p r e s s u r e .  

NOTATION 

a i s  the  angle  through which the s t r e a m  d i r ec t i on  
i s  changed;  P0, P0, To i s  the s tagna t ion  p r e s s u r e ,  
dens i ty ,  and t e m p e r a t u r e  of  the s t r e a m ;  p, p, T a r e  
the p r e s s u r e ,  dens i ty ,  and t e m p e r a t u r e  of the  s t r e a m ;  
u i s  the  flow ve loc i ty ;  c v ,  Cp a r e  the hea t  c a p a c i t i e s  
a t  cons tan t  vo lume and cons tan t  p r e s s u r e ,  r e s p e c t i v e -  
ly;  Ca, e i a r e  the  e n e r g y  of unit  m a s s  of the  ac t ive  and 
inac t ive  d e g r e e s  of f r e e d o m ,  r e s p e c t i v e l y ;  q i s  ene rgy  
suppl ied ;  7 / i s  k inema t i c  v i s c o s i t y ;  ~ i s  the  t h e r m a l  
conduct iv i ty ;  R i s  the  gas  cons tan t ;  S i s  the  en t ropy;  
Y i s  the  ad iaba t i c  exponent ;  X i s  the  de lay  coe f f i c i en t .  
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