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HEAT EXCHANGERS 

L. L. V a s i l ' e v  and S. V. Konev UDC 536.24 

Many ar t ic les  have been published in recent  years  on the subject of heater  tubes or, more properly,  
tubular heat exchangers (Fig. 1). These devices are of interest  to engineers on account of their design 
simplici ty and their  effectiveness in use as very  high conductivity heat t ransmi t te rs .  They operate on the 
principle that the thermal flux is t ransmitted through evaporation of a liquid in the evaporator  section and 
subsequent condensation of the vapor  in the condenser  section of the tube. A steady state m this p rocess  
is attained by having the vapor flow from evaporator  to condenser  through the center  duct, while the liquid 
condensate re turns  f rom condenser  to evaporator  through a capi l lary wick lining the tube wall. In the gen- 
eral  classification, tubular heat exchangers are devices with the ratio L/d > 10, i . e . ,  with a length much 
g rea te r  than the diameter .  In many eases ,  however, L/d < 10 and such devices are more proper ly  called 
vaporizing chambers .  

According to the temperature  range over which modern tubular heat exchangers and vaporizing cham-  
be r s  operate,  one distinguishes three c lass  of such devices:  

1. Low-tempera ture  tubular heat exchangers  and vaporizing chambers  for t < 400~ the heat is 
ca r r ied  here by cryogenic media (Freon, nitrogen, hydrogen, neon, ammonia, e tc . ) ,  water,  
solutions of salts, etc. 

2. Medium-temperature  tubular heat exchangers (400 < t < 1200~ liquid metals such as sodium, 
rubidium, cesium, etc. are  used here.  

3. High-temperature  tubular heat exchangers (1200 < t < 2000~ lithium, gallium, lead, indium, 
silver,  etc. are  used here.  

Vaporizing chambers  are commonly used in the low-tempera ture  range, while tubular heat exchangers 
are used p r imar i ly  in the medium- and high- tempera ture  ranges.  

The maximum thermal  power t ransmit table through a tubular heat exchanger is that at which des icca-  
tion of the porous wick in the evaporator  section begins while the wall temperature  increases  sharply. The 
evaporator  desiccation may be due to an inadequate t ransmit tabi l t ty  of the porous wick or due to a plugging 
up of the pores  by var ious  products of interaction between the heat c a r r i e r  and the wick or  the tube mate-  
rtal. 

Condenser Evaporator 
I 2 

3 

Fig. I. General view of a tubular heat exchanger: 1) 
outer shell; 2) vapor stream; 3) wick saturated with 
liquid. 
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In o r d e r  to fully de sc r ibe  the opera t ing  pr inciple  of a tubular  heat  exchanger ,  it is n e c e s s a r y  to f i r s t  
ana lyze  the p r o c e s s e s  taking place in the e v a p o r a t o r  and in the c o n d e n s e r  as  welt  as  in the t h e r m a l  insu la -  
tion and in the wick.  

The m a s s  t r a n s f e r  in a tubular  heat  exchanger  is effected by  a p r e s s u r e  gradient  r e su l t ing  f r o m  a 
t e m p e r a t u r e  grad ien t .  The t r a n s f e r  of t he rma l  ene rgy  o c c u r s  as  a r e su l t  of phase  t r ans i t ions  dur ing evap-  
ora t ion  and condensat ion .  

F o r  a s t e a d y - s t a t e  opera t ion  of a tubular  heat  exchanger ,  the p r e s s u r e  drop around a c losed  path in- 
side the tube mus t  b e Z P  = O, i . e . ,  

(Pv(e)-- Pv(c) + (Pv(c) -  Pl_(c)) + (PL(c) - -  PL(e)) + (PL(e)-- PV(c)) = O. 

At the same  t ime,  it is n e c e s s a r y  that 

APL(f) + APL(B)+ APv (a.r + in) ~ APcap" 

The act ion of c ap i l l a ry  f o r c e s  is d e s c r i b e d  by  the L a p l a c e - Y o u n g  equation: 

APcap = ~ " R" ' 

where  R '  and R"  are  the c u r v a t u r e  radi i  of the t h r e e - d i m e n s i o n a l  men i scus  su r face .  

If the liquid wets  the wick, then the contac t  angle is l e s s  than 90 ~ and, denot ing by R c and R e the c u r -  
va tu re  r ad i i  of the l i q u i d - v a p o r  in ter face  in the condense r  and in the e v a p o r a t o r  r e spec t ive ly ,  

2a 

PL(e) --P V(e) Re ' 

2(1 , 2(I 
APo~p- Re R~ 

When a tubular  heat  exchange r  o p e r a t e s  under  opt imal  condi t ions ,  the rad ius  of the v a p o r - l i q u i d  in- 
t e r f ace  in the c o n d e n s e r  tends toward  infinity R c --* % i . e . ,  a thin liquid f i lm f o r m s  on a flat  su r face .  

Then 

2a 2a 
hPcap = - -  ~-e = - -  R'mi-----n" 

The p r e s s u r e  drop APV a c r o s s  the v a p o r  phase in a tubular  heat  exchange r  is p roduced  by f r ic t ion  and 
iner t ia  f o r c e s  act ing when vapo r  f lows.  

The flow of v a p o r  in the e v a p o r a t o r  and in the c o n d e n s e r  of a tubular  heat  exchanger  can be c h a r a e -  
t e r i zed  by the rad ia l  ve loc i ty  U r and the axial  ve loc i ty  U x. In the t h e r m a l l y  insulated sect ion of a tube we 
will  c o n s i d e r  only the axial ve loc i ty  U x. 

We wil t  t r ea t  a tubular  heat  exchanger  as a cy l inder .  

The s t e a d y - s t a t e  N a v i e r - S t o k e s  equat ions in cy l ind r i ca l  coo rd ina t e s  a re  

8U~ c)U x 1 OP 

u ' - S + u x  ox = - 7 "  o-7 

+~  "--~r \ dr ] + ~  ' 

our OUr i OP 
a r T + u "  bx . . . .  p " or 

+ "  ~ " o-7 - - g i f t  

(1) 

(2) 
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The continuity equation is 

O(rUx) ..~ O(rUr) _ O. (3) 
ax Or 

Bearing in mind that the length of a tubular heat exchanger  is much g rea te r  than its radius, that the 
tube geomet ry  is fixed, and that the thermophysical  p roper t i e s  of the heat c a r r i e r  are  constant, we can 
simplify this sys tem of equations considerably:  

- - : - - P  / Or -}-Ux-~r ]-}-~ �9 O--~+~r2 ] ,  (4) OX 

OP 
Or 

( OU, OU, ~ {OW, 1 OU, W~) 
0 u , - ~ -  + u~ - ~ - / +  ~ k 0-~- + T �9 - a V - -  -h- , 

O(rU~) + O(rU,)  O. 

Ox Or 

The boundary conditions for  solving this sytem of equations can be specified as follows: 

at the tube wall 

Ur(e) = - -  UR, 

r = R ,  U~=O, Ur(i)=0, 

Ur(c) =UR, 

(2) 

(6) 

(7) 

along the tube axis 

r = O, U r = O, U x : 0 a t  x = 0.  (8). 

If we denote the length of the evapora tor  by le, the length of the thermal ly  insulated section by li, and 
the length of the condenser  by I c, then 

Ii = I e+ / i ;  12 = 11 -~- lo (9) 

The sys tem of par t ia l  differential  equations shown here  was t ransformed in [1] into ordinary dif feren-  
tial equations by introducing a flow function ~ which satisfies the continuity condition 

rU~ = O•lOr and --rU r ~ O~lOx, (10) 

and assuming that 

~ = C~ 4 x  ~ 

where ~ = (r/R) 2. 

Constants C i and C 2 are determined from the boundary conditions. 
function 

\ 

As a result, we have for the flow 

Then 

rain 

RxU:e 
* f (5). (12) 

f (~)~ 
R 

2 u X f, U x - f ( ~ ) ,  , ~  (~), (~3) 
-~-=1 

u, f' (~). (14) 
-K=l 

Inserting these expressions for the velocities (13) and (14) into the Navier-Stokes equation, we ob- 

OP 4R er  x [ UrR 
Ox = - -~  / (~)_~=~ R 4 [ [  (~-~-_.,~= q'" - ff") - -  2~ (~f'"f") (15) 
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OP _ U,p U ~  R ~2 

H e r e  Re r = U;R/v  is the Reyno lds  n u m b e r  f o r  r ad ia l  flow. 

D i f f e ren t i a t i ng  Eq. (15) with r e s p e c t  to ~ will  y ie ld  

d 

d[ 

In t eg ra t ing  this equat ion y ie lds  

or, using the Reynolds number Rer, 

2ff' ~ 2q" ) ] .  

[ ur____q_R ] 
- -  f (~)-~ =, (:" - ::") - 2 ~  (nV - f") = o .  

U,R 
f (~), - -  q" + # 9  - -  2~ (nf"' + :") = c '  

f" - -  ::"-- 2: (~). �9 -nl (n:'" + :'") = c". 

(16) 

(17) 

(18) 

(19) 

3, 4] f o r  the bounda ry  

(2O) 

The solut ion of this t h i r d - o r d e r  non l inea r  d i f fe ren t ia l  equat ion is given in [2, 
condi t ions  

/r  f ' ( 1 ) = 0 ,  if(0)----0, f ( 1 ) = 0 , 5 .  

In [1] is g iven the solut ion fo r  Re r >> 1: 

1 sin ~ + 1 I0 ,727cos2_ rl 
I ( ~ ) = T  2 -  ~ Re~ 

~ - - n - - n c o s ~ - n  + . . . - -  1.5-- ~ 2 ,1 �9 (21) 

F o r  l iquids  whose  v a p o r s  have a low dynamic  v i s c o s i t y  Eq. (13) can,  to the f i r s t  app rox ima t ion ,  be  
r educed  to an equat ion of the type 

f"  - -  [[" : C". (22) 

The  solut ion to this equat ion with the bounda ry  condi t ions  (7) and (8) is 

Combin ing  Eq. 
phase  in a tube: 

[ = - -  sin - -  ~. (23) 
2 2 

(15) and (16) yields the following expression for the pressure drop across the vapor 

AP v = P(O, r ) - - P ( x ,  r)=89vUr \ - ~ %  --}- 0,617 . (24) 

In the e v a p o r a t o r  

The  r a t io  of r ad i a l  ve loc i t y  Ur to mean  axia l  ve loc i ty  U x of the v a p o r  at the e v a p o r a t o r  out le t  can be  
obtained f r o m  the law of e n e r g y  e o n s e r v a t i o n :  

w__r_~ = ! " ~? 
U s 2 I e 

and ana logous ly  

Re~ 1 R 
Re~ 2 I e 

Let t ing  

Re= UxR 
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we have in the e v a p o r a t o r  

for Re >> i. 

5 , 3 .  @ )  9vUx~ (26) APV (e)= ( 1,234 + Rex 

In [5] the p r e s s u r e  drop a c r o s s  the evapora t ion  zone has been de t e rmined  as 

APv(e) -- R ~ 1 -t- -~-  Re, - -  3.16 & 0.056C 2 1 - -  . (27) 

In the t h e r m a l l y  insula ted  zone the hydrodynamic  flow of vapor  is analogous to the gas  flow in a tube 
with rough wai ls .  This  p r o c e s s  can be descr ibed ,  in the ease  of l a m i n a r  flow, by the Po i seu i l l e  law: 

X 

Accord ing  to [5], the p r e s s u r e  drop a c r o s s  the vapor  phase in the t h e r m a l l y  insulated zone is 

30li 
16U.,l. i [ O. 1Re, 1 - -exp  - ~ e ; ) -  

APv(i)-- ~ 1 +  5Re r+18  I i(RReO -1 

1 - -  exp (. 30 (x--I e) 
16UD1 (x - -  l e) I. 106Re, \ R Re,~ (29) 

- -  Re~x 1@ 1 8 + 5 R e /  " ( X - - l e ) ( R R % )  -~ 

In the condensa t ion  zone of a tube the condensa t ion  p r o c e s s  is to some extent  s i m i l a r  to suct ion through 
a porous  wall .  Dur ing  condensa t ion  of vapor  f r o m  a l a m i n a r  boundary  l aye r ,  the p r e s s u r e  drop is much 
s m a l l e r  than in the same  tube without  condensa t ion  or  suct ion and, t he r e fo r e ,  one may d i s r e g a r d  it and con-  
s i de r  the p r e s s u r e  in the c o n d e n s e r  to be cons tan t  and equal to the vapor  p r e s s u r e  at the c o n d e n s e r  inlet.  

In this way, the p r e s s u r e  drop a c r o s s  the vapor  phase in a tube with a l amina r  flow can be e x p r e s s e d  
as fol lows:  

' R% R " v \ R Rex J 

o r  

AP v - 8Uglle II-}- 7 @0.056C2]+ R 2 - [  ~- R 2 --9-- Rer-- 3.16 16U~l/i [1 

1 - -  l 30li 

18 @ 5Re r /'i (R Rex) - i  J 

[ 1 - -exp  ( 3 0 ( x - - l e ) )  
16U~l (x - -  le) 1.106 Re r R R% 

Rd 1 + 1--8 + 5Rer ( x - -  le) (R R O  -1 
(31) 

To a rough approx imat ion  for  long tubes,  when l i >> le, one may d i s r e g a r d  the p r e s s u r e  drop in the 
e v a p o r a t o r  as wel l  as in the condense r ,  and then 

AP v = AP v (~). 

If the Po i seu i I l e  law is a s sumed  valid he re ,  then 

kp  v _ 8,ul . ~R 4 t" (32) 

F o r  tu rbulen t  vapo r  flow [n a tubular  heat  exchange r  the p r e s s u r e  drop is d e t e r m i n e d  as  fol lows:  

[n the e v a p o r a t o r  

4.45Ux 9rUff e 
APv (e)= R (33) 

and, considering that 

Ur _ 0.5.RR, 
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then 

AP v (i) = 2.239vU~; (34) 

in the thermal ly  insulated tube section, according to the Blasius formula, 

/41 
V "i . ( 3 5 )  APv ( i ) :  0.0107, ~R19/4 , 

Vv 

and in the condenser  

AP V (c)~ 0. 

Therefore ,  the total p re s su re  drop across  a tube with a turbulent vapor flow is 

= 4.45PvUx-~--- �9 + 0.0107 IOvRIg/4 . (36) 
Ap v - 2  Ur le ~tl/4l 

u. -R 

Until now we have considered only the effect of friction fo rces  on the hydrodynamics of vapor flow in 
heater  tubes. When the velocity of vapor approaches the velocity of sound, however, it becomes neeessa ry  
to also consider  the forces  of inertia. 

The velocity of sound presents  probably also one of the basic limitations on the t ransmiss ion of large 
thermal  fluxes along a tube, since shock waves may be generated as the velocity of sound is approached 
and the passage at the evaporator  outlet may become plugged. 

The p ressu re  drop ac ros s  the wick is found according to the formula:  

A P  L = kl] ~L (37) 
PL 

At the present  time, porous wicks are designed in the form of metallic mesh pieces braided one to 
another or in the form of m e t a l - c e r a m i c  sleevings (such wicks are used especially in low- and medium- 
temperature  tubular heat exchangers).  One must, therefore,  know the conditions of liquid flow through a 
porous wick. 

In several  ar t ic les  on the subject of liquid flow through a porous material  this flow has been assumed 
to be laminar  (Poiseuillian) through the pores  and the formula  for laminar  flow of a viscous liquid in a cy-  
lindrical tube 

Ap E = 8VL l] (38) 

has been used. 

This is not quite co r rec t .  During capi l lary suction the velocity at the wail can be considerably dif- 
ferent  f rom zero.  

The flow of liquid through a porous body due to a gradient  of total p ressure  is more cor rec t ly  de- 
scribed by the generalized Darey law. For  the one-dimensional  case this law can be written as 

JL = - -  k (0) grad O, (39) 

and for a horizontal flow of a liquid or for the flow of a weightless liquid this becomes simply 

kpL dP 
]:L ~'~ ~tL dx (40) 

In actual heater  tubes the assumption of a one-dimensional  flow through the wick is by far not always 
admissible.  Par t icu lar ly  for thin porous wicks, when the vapor velocity is high, it becomes necessa ry  to 
account for its interaction with the liquid near the surface (wave formation at the surface) and this affects 
the velocity distribution in the liquid ac ros s  the wick section. 

For  this reason,  one must distinguish at least two velocity components in the liquid: 

vx=_k.~ v = _ k  ap. 
Ox Oy 
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Vapor region 

Liquid - vapor interface Vapor flow 
"(Pv)~ 

(Pvh ~ .  

(PL)2 Wick L, Liquid flow ~ (PL)I 
, / / / / / / / / / / / / / / / / / / / 1  

'. i qirt qout 
Condenser . Evaporator ~ 

Fig. 2. Simplified model of a hea te r  tube. 

When the wick is thin, x << R, then the flow of liquid through it is descr ibed  by the Poisson equation: 

[ O~P 02p 

Ox + Oy ( 4 1 )  

This  effect  is d i s regarded ,  however,  in wick design calculat ions.  The mos t  commonly  used equation of 
mass  t r an s f e r  through a porous  body is [6]: 

0--0-0 + z' 020 -- div (am grad 0), (42) 
aT &2 

where  a m = k(04,/O0) is the hydraulic diffus[vity, 

p 

(l) = h f dP "@ 
p~ P!. 

The use of Eq. (42) is espec ia l ly  important  for analyzing the rmal  shock p r o c e s s e s  in tubular heat 
exchangers  placed in the field of gravi ty ,  when the supplied heat causes  an intensive evaporat ion of the 
liquid and when the condensate  flows through an unsaturated porous  wick at a finite velocity.  

In s e v e r a l  c a se s  where  the t e r m  r '  (020/0r 2) is negligible Eq. (42) can be s implif ied into 

O0 _ div [am grad 0] -[- Ok (0) (43) 
& Ox 

In o rde r  to solve this equation, it is n e c e s s a r y  to know the quanti t ies a m = f(0) and k = f(0) for any 
speeiftc porous  ma te r i a l .  

The nonl inear  di f ferent ia l  equations (42) and (43) are ve ry  difficult to solve not only by analyt ical  but 
also by numer ica l  methods,  because  am(0 ) and k(0) a re  highly nonl inear  and also because  there  is a l a rge  
di f ference  between the initial and the subsequent  r a t e s  of suction. A numer iea l  solution of the p rob lem con-  
eern ing  two-dimensional  m a s s  t r a n s f e r  through porous  media  has been shown in [7]. 

Often an exponential approximat ion of am(0) is used. Equation (43) can then be rewri t ten  as 

[ 0 ~176 ] dO 0 c exp (44) 
& ax -07xj 

and, there fore ,  be r ep resen ted  in the fo rm:  

Ax2 (0~ +1 + 0~) = exp (0i~l) (0ir - -  07) - -  exp (0i~__1) (0~ - -  0i~ ), (45) 
At 

making it poss ib le  to calcula te  0; +t, 

In o rde r  to dese r ibe  the p r o c e s s  of m a s s  t r a n s f e r  through a porous  wick of a hea te r  tube, it suffices 
to apply the equations of f i l t ra t ion to the t r a n s f e r  of a liquid 

div 9k (V P@pV h) = r-i o.~ 
n 

where  am(0 ) and k(0) are assumed  constant.  

409 



H / 

r~ iFt Ft I /  e 

Fig. 3. Schematic diagram of the experimental apparatus: 
1) glass housing; 2) wick; 3) heater; 4) cooler; 5) glass 
cover; 6)manovacuomeLer; 7) electric power supply; 8) 
wattmeter;  9) adiabatic case; 10) differential  thermocouple; 
11) photo-compensation amplifier; 12) power amplifier; 13) 
thermal  insulation; 14)prevacuum pump; 15) vacuum pump; 
16) nitrogen trap; 17)vacuometer;  18)vacuometerpickoffs;  
19) thermocouples; 20) low-resis tance potenttometer; 21) 
automatic recorder;  22) thermocouple reference junction. 

For  a homogeneous 
comes 

-;-" a-T -T -  -~-~+ a ~ j ] + 7  -~- , +P 

§ k ~ + p ~  = l l  , 

liquid in an isotropic porous mater ia l  this equation in cylindrical  coordinates be- 

(47) 

where r is the suction potential. 

If density p depends on pressure  only, then potential r and Eq. (46) can be used: 

div( p2/~Vl VCD)=l..l_~" (48) 

For  s teady-s ta te  conditions, with k and rl constant, Eq. (48) becomes the Laplace equation: 

V2(I) = 0. (49) 

Its solution is 
� 9  = Cx. (50) 

In order  to optimize the performance of a tubular heat exchanger, one often designs the wicks with 
s t ruc tu ra l -mechan ica l  propert ies  which vary  along a space coordinate, since optima[ condensation in the 
condenser and optimal evaporation tn the evaporator require different pore sizes.  For  variable permeabi l -  
ity which is a function of a coordinate, then, the Laplace equation becomes 

dx 

If we introduce a new space variable /3, then Eq. (51) can be redueed to (49) and 
X 

~dx (52) r162 fl= ~ - .  
xo 
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TAB LE 1. 

u ids  

Heat carrier 

Ammonia -30~ 
Water 20~ 
Methanol 20~ 
Acetone 2O~ 
Ethanol 20~ 
H 2 20~ 
He I 3~ 
He II 2~ 
He II 1. 5~ 
Freon-12 0~ 

Ca lcu l a t ed  Va lues  of Coe f f i c i en t  K fo r  L o w - B o i l i n g  Ltq-  

TboiI,~ p, g/cm3~,g/crn'sec ~ 
239,76 0,702 
373,16 0,998 
337,67 0,795 
329,26 0,790 
351,46 0,789 
20,28 0,0714 
4,22 0,1425 
- -  0,1468 

0,1468 
24~,2 1.394 

r', erg/g 

83.10-6 
1005.10 -s 
5840.10 -e 
3250.10 "e 
6950.10 -~ 

140.10 "6 
33.10"~ 

9,4.10 -6 
1,74.10 -s 
2750.10 -6 

32,8 1358 .I0 ~ 
73 2450 -10 T 
22,6 1177 .10 T 
23,7 522 .10 T 
22,8 919,6.107 
2,52 454 
0,22 23,6 
0,31 23,3 
~ ,33 22,5 

1 154,5.104 

k=p(~r  1 

/ 0, g/sec 3 

3635-101~ 
1780.101~ 

36.10 v~ 
30,4.i0 r~ 
24,4" 10 I~ 
521. l03 

22,4-10 ~ 
1 1 3 .  l 0  s 
606. lO s 

9,37. I0 w 

D i s r e g a r d i n g  

�9 and its so lu t ion  is 

the e f f ec t s  of g rav i ty ,  we can w r i t e  Eq. (51) as  

dx 
(53) 

APL = P -  P0 : c~. (54) 

An e s s e n t i a l  r o l e  in e n s u r i n g  op t ima l  o p e r a t i n g  condi t ions  is  p layed  by the c o n d e n s e r  s ec t ion  of a tubu la r  heat  ex -  

c h a n g e r .  Its s u r f a c e  a r e a  mus t  be su f f i c i en t ly  l a rge  to e n s u r e  that  a l l  the v a p o r  fed to it c o n d e n s e s  and the 

p o r o u s  wick  mus t  have  c h a r a c t e r i s t i c s  which wi l l  e n s u r e  that  a l l  the condensa t e  is r e m o v e d  and c a r r i e d  to 

the e v a p o r a t o r .  

Let us c o n s i d e r  a s i m p l i f i e d  mode l  of the wick  in the c o n d e n s e r  s ec t ion  of a tubu la r  heat  e x c h a n g e r  

(Fig.  2). We a s s u m e  the wick  to be  r ig id  and i s o t r o p i c  with a p o r o s i t y  f ac to r  II, we a l so  a s s u m e  a cons t an t  

t e m p e r a t u r e  a long the e n t i r e  c o n d e n s e r  length and, t h e r e f o r e ,  a cons t an t  p r e s s u r e  PV (c)" The  c u r v a t u r e  

r ad ius  of the v a p o r - l i q u i d  i n t e r f a c e  is 1={ c. 

The c o n d e n s a t e  f lows through the c o n d e n s e r  wick  at a mean  v e l o c i t y  UL, whi le  t h e r e  is no h y d r o -  
dynamic  i n t e r ac t i on  be tween  the v a p o r  s t r e a m  in the tube c o r e  and the condensa t e  s t r e a m  tn the p o r o u s  

wick.  The t h e r m a l  flux is cons tan t  along the e n t i r e  c o n d e n s e r .  

We unro l l  the p o r o u s w i c k  in the c o n d e n s e r  into a f lat  p la te  and we c o n s i d e r  the  m a s s  ba l ance  in an 

e l e m e n t  of t h i c k n e s s  dx, wid thb ,  and height  a. The  t r a n s v e r s e  c r o s s  sec t ion  a r e a  is S = ab. 

The  s t r e a m  of l iquid l e av ing  such an e l e m e n t  is 

As a r e s u l t  of condensa t ion  hav ing  o c c u r r e d  on s u r f a c e  S, 

I = I ,  + Iv ,  (56)  

w h e r e  I V = P v U v b d x .  

The equa t ion  of m o m e n t s  on th is  e l e m e n t  in the x - d i r e c t i o n  is 

AM P L__L. d(UL) ~ dx. (57) 
g dx 

The m o m e n t  on the l iquid in a p o r o u s  wick  changes  on account  of f r i c t ion  and i n e r t i a  f o r c e s  ac t ing  on 
the f lowing l iquid,  E F  = AM. 

If the c u r v a t u r e  r ad ius  of the v a p o r - l i q u i d  i n t e r f a c e  is R at the e n t r a n c e  to the e l e m e n t  and R + dR 

at the exi t  f r o m  the e l e m e n t ,  then the f o r c e  d r i v ing  the l iquid - a r e s u l t  of the p r e s s u r e  g r a d i e n t  (an e f fec t  
of the c a p i l l a r y  potent ia l )  is  

2c~ dR 
F . . . . .  n s .  (58) 

R R 
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This driving force is balanced by the friction forces  

F f = 1-IS d PP dx. 
dx 

(59) 

Assuming that the liquid flows through the wick according to Darcy (40), we have 

2a dR 9L d(UL) ~ dx. (60) kv l L dx + S - -  = 
R R g dx 

We now consider the heat balance in a condenser. 

Let Q1 = ILhL be the quantity of heat supplied to surface S of a wick element by convection, Q2 = Ivhv  
be the quantity of heat supplied to the wick surface bdx by vapor condensation, Q3 = qbdx be the quantity of 
heat ca r r ied  off the outer surface bdx of the wick, and Q4 = ILhL + dlLhL/dX be the quantity of heat ca r r i ed  
off the wick element through surface S. Then 

Q1 + Q~ = 03 + Q~, (61) 

ILh L q- Ivhv = qbdx + I h -' d(/L-b--hL) dx. 
L L x dx  

After simple t ransformations,  we have 

dUL qb qb 
dx PL (hv-- hL ) I-IS pLYISr 

Integrating (63) yields 

UL qb 
PL I-ISr 

(62) 

(6~) 

(64) 

and, since I L = PLIISUL, 

I L ~- qb x .  
t" 

(65) 

Insert ing Eq. (64) into (60) and integrating , we obtain 

l c R i  

S IcY qb 'xdx+ I S 2a . R R 

0 R C 

Considering that l~ c --* % we have after integration: 

kqbv I~k - -  S 2a = - - 2  
r 2 Ri 

1 C ! , ( b)2 2 T j   dx. (66) 

9cg [ISr ] 2 ' (67) 

= [ 8 2 o  1 ] -  (68) 
[ R, + , (qb ,,,2 I c 

r 9Lg \ 1-ISr ] 

F12S2rv+I]Sr(k29rLg~iq2S,Zv 2 S )2, (69) 
q = --  kPLg 2 ~  - ~ -  + 2~9Lg ~Rile 

tc 
qbdx = -  kPL gI-I2S2r Icy --  FISr (VIckgLgl-IS)Z + 2apLg R[ j (70) Q c = - - .  2 

o 

If the energy and the mass  balance in the evaporator  section of a tubular heat exchanger are  t reated 
analogously, then one can determine the maximum evaporator  length l e for  a given thermal  flux density at 
the evaporator  wall q or  the maximum thermal power Qmax which can be drawn f rom the evaporator  with 
a give,', wick geometry.  It is assumed here that evaporation takes place at the wick surface and that the 
heat i , supplied to the evaporation zone by convection through the porous wail. Then 

[ ( )] le = - b btL ' ' 
Riqb 2 + k 

rp L S[I~ ~ L  

(71) 

412 



o,s 

a25 5 

h 

201 

'a 

f 

d 

i / ' ' " / . /  ~  ~ 2 ' 
o 3 

46' 50 /: 
o,z g, o,e g/, 

Fig.  4. Cu rves  of c a p i l l a r y  suct ion kinet ics  for  v a r i -  
ous po rous  m a t e r i a l s :  1) g l a s s  f ibe r  wick; 2) Alundum 
w i e k w i t h  ethanol; 3) e thae ry l  wick with ethanol; v (era 
/see) ,  h (cm), t (lain), and 1/h  (cm-*). 

Qe = - - k  EL-- qFl~Srl e - -  l~grI~S y p.Ll~e ] , 
4 gFPR i , 

R i = 2g~176 
PLghmax 

(72) 

Usual ly  I1 i is found e x p e r i m e n t a l l y  f r o m  the height  of the liquid r i se  in the po rous  wick.  

F o r  a given t h e r m a l  flux q and given wick d imens ions  (S, It, b), t he re fo re ,  we know the n e c e s s a r y  con-  
dense r  length 1 e and e v a p o r a t o r  length Z e. Fo r  the final de t e rmina t ion  of the t h e r m a l  flux through a tube of 
given d imens ions ,  however ,  one mus t  take into account  the length  of the t h e r m a l l y  insulated heat  exchanger  
sec t ion  and the tube posi t ion in the field of g rav i ty .  

F o r  l a m i n a r  vapo r  and liquid flow: 

F r o m  this:  

i = _ _ _ _  

ZXPca p >~ k P  9- @ AP L @ zXPB 

( 5.3 /e ) I j.aq_8 1 i I ] 2 + k l v L J q T ( g L _ _ P V ) g l s i n ~ z "  (73) 
= 1.9.34 + Re---7- R Pv RR% Ov 

2M i TU [  0L/ 

,Or) g ]  ]'/= 
1 - - ~ L  g l s i n ( z - F h m a , - ~ o  ( OVl/ ,  

M / PL / J  
(74) 

M = 1.234 q- 5'31e q- 8/i 
R R% 

l = leq- i t +  It. 

Accord ing ly ,  the t he rm a l  flux t r a n s m i t t e d  through the tube is 

q = j r .  (75) 

In o r d e r  to s tudy the heat  and the m a s s  t r a n s f e r  p r o c e s s e s  in l o w - t e m p e r a t u r e  tubular  heat  exchan-  
ge r s ,  the au thors  have developed an expe r imen ta l  appa ra tus  (Fig. 3) cons i s t ing  of a qua r t z  tube l = 48 era, 
d, = 37 mm,  d 2 = 32 mm,  and fused at one end. An e l ec t r i c  hea t e r  in an adiabat ic  ease  was  p laced at the 
fused end of the tube. A c o o l e r  - a heat  exchange r  - was  p laced  at the o ther  end of the tube. Liquid at a 
t e m p e r a t u r e  of 10~ was  fed into the heat  exchange r  f r o m  a p r e c i s i o n  t h e r m o s t a t .  The power  pas s ing  
through the tube was  m e a s u r e d  with a w a t t m e t e r ,  power  was  a lso  m e a s u r e d  in the c o n d e n s e r  fo r  con t ro l  
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F ig .  5. T e m p e r a t u r e  d i s t r ibu t ion  along the tubular  heat  exchanger  su r -  
face with: a) ethanol; 1) 5 W; 2) 13 W; 3) 18 W; 4) 20 W, power t r a n s -  
mi t ted:  b) water;  1) 6.5 W; 2) 28 W; 3) 75 W; 4) 125 W, power  t r a n s -  
mit ted.  (Solid l ines  r e f e r  to the tube sur face ,  dashed l ines r e f e r  to the 

vapor  phase . )  l (cm), T (~ 

Fig.  6. Effect ive t he rma l  conduct ivi ty of tubular  heat  exchanger  as a 
function of t r ansmi t t ed  power:  1) ethanol; 2) wa t e r ,  k (W/m .~ P(W). 

pu rposes  with the rmocoup les  instal led at the inlet and at the outlet .  
fo rmula :  

Q = Ocht, 

The power  here  was ca lcu la ted  by the 

(76) 

with At denoting the t e m p e r a t u r e  drop.  

The t e m p e r a t u r e  d is t r ibu t ion  along the tube wall  was m e a s u r e d w i t h  11 c o p p e r - e o n s t a n t a n  t h e r m o -  
couples  feeding s igna ls  into the automatic  r e c o r d e r .  

The vapor  p r e s s u r e  in the condense r  was measu red  with a s tandard  vacuomete r .  

tn o r d e r  to reduce  the heat  l o s se s ,  the tube was placed under  a g l a s s  cover  with the p r e s s u r e  r e -  
duced to 10 .4 mm Hg. A meta l l i c  shield was placed inside'  the cover  so as to supp re s s  the rmal  radia t ion.  
Water  and ethyl alcohol were  used as the working l iquids,  the i r  c h a r a c t e r i s t i c s  being l i s ted  in Table 1. 

The wick was made of s in te red  g l a s s  f iber  in the shape of a cy l inder .  It was fabr ica ted  as follows. 
Asbes tos  yarn  was wound on a meta l  tube, then g lass  f iber  on top of it along the tube making the outer  d i -  
a m e t e r  of the coi l  equal to the inner d i a m e t e r  of the quartz  tube and the coi l  th ickness  3 mm. The wick 
was then placed in a mold, to equalize the t empera tu re  d is t r ibu t ion ,  and put in a shaft furnace at 800~ 
After  s e v e r a l  minutes  of heating the furnace was switched off and the wick was cooled in it for  4 h. Sub- 
sequently,  the wick was ground and its ends cut off, it was  then sl ipped off the meta l  tube for  inspection of 
its c a p i l l a r i t y  and po ros i ty  as well  as for  measu r ing  the the rmal  conduct ivi ty of the ma te r i a l .  The final 
po ros i ty  was 11 = 29.9%, the max imum c a p i l l a r y  r i s e  was 20 cm for  alcohol, and the f iber  d i a m e t e r  was 
10 pm.  Curves  of suction k ine t ics  for  c a p i l l a r y - p o r o u s  m a t e r i a l s  a r e  shown in Fig .  4. An ana lys i s  of 
these curves  wi l l  show that a w i c k w i t h  a longitudinal c a p i l l a r y  s t ruc tu r e  (glass  fiber) has  be t t e r  c h a r a c -  
t e r i s t i c s  than a wick with a composi te  l o n g i t u d i n a l - t r a n s v e r s e  c a p i l l a r y  s t ruc tu re .  

The tube for  this  exper iment  was p r e p a r e d  by a spec ia l  technology. The liquid was poured into the 
tube held in a v e r t i c a l  posi t ion.  Vapors  of the liquid and uncondensable vapors  in a i r  were  removed  by a 
vacuum pump, whereupon the hea te r  was switched on. The vacuum pump was run for 20 min. In o r d e r  to 
p reven t  vapors  of the liquid f rom enter ing the pump, a n i t rogen t rap was placed in front  of the pump a c r o s s  
the duct. Af ter  evacuation,  the tube was  h e r m e t i c a l l y  sealed.  
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The exper imenta l  procedure  was as follows. Thermal  power was supplied to the evaporator  inter-  
mittently. Each power shot was applied when a s teady-s ta te  had beenreaehed  following the application of the 
preceding shot, and these s teady-s ta te  steps were recorded on the instrument.  

To the tube containing alcohol the power was applied in 2-W shots, to the tube containing water it was 
applied in 10-W shots. The tempera ture  distribution along the tube as well as the vapor p res su re  in the 
tube were measured throughout the experiment.  The vapor tempera ture  in the tube was determined f rom 
the saturated vapor p ressure .  The temperature  distributions on the outer surface of the quartz tube as well 
as the vapor p r e s su re s  are shown [n Fig. 5a, b. 

The effective thermal  conductivity of the heater  tube at each power application was calculated accord-  
ing to the formula:  

= O . L / S A t ,  

with Q denoting the thermal  power in the condenser,  L the length of tube between heater  and condenser,  S 
the tube c ros s  section area,  and At the temperature  drop. 

The effective thermal  conductivity is shown in Fig. 6 as a function of power, for ethanol and water .  
It ts evident here that the effective thermal  conductivity of the tube is three times higher with water  than 
with ethanol. 

For  comparison,  the charac te r i s t i c s  of various liquids used as heat c a r r i e r s  in low- tempera ture  
tubular heat exchangers are given in Table 1. On the basis  of these data, one may conclude that water  and 
ammonia are the most  effective heat c a r r i e r s .  

In the range of helium tempera tures  the most  effective heat c a r r i e r  seems to be helium If below 2~ 

It ought to be noted, in conclusion, that the theory of tubular heat exchangers has to this day not been 
finalized yet. In order  to ver i fy  the hypotheses proposed so far,  one must have a sufficient amount of data 
available on a wide range of tube mater ia ls  and heat c a r r i e r  liquids. 
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N O T A T I O N  

is the length of heater  tube; 
is the outer diameter  of tube; 
is the p ressure ;  
is the liquid surface tension coefficient; 
is the minimum curvature  radius; 
is the velocity; 
is the density; 
are the dynamic and kinematic viscosity;  
is the radius - the distance f rom the tube axis to the inner wick surface; 
is the mass  flow density in the tube; 
is the heat flow density in the tube; 
is the permeabi l i ty  of porous wick in the tube; 
is the mass  content in the wick; 
is the capi l lary  potential; 
Ls the propagation velocity of the mass  front in the porous wick; 
ts the altitude above sea level; 
ts the mass  flow in the tube; 
ts the thermal  flux [n the tube; 
ts the porosi ty  of the wick; 
ts the accelerat ion of free fall; 
~s the gravitat ional  cons[nut; 
ts the rate of liquid flow; 
Ls the specific heat; 
ts the tempera ture  drop. 

S u b s c r i p t s  

V denotes vapor; 
L denotes liquid; 
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e denotes evapora tor ;  
c denotes condenser ;  
i denotes the rmal ly  insulated zone; 
cap denotes capi l lary;  
f denotes friction; 
r denotes radia l  coordinate;  
x denotes axial coordinate;  
a. r denotes aerodynamic  res is tance;  
in denotes iner t ia .  
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