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Analyzed are the physical conditions of heat transfer in heat pipes operating in the evapora- 
tion mode at moderate temperatures. An engineering design method is proposed for heat 
pipes. 

Layout of Heat Exchanger Pipes and Their  Principle of Operation. A heat pipe is considered which 
operates  by the evaporat ion-condensat ion cycle. In a general  layout Of heat pipes for a cont inuous-process  
operation, the condensate re turns  to the evaporator  either through gravity or  pumping action. The pump- 
lag action in a heat pipe is provided by a wick of a special  s t ructure .  A heat exchanger tube in this study 
will be represented  as a hermet ica l ly  enclosed cylindrical  body, the inside wall lined with a porous mate-  
r ial  and the lat ter  saturated with the working liquid. A heat pipe can be divided lengthwise into three seg-  
ments:  the evaporation zone (evaporator), the t ranspor t  zone, and the condensation zone (condenser). 

The working liquid evaporates  in the evaporator  when heat is supplied outside through the walls. The 
vapor flows through the wick into the inner pipe cavity and is t ranspor ted to the condenser,  where it con- 
denses as a resul t  of heat removal .  The condensate re turns  to the evaporator  by the action of capil lary 
forces .  The vapor is driven by the p re s su re  difference between evaporator  and condenser.  The t ranspor t  
of liquid is effected by the p re s su re  difference due to capi l lary forces .  It follows f rom an analysis  of the 
force balance that a heat pipe can operate only when all the p r e s s u r e  losses  in the liquid and in the vapor 
together do not exceed the maximum possible capi l lary p res su re ,  i .e . ,  when 
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Physical Conditions of Heat and Mass Transfer in a Heat Pipe. One must distinguish two modes of 
operation here, with different patterns of heat and mass transfer in the evaporator: the evaporation mode 
and the boiling mode [2]. In the first case vapor is generated only on the outside surface of the liquid-vapor 
interphase boundary. Heat through the wet wick is transmitted by conduction. In the boiling mode vapor is 
generated also inside the wick structure. The bubbles moving through the wick turbulize the liquid in it 
and increase  the rate of heat t ransfer  there.  A survey of the technical l i terature  reveals  that the major i ty  
of r e s e a r c h e r s  consider  only the evaporation mode to be effective and pay most  of their attention to it, with 
an a lmost  complete d i s regard  of the boiling mode [1, 3, 4]. At the same time, our own studies indicate that 
the heat t r ans fe r  rate is higher during boiling and that this mode deserves  much consideration. 

A heat pipe is thermal ly  "superconducting" on account of the molecular  nature of the heat t ransfer .  
One may assume that the energy is t ransmit ted through a heat pipe only as the latent heat of evaporation, 
proport ional  to the mass  flow rate of liquid or  vapor.  This flow rate may be limited by several  factors  
having to do with the pecul iar i t ies  of heat and mass  t ransfer  p rocesses  within the va r ious  pipe segments.  
Generally, such limitations include the specific velocity of liquid feed to the evaporator ,  the maximum at-  
tainable local thermal  fluxes in the evaporator  and in the condenser,  etc. In this ar t ic le  we will consider  
the basic limitation typical of heat pipes within the moderate  temperature  range, which has to do with the 
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pressu re  losses  in vapor and liquid due to viscous drag forces.  These losses  impede the supply of liquid 
to the evaporator  and impose a so-cal led hydrodynamic limit on the heat t ransfer  capability of heat pipes. 
Thus, the hydrodynamic limit determines  the maximum evaporator  load corresponding to the maximum 
allowable p re s su re  losses  in liquid or  vapor. This limit will be determined here analytically for heat pipes 
operating in the evaporation mode. 

Effect of Wick Structure on the Evaporation and the Transpor t  of Liquid. A capi l lary-porous  body 
consists  of a solid matr ix  with pores  of all possible sizes and shapes. For  simplicity, we wilt consider a 
porous fiber wick with a c r i s s - c r o s s  s t ructure .  A model of such a wick may be one consisting of several  
layers  of metal meshes.  Each layer  can be charac ter ized  by the average fiber diameter  2r i and the aver -  
age eye width 2b i. A square mesh cell will be replaced by a c i rcular  one with the equivalent eye radius b i. 
If the wick is initially saturated with liquid, then during evaporation as a resul t  of added energy the l iquid-  
vapor interphase boundary will shift deeper ~nto the wick and will curve under the influence of surface ten- 
sion. This boundary will continue penetrating deeper,  until the difference between p res su re  in the conden- 
ser  and p re s su re  under the meniscus,  i .e . ,  the p r e s su re  difference which causes the boundary to move 
deeper becomes  equal to the p re s su re  losses  due to viscous forces .  In this state, then, the l iquid--vapor 
interface can be charac ter ized  by the radius of curvature  R, which is a function of the penetration depth or  
of the volume of evaporated liquid. 

The relation between the radius of curvature  R and the wick volume occupied by vapor is, for f layers  
of metal  meshes  making up a wick element of length 2(b 1 -~ rl) , 

i - - I  

V : ~ zlFt.2 (bl-'i- rz)-~-- mirti-~ ~lt~3 {[ l 
i = o  

- - c o s 0 V /  1 - - (  b~-`-Q / 2 , ~ - c o s 0 ~  b'-tr~ ~ = 

q- m~n, --3-- - \ r~  q- R cos0] 

i - i -  r i  ~ "  • b, _L_ ri)= -b R ( - - - - - -  R (b~ q- r,)*cos 0  c~176 cos0 + , 

r~ + R cos 0 

where  m i is the number of cells per  length =d V in the i- th layer ,  n i is the number of ceils in the i- th layer  
per  one cell of the f i rs t  layer  (layer 1), and r i is the wire radius in the i- th mesh.  

The heat t ransmit t ing capacity of a tube is very  much affected by the thermal  conductivity of the wet 
wick. The thermal  conductivity of a wet wick consist ing of interwoven meshes  of stainless steel wire is, 
to a definite extent, affected by the friction of the wick to the pipe walls, since the total thermal  res is tance 
var ies  widely with varying wick thickness as well as with varying contact between meshes  and pipe walls. 
In our experiment the meshes  were retained by a spring wound with d = 0.6 mm steel wire. The test data 
for meshes  with a porosi ty  e = 0.5-0.75 have revealed that the thermal  conductivity of such a wiek approaches 
that of the working liquid. 

In order  to produce normal  operating conditions in the evaporator ,  it is necessa ry  that the mass  flow 
of vapor f rom the evaporation surface and the mass  flow of liquid f rom the condenser to the evaporator  be 
in equilibrium at any heat load level. This condition can be attained by means of wicks with a ceil size 
varying along the pipe radius.  

The choice of a meshed wick depends on the operating mode in the pipe, by the operating t empera-  
ture, by the kind of liquid, and by the pipe geometry,  i .e . ,  by factors  which determine the limitations on 
heat and mass  t ransfer .  For  heat pipes operating at moderate  temperature  levels, most  effective are  
wicks whose element with the smallest  pores  is placed on the side of the heating surface.  Such an a r r ange -  
ment yields not only smal le r  radial  and axial temperature  drops in the pipe, but also ensures  a stable tube 
per formance  in the boiling mode without leaving the evaporator  wails dry, even at thermal  flux densit ies 
as high as 15-20 W per  1 cm 2 of heating surface.  

Hydrodynamic Analysis  of Heat and Mass Transfer  in a Heat Pipe. The purpose behind the theore-  
tical analysis  of the p rocesses  occurr ing  in a heat pipe is to determine the individual pipe pa rame te r s ,  
namely: the vapor temperature  and p re s su re ,  the wall temperature ,  the pipe and wick geometry,  the 
maximum evaporator  load, etc. Known methods of designing heat pipes, as proposed by several  foreign 
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authors ,  have some substant ia l  d rawbacks .  Thus,  the l inear ized  Sch ind le r -Woesne r  model  [3] r e s t s  on a 
few rough assumpt ions  concerning the t he rma l  mode of operat ion in a pipe and the hydrodynamics  of liquid 
flow through the wick. In the Cosgrove (and assoc ia te s )  model [4] the potential  of liquid t r anspor t  f rom 
condenser  to evapo ra to r  is de te rmined  by gravi ta t ional  fo rces .  This  assumpt ion  is not valid in many cases  
as ,  for  example ,  in at tenuated gravi ta t ion  fields.  

The model  which we p ropose  here  is based  on the following assumpt ions :  

1) the heat  pipe is cyl indr ical ;  

2) the t he rma l  flux density is uni form along the pipe,  but different  in the evaporat ion zone and in the 
condensation zone; 

3) the t e m p e r a t u r e  of the pipe wall and the t e m p e r a t u r e  of the liquid a r e  uni form within each of the 
three  zones: evaporat ion,  t r anspor t ,  and condensation; 

4) the flow of liquid through the wick is l amina r  and obeys  D a r c y ' s  Law; 

5) the flow of vapor  and of liquid can be descr ibed  by the N a v i e r - S t o k e s  equations for  an i n c o m p r e s -  
sible fluid; 

the p rob l em  is one-d imens ional ;  

there  a re  no gravi ta t ional  fo rces  p resen t ;  

6) 

7) 

8) all  the heat  t r ansmi t t ed  to the evapora to r  by conduction is spent  on evaporat ion.  

The continuity equation, the flow equation, and the energy  equation for  a pipe e lement  of length dz 
a r e ,  respec t ive ly :  

dGL (z) + ~dvGv= O, 
eFwick dz . . . .  

1 d dP 
T P,~ %-- [C~ (z)] d~ ' 

iL dGL (z) 4__~zdv: _ i vGv_  + Q , 
dz --  eFwick --  eFwick L 

where  the plus sign and the minus sign r e f e r  to the evapora to r  and the condenser ,  r e spec t ive ly .  

(3) 

(4) 

(5) 

The p r e s -  
sure  gradient  in the liquid in Eq. (4) cons is t s  of a p r e s s u r e  gradient  due to capi l la ry  fo rces  and p r e s s u r e  
gradients  due to viscous  d rag  fo rces .  

F o r  the given pipe e lement  of length dz 

dPcap dPv d [ 1 ] 
. . . . .  2~ . (6) 

dz dz " dz - ~  

The p r e s s u r e  gradient  due to v iscous  fo r ce s  is de te rmined  according  to D a r c y ' s  Law: 

dPr~. = .__~L GL (Z). (7) 
dz Kp L 

The s y s t e m  of equations (3), (4), and (5) is solved, with (6) and (7) taken into account,  s epa ra te ly  for  each 
zone of the heat  pipe. Combining (3) and (5), we obtain 

Q z (s) 
G L (Z) @ C = :t: 8Fwick r L 

where  C = 0 for  the condenser  and C =: - Q / e F w i c k  r for  the evapora to r .  Inser t ing (8) into (4), then inte-  
grat ing and adding up the r e su l t s  of integrat ion for  each zone, we obtain an express ion  for  the heat  t r a n s -  
mit t ing capabi l i ty  of a heat  pipe based  on the p r o p e r t i e s  of the working liquid, on the wick s t ruc tu re  p a r a m -  
e t e r s ,  on the t he rma l  mode of operat ion,  and on the geometry :  

K ~L) (9) 
Q~= 9L(te) L ' 2 9L (t~) L~-t -~L (tc) L 4- 64~vL eFwick~ 

[L (re) e ~- t~ L (['r) PL (re) c , p vd V FV 
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Fig. 1. Rate of heat t ransfer  in a heat 
pipe vs temperature  of the evaporator  
wall, at various thicknesses of the wet 
wick. 

where R(L) denotes the radius of curvature  of the meniscus at 
the evaporator  end (z = 0 at the pipe end on the condenser  
side). 

Method of Designing Heat Pipes for Operation in the 
Evaporation Mode. The purpose of these calculations is to 
determine the individual pa rame te r s  of a heat pipe, namely: 
the vapor temperature  and p ressure ,  the temperature  of con- 
denser  and evaporator  walls, the p ipeand  wick geometry,  to 
select  the proper  working liquid, to est imate the heat t rans -  
mitting capacity of a pipe, etc. 

The working liquid was selected here  on the basis  of 
thermal  conditions in the pipe, compatibility between that 
liquid, the wick mater ia l ,  and the pipe wall, on the bas is  of 
the t ransmit ted power,  etc. The wick selection was made on 
the basis  of ea r l i e r  listed factors .  The problem of optimizing 
the wick dimensions was discussed in [2]. The geometr ical  
dimensions of a heat pipe are  more  often governed by s t ruc -  
tural  considerat ions.  By the method proposed here  one can 
est imate the operating charac te r i s t i cs  of a heat pipe of a given 
geometr ica l  design with wick and working liquid appropriately 
selected. 

For  il lustration, we wilt show the design of a cylindrical  
heat pipe L = 1000 mm long. The evaporator  length is L e = 

150 mm and the condenser length is L c = 800 mm. The wick is three layers  of s tainless steel (grade 
ChMTU-4-7-66) interwoven in a c r i s s - c r o s s  pattern.  The wick thickness is 6wick = 1 mm and the longi- 
tudinal permeabi l i ty  is K = 4 .53.10 -1~ m s. The cell dimensions are  0.14-0.2-0.4 mm. The meshes  are  
distributed as follows: those with small  cells are  located on the side of the tube wall, those with large 
cells are  adjacent to the vapor.  The body of the heat pipe is seamless ,  made of stainless steel tubing with 
d iameters  din/dou t = 23.7/24.5. The working liquid is distilled water.  The heat f rom the condenser is 
ca r r i ed  away to maintain its wall temperature  at t~val l = 45~ The temperature  of the condenser  wall is 
general ly determined f rom the external operating conditions at the condensation of a heat exchange and the 
proposed thermal  flux level. 

Assuming various tempera tures  of the evaporator  wall, we determine the corresponding vapor tem-  
pera tures  at var ious penetration depths of the liquid into the evaporator  wick, in accordance with the equa- 
tion of heat conduction 

e Qr e == - -~  ( twall.-- tv] F e for the evaporator, (10) 8.[, 

QC = __s (tv__ twall/C F,c for the condenser, (11) 
84 

where 8~ and 8~, denote the thicknesses of the liquid layers inside the evaporator and inside the condenser, 
respectively. (When the wall and the wick cannot be considered fiat, it becomes necessary to use the equa- 
tions of heat conduction through a cylindrical  layer.)  

The following equality must  be satisfied under s teady-s ta te  conditions in a heat pipe: 

Qe - .  Qc _Qr " (12) 

In o rde r  to simplify the calculations, one plots the graphs of QT = f(t~vall, 8~, t V) as shown in Fig. 1. The 
thermal  conductivity of a wet wick designed according to the ea r l i e r  specifications is assumed equal to the 
thermal  conductivity of the liquid. 

The relation between 6~ and 5~ is found by simple geometr ica l  analysis:  

C e "  ~L 8wick.~_ (6wick__6L) Le (13) 
L c 

On the bas is  of Fig. 1, then, one plots the relat ion QT = q~ ( ~ )  for various tempera tures  of the evaporator  
wail (Fig. 2), in accordance with the equation of heat conduction. Under s teady-s ta te  conditions QT = Qe, 
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operation for a heat pipe: 

Fig. 3. Curvature  radius of liquid meniscus  vs thickness of a wet wick. 
0.40 mesh sizes.  
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Fig. 4. Heat t ransmit t ing 
capability of a heat pipe L 
= 1000 mm long vs t em-  
pe ra tu re  of the evaporator  
walt. The line represen t s  
calculated values0 the points 
represen t  test  data. 

i .e . ,  the quantity of heat supplied to the evaporator  by t ransmiss ion  must 
he equal to the ciuantity of heat supplied to it through the pipe. The value 
of QT is determined by the hydrodynamics of liquid and vapor flow. 

In o rde r  to plot the QG = r curve, one makes use of formula (9) 
with R(L) varying as a function of the depth of liquid penetration 5~ ia the 
evaporator .  The relat ion R = ~ (6~) can be found from Eq. (2) by a simple 
geometr ica l  solution of the problem. The trend of this relation is shown 
in Fig. 2 for the example given here.  The intersect ion points between QG 
= f(5~) and QT = qi(5~) at respective tempera tures  of the evaporator  wall 
a re  the points of s teady-s ta te  operation. Indeed, let us assume that QG 
> QT for a given 5~, i .e . ,  more  liquid is supplied to the evaporator  than 
evaporates  f rom it. This will resul t  in a deeper penetration 5~ and a 
l a rge r  radius R of the liquid meniscus.  Capil lary forces  will begin to 
decrease ,  and the supply of liquid to the evapora tor  will diminish until 
equilibrium between supplied and evaporated liquid has been res tored .  
And conversely,  if at any instant of time QT > QG, more  liquid will eva-  
porate  than is supplied, the liquid will penetrate  deeper  into the evaporator  
wick with a result ing decrease  in the capil lary radius. This will cause the 
capi l lary forces  to increase  and, consequently, the flow rate of liquid 
ac ros s  the wick to increase  u~tii equilibrium has been reached.  This la t -  

te r  condition is possible when QT < QGmax, however, which corresponds  to a minimum capil lary radius 
or ,  in this given example, to the dimension of the finest mesh.  Otherwise the evaporator  wall would be-  
come dry. The s teady-s ta te  points of operation for a heat pipe in Fig. 2 determine its pe r formance  charac -  

e e te r i s t ics .  The lat ter  can be represented  in t e rms  of the Q = y (twal[) curve for twall = coast  (in our example 
t~val l = 45~ as shown in Fig. 4. 

In Fig. 4 are  also shown test points for the descr ibed heat pipe. Evidently, the calculated resul ts  
agree well with the test data. 

It is to be noted, in conclusion, that the evaporation Hmit can be determined f rom the temperature  
drop which corresponds  to the s ta r t  of boiling [5]: 

AT e = CP~, (14) 

with C = 10.25 and n = -0 .33  for water,  C = 17 and n = -0 .28  for ethyl alcohol. 

N O T A T I O N  

P is the p re s su re ;  
o- is the surface tension; 
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is the radius of curvature; 
is the number of mesh layers; 
is the volume; 
is the porosity; 
is the cross section area; 
is the wetting angle; 
is the reduced mass flow rate; 
is the diameter; 
is the density; 
is the cnthalpy; 
is the power ;  
,s the length; 
is the axial  coordinate;  
is the dynamic viscosi ty;  
is  the pe rmeab i l i ty ;  
is the heat of evaporat ion;  
is the t empera tu re ;  
i s  the k inemat ic  v iscosi ty ;  
is the thickness  of the wick;, 
is  the the rma l  conductivity 

i p t s  a n d  S u p e r s c r i p t s  

denotes vapor;  
denotes liquid; 
denotes t r anspo r t  zone; 
denotes capabil i ty;  
denotes capi l lary;  

denotes fr ict ion; 
denotes evapora to r ;  
denotes condenser .  
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