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Laminar  vapor flow in the evaporation, adiabatic, and condensation sections of a heat pipe 
is considered.  The problem is solved by using a pa ramet r i c  method. The solution r e -  
sulted in a graphoanalyt ical  method of determining the v a p o r - p r e s s u r e  loss in all sections 
of the pipe. 

Because of their  high reliabil i ty,  autonomy, and capacity to t ransmi t  large heat fluxes, heat pipes 
a re  being used more  and more  in various branches  of engineering. In a number of cases,  heat pipes are  
requi red  which operate  at re la t ively low tempera tu res ,  where the heat c a r r i e r s  a re  low-boiling-point 
fluids such as water  and ethanol. The vapor flow in all sections of the pipes hence turns out to be laminar .  
The v a p o r - p r e s s u r e  losses  in the separa te  sections must be known to determine the thermal  power t r ans -  
mitted by the pipe. As is known, a heat pipe consists  of an evaporation section, a t r ans fe r  section,  and a 
condensation section.  The evaporat ion and condensation sections can be considered pipes with porous walls 
through which vapor injection and suction, respect ively,  a re  accomplished.  The end-face walls and the 
walls of the t r ans fe r  sect ion a re  impermeable .  A number of authors [1-6] has investigated the problem of 
gas flow in a pipe with injection and suction. Thus, in [1-3] the sys tem of equations descr ibing incompres -  
sible fluid flow in a pipe with injection at the wall by using a par t icu lar  dependence of the s t r eam function 

reduces  to an ordinary differential  equation which is sotved for Rew by the method of small  perturbations 
for JRewl >> 1 and iRewl << 1, and the solution is la ter  extended to the whole range of Ile w numbers,  which 
does not have any foundation because of the poor eonvergence of the se r i e s .  The solution obtained in [2] 
for small  and large injection numbers  Re w is extended to a flow with suction, which is not valid, since, 
as has been r emarked  in [3, 4], the numerical  solution of the initial equation, as well as experimental  in- 
vestigations,  show that the velocity profi le  for large suction numbers  Rew is different f rom that which is 
presented in [4]. The papers  [5, 6] a re  devoted to a theoret ical  study of the influence of the establ ishment  
of hydrodynamic stabil izat ion on f r ic t ion on the condensation and evaporation sections in a pipe with suc-  
tion. The problem is solved in these papers  by a pa ramet r i c  method, whose crux is that the axial velocity 
is sought as a known function of the radial  coordinate with coefficients dependent on the coordinate axes.  
The advantage of this method is re la t ive simplici ty and good accuracy .  Among the disadvantages of these 
papers  should be the polynomial representa t ion  which, as the authors themselves  remark ,  descr ibes  the 
velocity profi le  poorly in a number  of cases .  Also without foundation is the use of differential together 
with integral  charac te r i s t i c s  to find the unknown coefficients,  which can resul t  in false resul ts ,  as the in- 
vest igation noted in [7, 8] showed. 

Under the assumpt ion of incompress ib i l i ty  of the vapor,  constant normal  iniection and suction along 
the length on the pipe wall, and constancy of the p r e s s u r e  along the pipe radius,  the sys tem of equations 
descr ibing the vapor flow is the following: 
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Fig. 1. Dependence of the fr ic t ion coefficient and p r e s -  
sure  loss on the number Rewe v on the evaporat ion sec -  
tion (dashed curve  is resul ts  of a computation for ~IIE v 
= 64). 

-with the boundary conditions: 

a) evaporation section, 
r = O Ou/Or = O; 

r=d/2  u = 0 ,  v = - - v w ,  x = O  u~-O, P = P 0 ;  

b) t r ans fe r  section, 

r = d ' 2  u = 0 ,  v = 0 ;  X=levP=Peev ,  U~Ueev; 

c) condensation section, 

r = d/2 u=O,  v = v~,; x -~ lev~, It = Uet, P = Pet" 

After  inser t ion of the dimensionless  functions and coordinates X = x/d,  r '  = 2r /d ,  u' = U/Vw, 
and elimination of the radial  velocity on the evaporat ion section, by omitting the Pr ime on the var iables ,  
the sys tem of equations (1) and the boundary conditions become 

I 

2 i" urdr = 4X, 
b" 

r 

0.  1 ~" i' ~" r d r :  ~ dP 4 i o {r ~ 
" ox ~ or ox - 2 e x  - ~ O o ~ v T  o-;-\ W ) '  

0 

p' ~- 2p/pV2w 

Oil 
r = 0  = 0 ;  r = l  u = 0 ;  X = 0  u = 0 ,  P=2Po/pV ~. 

Or 
Here Rewe v = --vwd/,; < 0. Let us solve (2) by the pa rame t r i c  method elucidated in [7, 8], for which we 
seek the axial velocity profi le in the form 

where Ue = Ue (X); 
tions: 

(2) 

. = ue (1 - -  r~), ( 3 )  

s = s(X) and the unknown functions Ue, s, P a re  found f rom the following integral  equa- 

I 

d I" u~'rdr==--i d P 4 _ _  . 3u! ~ " 
dX 4 " dX Rewev Or io' 

0 

L r I i 

0 0 0 0 

I 

2 j" ardr = 4X. 
0 

4IX / 1 (4) 

Substituting (3) into (4) and integrating, we obtain the sys tem of equations 
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Fig. 2. Dependence of the change in fr-iction coefficien~ 
along the length of the t r ans fe r  section (solid curves a re  
for ~Re v and dashes for s). 

ds _ (s-- 2)(s--1)3 I s2 - -2s - -5  2 s2--4 ] 
dX x (,~-- K~ -5_ ~ 2 (~ + 1) ~ ~ ~ ' 

dP _ _ _ 6 4 X [  s : - 2 _ _  X ds _s• 2 ] _  
dX s - - 1  2(s--  1)" dX Rewe v 

with the boundary conditions 

The axial velocity profi le  is 

X = 0  P = I ;  S ~ S  O. 

( 5 )  

u = 4 X  - s - 2  ( l - - r )  s, (6) 
$ 

and the local f r ic t ion coefficient is o.! 
16 Or ~=] _ 16(s~2)  . R%=--4XRe~e  v. 

; = - R e ~ u  2 . . . . .  1~eo 

It can be assumed  that the radial  velocity at the entrance to the evaporat ion sect ion depends only on 
the radial  coordinate,  and the axial velocity profi les presented in [2] can be used to determine the p a r a m -  
e te r  s 0. This assumpt ion  is not valid in di rect  proximity  to the end-face wall of the evaporator  sect ion of 
the heat pipe, where eddy zones can exist and the elucidated pa rame t r i c  method is not applicable. But as 
exact computations and the experiments  of some authors [9] show, this hypothesis can a l ready be used at 
a range of one cal iber  f rom the end-face wall. 

F r o m  the condition that the integrated motion pulse and the d i scharge  a re  constant for the velocity 
profi le  (3) and f rom [2], it is possible to determine s o as a function of the number Rewe v 

2 
s~  4 ~ for  iRew',<l, 

2 ( 1 ~  0.0278 Rewe#=- 0.0038 Refer) - i 

2 for  iRe~ > I. 
So = 2 4,43 I 

1 - - 1  

Solving the sys t em of equations (5), the dependences S(X), P(X), and the fr ict ion coefficient can be 
determined.  

The p a r a m e t r i c  method elucidated was used to solve a numerous class  of heat-exchange and fr ic t ion 
problems for laminar  fluid and gas flow in a c i rcu la r  pipe. The resul ts  of computations were  compared 
with known exact solutions and showed not more  than a 5-6% difference in the velocity profi les and not 
more  than a 3% difference in the fr ict ion coefficient.  

The solution of the sys tem (5) for  the range 0.5 > Rewe v > --104 and 0.2 < X < 100 showed that the 
p a r a m e t e r  s tends to its asymptot ic  value, dependent on the number Rewev, quite rapidly. Therefore ,  
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F i g .  3. D e p e n d e n c e  of the  change  in  p r e s s u r e  l o s s  
along, the  l eng th  of the  t r a n s f e r  s e c t i o n .  

s t r e a m  s t a b i l i z a t i o n  s e t s  in  qu i te  r a p i d l y  a long  the  l eng th  of the  e v a p o r a t i o n  s e c t i o n .  A c o m p a r i s o n  b e -  
t w e e n  the  v e l o c i t y  p r o f i l e s  and the  da t a  p r e s e n t e d  in  [2] showed  tha t  the  d i f f e r e n c e  does  not  e x c e e d  1-2%: 
S ince  v a p o r  f low a long  the  l eng th  of the  e v a p o r a t i o n  s e c t i o n  r e m a i n s  s i m i l a r ,  i . e . ,  d s / d X  = 0, then  the  
fo l lowing  s i m p l e  e x p r e s s i o n s  a r e  ob t a ined  to  d e t e r m i n e  s and P :  

R%ev = 4(s ~ - 4 ) ( s +  1) 2 . 
s (s 2 - -  2s - -  5) 

-- ( s + 2  s + 2  / (7)  Po P __ 32X 2 . . 
pv~ s 4- 1 R%ev ,' 
2 

T h e  s e l f - s i m i l a r i t y  on the  e v a p o r a t i o n  s e c t i o n  can  be  e x p l a i n e d  by  the  fac t  tha t  the  i n j e c t i o n  v e l o c i t y  on 
the  wa l l  a g r e e s  in  d i r e c t i o n  wi th  the  r a d i a l  v e l o c i t y  componen t ,  which  r e s u l t s  i n  an  i n c r e a s e  in  b o u n d a r y -  
l a y e r  t h i c k n e s s  and r a p i d  s t r e a m  s t a b i l i z a t i o n .  Th i s  d e d u c t i o n  abou t  t he  s t r o n g  l a m i n a r i z a t i o n  of the  
s t r e a m  is  c o n f i r m e d  by  the  e x p e r i m e n t s  of a n u m b e r  of a u t h o r s .  An  a n a l y s i s  of (7) shows  t ha t  s ~ 2 and 
~tle V ~ 64 a s  Rewe  v ~ 0 and s ~ 3.45 and ~Re v ~ 87.2 a s  R e w e  v ~ - -~o  Th i s  c o r r e s p o n d s ,  with high 
a c c u r a c y ,  to  a x i a l  v e l o c i t y  p r o f i l e s  in  the  c o r r e s p o n d i n g  l i m i t  c a s e s  U = 8X(1 - -  r 2) and U = 2~Xcos  ( , r /2)r  2. 
P r e s e n t e d  in  F ig .  1 a r e  the  c o m p u t e d  d e p e n d e n c e s  of the  qua n t i t i e s  s ,  ~t lev,  the  r e l a t i v e  p r e s s u r e  l o s s e s  
32[(P0 _ p) /p~2]  a s  a func t ion  of the  i n j e c t i o n  g e w e  v. P r e s e n t e d  t h e r e  fo r  c o m p a r i s o n  a r e  the  p r e s s u r e  
l o s s e s  c o m p u t e d  fo r  the  c a s e  wi th  i n j e c t i o n  fo r  ~tle v = 64. It i s  s e e n  tha t  the  d i f f e r e n c e  b e t w e e n  the  c u r v e s  
does  not  e x c e e d  10-12%. 

The  v a p o r  f low in t he  t r a n s f e r  s e c t i o n  of  a hea t  p i p e  i s  d e t e r m i n e d  by the  s h a p e  of  the  a x i a l  v e l o c i t y  
p r o f i l e  a t  the  e n t r a n c e  to  t h i s  s e c t i o n  and i s  d e s c r i b e d  by the  fo l lowing  e q u a t i o n :  

u . . . . . . . . .  ( 8 )  
OZ r Or OZ 2 d Z  '~ - -  r r Or 

0 

and the  b o u n d a r y  cond i t i ons  

r = O  Ou = 0 ;  r =  1 u = O ;  Z 0 u P=2Po /gU 2. ~ ~ U e e v ;  

H e r e  

Z = m X - - / e v  2r' u' 2P~ ev ud 
d R %  ; r =  d ~ ; u = _----u ; p -  ~ p  ue ," R %  = - - v  " 

T h e  s o l u t i o n  of (8) i s  p r e s e n t e d  in  [8], w h e r e  the  a x i a l  v e l o c i t y  p r o f i l e  i s  sought  in  the  f o r m  u = [(s + 2) 
/ s ] (1  - -  r s) and  s and  P a r e  found f r o m  the  s y s t e m  of equa t ions  

ds = 8  ( s + 2 ) 2 ( s ~  1)S(s--2)  

d Z  s (s 2 -'r 6s -'7 7) 

d P  ~ - - 2  [8 (s  i-2) 1 ds 1 
d Z  (s # I) 2 d Z  

(9) 
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Fig. 4. Dependence of the  change in fr ict ion coefficient 
along the length of the condensation sect ion for Set = 2.1 
(dashed curves  for t c / d  = 10 and continuous curves  for l c 
/ d =  50): 1) R e w c = l ;  2) 1,5; 3) 2; 4) 3; 5) 5; 6) 10; 7) 
20; 8)  50; 9) t00.  

with the boundary conditions Z = 0, P = 1; s = See v. Since the entrance profi le  on the t r ans fe r  section is 
the exit profi le in the evaporat ion section, then See v var ies  between 2 < See v < 3.45 for 0 > Rewe v > --~o 

The resul ts  of computing the p a r a m e t e r  s, the fr ict ion coefficient ~Rev, andthe p re s su re  loss along 
the pipe length a re  presented  in Figs.  2 and 3 for different values of See v. it is seen f rom the graphs in 
these f igures that as the fullness of these profi les  increases ,  i . e . ,  as IRewt I inc reases ,  the fr ict ion coef- 
ficient, the p r e s s u r e  loss,  and the initial sect ion of hydrodynamic stabil ization increase .  

Vapor flow on the condensation sect ion is descr ibed  by the following equation: 

Ou " 1 f Ou rdr- -  1 dP 4 1 0 ~r Ou ) 
u OX r O--X 2 dX + Rewc r Or \ Or (101 

0 

with the boundary conditions 

Ou OD 
r - ~  0 = O; r = I u - ~  O; X l ev -~  l t u. = u ~  ; P - -  ~ e t  

: 2 Or pvw 

If we go over  to a new axial coordinate y = l / d  --  X, then by using the pa rame t r i c  method elucidated 
above to solve (10), we obtain a sys t em of equat ions (5) with appropr ia te  boundary conditions, 

g ----- 0 s ~: set '  P = 2Pet/pV~, 

to determine the unknown functions s and P, where Rewc > 0. 

Since the condensation sect ion can be ei ther  di rect ly  behind the evaporation sect ion or  the t r ans fe r  
section, then the entrance profi le  on the condensation sect ion is the exit profi le on the t r ans fe r  or evapora-  
t ion,sect ions.  Hence, Set can va ry  between 2 and 3.45, which corresponds  to the two limit cases  at the 
entrance to the condensation sect ion:  stabil ized for Set ~ 2, which can be rea l ized either for low injec-  
tion numbers  Rewe v in the evaporat ion section, or for long lengths of the t r ans fe r  section, and Set ~ 3.45 
cor responds  to the velocity profi le when Rewe v --,_oo. 

The sys tem of equations (5) was solved for a broad range of var ia t ion of the pa rame te r s  Rewc, Set 

and / c / d .  

Computations showed that the p a r a m e t e r  s diminishes along the pipe length f rom Set to a value 

governed by the number  Rewe, where when l~ewc ~ o% s --* 0. 

Presented  in Fig. 4 a re  resul ts  of computations of the local f r ic t ion coefficient for different values 
of i c /d ,  Rewc. The computations show that the initial sect ion of hydrodynamic stabil ization can occupy a 
significant par t  of the length of the condensation section, depending on Set and Rewc. 

For  Rewc < 3 the initial s tabil izat ion sect ion occupies approximately one-third the whole length of 
the condensation section, and prac t ica l ly  the whole length for 3 < l~ewe < 20 for any values 2 < Set < 3.45 

and 10 < Lc/d < 100. 
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Fig. 5. Dependence of the p r e s -  
su re  loss  on t lewc in the conden- 
sa t ion  sec t ion  (dashed curve  is 
r e su l t s  of a computat ion for  i r e  v 
= 64). 

Flow s tabi l iza t ion  at some  length at the end of the condensa-  
t ion sec t ion  is obse rved  when Rewc > 20. These  computat ional  r e -  
sui ts  can be explained by the fact that the d i rec t ion  of the suct ion 
veloci ty  at  the pipe wall  is opposite to the d i rec t ion  of the s t r e a m  
rad ia l  ve loci ty  component  which c h a r a c t e r i z e s  the b o u n d a r y - l a y e r  
format ion .  These  two fac to r s  influence the shaping of the axial  
ve loc i ty  prof i le  opposi tely,  where  the fac tor  of an i n c r e a s e  in 
b o u n d a r y - l a y e r  th ickness  is p redominant  for Iow }lewc, and the 
p r e s s u r e  drops  along the length of the sec t ion .  Both fac tors  a r e  
apparen t ly  approx ima te ly  ident ical  for  the numbers  3 < Rewc < 20, 
and as has been  r e m a r k e d  on in [4, 5], the s t r e a m  becomes  un-  
s table ,  and the hydrodynamic  s tabi l iza t ion  sec t ion  can occupy the 
whole length. In this case (6) does not describe the velocity pro- 
file with the sign-varying curvature; hence, it is impossible to say 
anything about the presence of separation flows on the basis of the 
parametric method. 

Suction predominates over the increase in boundary-layer 
thickness in the case Rewc > 20, the vapor pressure along the 

length r i s e s ,  and hydrodynamic  s tabi l iza t ion  se ts  in at  some  length, i . e . ,  the flow becomes  s e l f - s i m i l a r .  
Computat ions show that s ~ 0 as Rewe ~ ~ and reso lv ing  the inde te rminacy  in the exp re s s ion  for  the axial  
ve loci ty  prof i le  (6) yields  

~ o  d s ~ o  . -d ' -  [ 1 - - r ~  T 2 ) r ~ l n r ) = - - 8  - -  X lnr. 

The f r ic t ion  coeff icient  va r i e s ,  correspondingly ,  between 87.2 and 32. It must  be noted that  s t r e a m  t u r -  
bul izat ion at the pipe wail can s t a r t  e a r l i e r  as the suct ion i n c r e a s e s ,  than for  flow in a pipe with i m p e r m e -  
able wal ls .  Hence,  the computat ions expounded above for  high numbers  can be used for  a smal l  en t rance  
neighborhood.  

Resul ts  of computat ions of the p r e s s u r e  loss  along the length of the condensat ion sec t ion  showed that 
the quantity 32(Pet - -  Pec) /Pu -2 depends only on the p a r a m e t e r  Set and the number  Rewc, which affords  the 
poss ib i l i ty  of const ruct ing a un ive r sa l  g raph  of the dependence of the p r e s s u r e  loss  on the numbers  l~ewc 
and Set (Fig. 5). P r e s e n t e d  the re  for  compar i son  a r e  r e su l t s  of computat ions for  gRev = 64, which show 
that  the d i f ference  can r each  30%. Hence,  p r e s s u r e  r e c o v e r y  occurs  on the condensation sec t ion  for  Rewe 
> 3 .  

On the bas i s  of the equality of the vapor  d i scharg  e through both hea t -p ipe  sect ions ,  it follows that in 
the t r a n s f e r  section 

Z---- I t - - ;  #t = - - 4  ievv~; R e v t = - - 4  leVR%e v Pt = Pev (11) 
dR% t d d 1 6 ( ~ v )  2 

and in the condensat ion sec t ion  

R e ~ c -  lev Refer; Pc = Pry (12) 
I c /~v ] 

The r e su l t s  obtained, p resen ted  in F igs .  1-3 and 5, can be used to compute the p r e s s u r e  loss  in the 
individual sec t ions  of the heat  pipe.  The method of computing the p r e s s u r e  Ioss  reduces  to the following 
for  given values /eV, / t ,  lc, d, G, P0 of the physical  p r o p e r t i e s  of the vapor .  

1. The Rewe V on the evapora t ion  sec t ion  is calcula ted and the values  of the p a r a m e t e r  s and the 
p r e s s u r e  Ioss  a r e  de te rmined  f r o m  the graph  in Fig.  1. 

2. The I tevt  and Z in the t r a n s f e r  sec t ion  for which the quantity Set and the p r e s s u r e  loss  a r e  d e t e r -  
mined f rom the g raphs  in Figs .  2 and 3 for  given Sev and Z a r e  calculated f r o m  re la t ions  (11). 

3. The t lewc is de te rmined  in the condensat ion sec t ion  by means  of (12), and then the p r e s s u r e  drop 
is found for  given Set, I tewc , / c / d  f rom the graph  in Fig. 5. 

The re fo re ,  this  method p e r m i t s  the de te rmina t ion  of the v a p o r - p r e s s u r e  losses  in s epa ra t e  sect ions 
of a heat  pipe with the influence at the en t rance  to each sec t ion  taken into account .  
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x, X = x / d ,  Z = x / d R e 0 t  
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d 

/ t ,  /ev, l c  

l 
P a n d p  
Rewe v = - -Rewc = --Vwd/,J , 
Reot =~d /~  

U 

G 

NOTATION 

is the axial coordinate; 
is the rad ia l  coordinate;  
is the d i a m e t e r  of the vapor  channel; 
a r e  the lengths of the evaporat ion,  t r a n s f e r ,  and condensat ion sec t ions ,  
r e spec t ive ly ;  
is the total  hea t -p ipe  length; 
a r e  the vapor  p r e s s u r e  and density;  

a r e  the Reynolds numbers  on the evaporat ion,  condensation, and t r a n s f e r  
sec t ions ,  r e spec t ive ly ;  
is  the mean  m a s s  flow ra te ;  
is the vapor  d i scha rge .  

S u b s c r i p t s  

W 

e v  

t 
C 

0 
e e v ,  et, ec 

is the pipe wall; 
is the evapora t ion  sect ion;  
is  the t r a n s f e r  sect ion;  
is the condensation sect ion;  
is the values  of the p a r a m e t e r s  at the en t rance  to the evapora t ion  sect ion;  
a r e  the values  of the p a r a m e t e r s  at the exits  f r o m  the evaporat ion,  t r a n s f e r ,  
and condensat ion sect ions ,  r e spec t ive ly .  

i, 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
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