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INVESTIGATION OF THE PROCESS OF LIQUID EVAPORATION FROM A POROUS 
METAL UNDER VACUUM CONDITIONS 

The method and results of an investigation of the evaporation of 
water into a vacuum are described. The steady-state regime of evap- 

oration in a porous metal  is examined. The dependence of the evap- 
oration rate on the parameters of the porous metal  and the heat flux 
density has been experimentally determined, The temperature dis- 

tribution in the porous plate is determined theoretically. 
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gauge, copper-eonstantan thermocouples with a wire 

diameter of 0.I mm, and aVTK-500balancegraduated 

in 0.i g, respectively. 

Porous  evapora t ive  cooling can often be used to 
good effect  [1-4] .  Liquid coolant  is  continuously 
supplied to the evaporat ion zone, where ,  as a r e su l t  
of phase t rans i t ions ,  heat  is  absorbed.  

The intensi ty  of porous  cooling i n c r e a s e s  c o n s i d e r -  
ably if the porous  e l emen t  of the sys tem is  located in 
a gas medium at reduced  p r e s s u r e .  Under ce r t a in  
conditions the l iquid (water) fo rced  through the e le -  
ment  at a ce r t a in  excess  p r e s s u r e  conver t s  to i ce  in 
the evaporat ion zone and heat  is r emoved  f r o m  the 
sys t em by subl iming into the l o w - p r e s s u r e  region.  

To inves t iga te  this p r o c e s s  we studied the evapora -  
tion of d is t i l led  wate r  into a vacuum. The wate r  evap-  
ora ted  f rom porous meta l  p la tes  fabr ica ted  by a powder 
me ta l lu rgy  technique.  Our object was to de t e rmine  
the dependence of the evapora t ion  ra te  on the cha r ac -  
t e r i s t i c s  of the porous meta l  and the t he rma l  head. 
The plate s e r v e d  as a m e m b r a n e  separa t ing  the wa te r  
f rom the l o w - p r e s s u r e  gas ,  so that the wate r  evap-  
orated not f r o m  a f r e e  su r face  but in the po res  of the 
mate r i a l .  Consequently,  the p r e s s u r e  in the evapora -  
tion zone was nonzero  owing to the sharp i n c r e a s e  in 
the spec i f ic  volume of the evapora t ing  substance and 
the hydrodynamic r e s i s t a n c e  of the pore  channels .  
This p r e s s u r e  is a function of the t e m p e r a t u r e  in the 
evaporat ion zone, the d i a m e t e r  and length of the pores ,  
and the the rmophys ica l  c h a r a c t e r i s t i c s  of the evapora t -  

ing liquid. 
The porous metal plate also transferred heat to the 

evaporation zone. We note that for metals, with 
rather high thermal conductivity (on the order of tens 

of W/m , deg), the thermal resistance of the skeletal 
material plays a secondary role as compared with the 

resistance at the contacts between individual grains. 
The effective thermal conductivity of porous titanium 

is 2-5 W/m �9 deg; that of porous aluminum is 11-25 

W/m �9 deg. 
The vacuum apparatus is shown schematically in 

Fig. 1. Its principal elements are: vacuum chamber 
I, balance 2, pan 3 with electric heater and testspeei- 

men reservoir 4, and cylinder 5. 
Pressure in the vacuum chamber was maintained 

by means of a vacuum pump and a needle valve. The 
pressure in the vacuum chamber, temperature, and 
evaporation rate were measured with a VT-2 vacuum 

Fig.  
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I. Schematic representation of experimental 

apparatus. 

The surface  of the porous plate was observed  v i s -  
ually through an inspect ion  port ,  during the runs.  

We studied spec imens  of porous t i tanium and 
a luminum in the fo rm of disks  90 mm in d i a m e t e r  
and 3 mm thick. The disk was c lamped to plexiglas  
pan 3 (see Fig.  1). The par t  of the pan beneath the 
plate contained dis t i l led  water  for  evaporat ion.  Also 
in the pan, 2 - 3  ram below the bot tom of the plate,  
was a flat e l e c t r i c  hea te r .  During the expe r imen t s  
the wate r  evapora ted  through the plate;  the loss  was 
compensated  for  by admitt ing wate r  f rom r e s e r v o i r  4o 

To reduce  heat  l o s se s  the outside of the pan was 
t he rma l ly  insula ted with plas t ic  foam 25 m m  thick. 
The pan, together  with the t es t  plate and v e s s e l  4, 
was mounted on a balance.  To reduce  the weighing 
e r r o r  int roduced by the the rmocouple  w i r e s ,  the rub-  
ber  tubes,  and the hea t e r  leads,  the last  two were  
supported on compensat ing  spr ings .  The balance 
readings  were  checked before  each exper iment .  The 
absolute e r r o r  in weight did not exceed 0 .1-0 .2  g per  
50 g of liquid. 

We m e a s u r e d  the following quant i t ies :  p r e s s u r e  in 
the vacuum chamber ,  wa te r  p r e s s u r e  in the sys tem 
( p a n - r e s e r v o i r ) ,  t e m p e r a t u r e  of water  enter ing the 
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pan, t e m p e r a t u r e  of the sample  ( in te r io r  of spec imen,  
outer  and inner  surface) ,  t e m p e r a t u r e  of chamber  
wai ls ,  ambient  medium,  and t h e r m a l  insulat ion.  The 
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Fig.  2. Evaporat ion ra te  as a function of heat-f lux 
density for  porous  p la tes :  1-4)  t i tanium plates ,  
P = 41, 23, 30, and20%, re spec t ive ly ;  5 and 6) alu-  

minum pla tes ,  P = 22 and 16%. 

locat ion of the t e m p e r a t u r e  sensor s  i s  indicated 
schemat ica l ly  in Fig.  1. 

We worked in the range of vacuum-chamber  p r e s -  
su res  f rom 5 to 400 N/m 2 and water  p r e s s u r e s  f r o m  
5 �9 103 to 1 �9 105 N/m 2. The specif ic  heat  flow f rom 
the e l e c t r i c  hea te r  va r i ed  f rom 400 to 18 000 W / m  2. 
These  f luxes co r re sponded  to a wa te r  t e m p e r a t u r e  
beneath the t es t  spec imen  of 274-293 ~ K and to evap-  
ora t ion  r a t e s  f rom 4 �9 10 -4 to 7 �9 10 -3 k g / m  2 �9 sec.  

These  evapora t ion  ra tes  a re  s e v e r a l  o r d e r s  sm a l l e r  
than the ra te  of water  suct ion through the plate c o r r e -  
sponding to the above-ment ioned  wate r  p r e s s u r e  in 
the sys tem.  Hence we conclude that plugs of ice  fo rmed  
in the pores ,  p revent ing  the wate r  f r o m  flowing out, 
i . e . ,  the water  en te red  the gaseous  state as a r e su l t  
of a double phase t rans i t ion  ( l iquid- ice ,  i ce -vapor ) .  
This  effect  took place  at mode ra t e  heat  f luxes.  At 
la rge  f luxes wa te r  was e jec ted  into the vacuum chamber ,  
v is ib le  as a snowlike deposit  on the  sur face  of the plate.  
The balance readings  atso indicated a sharp  d e c r e a s e  

in weight at the instant  of e ject ion.  
The c r i t i c a l  heat  flux at which eject ion was f i r s t  

observed  d e c r e a s e d  with an i n c r e a s e  in pore  d iam-  
e te r  and an i nc r ea se  in the water  p r e s s u r e  in the pan. 

The idea of a double phase t rans i t ion  is  consis tent  
with the m e a s u r e d  va lues  of the t e m p e r a t u r e  at the 
outer  sur face  of the plate ,  which during evapora t ion  
lay in the range 272.5-273 ~ K. This  is  not an exact  
value for the t e m p e r a t u r e  in the phase t rans i t ion  r e -  
gion, s ince the t e m p e r a t u r e  drop over  the th ickness  
of the thermocouple  junct ion was on the o rde r  of sev-  
e ra l  tenths of a degree .  However ,  we can as sume  
that the t rue  t e m p e r a t u r e  in the phase t rans i t ion  zone 
is s e v e r a l  tenths of a deg ree  l ess  than the value ob- 
tained exper imenta l ly ,  i . e . ,  l e ss  than 273 ~ K. 

The re la t ions  obtained f rom the exper imenta l  data 
a re  p re sen ted  in F igs .  2 -4 .  All  the data r e f e r  to 

s t eady-s ta te  evapora t ion  in the pores  of the m a t e r -  
ial.  

In Fig.  2 the evaporat ion r a t e ,  exp re s sed  in k i lo-  
g r ams  p e r  square  m e t e r  pe r  second, is  shown as a 
function of the specif ic  heat  flow f r o m  the hea te r ,  ex-  
p r e s s e d  in watts pe r  square  m e t e r .  The exper imenta l  
points cor responding  to plates  of different  m a t e r i a l  
with var ious  po ros i t i e s  and f rac t iona l  composi t ions  
l ie  in a na r row reg ion  about the s t ra ight  line 

] m = k q , . - ~ b ,  (1) 

where  k = 0.4 , 10 -s kg/W �9 see ,  and b = 0.2 �9 10 -8 k g /  
/ m  2 �9 sec. 

The numerical value of b/k determines the order 
of magnitude of the quantity of heat entering the evap- 
oration zone from the chamber, and not from the 
heater .  An e s t ima te  of the ex te rna l  heat  flow shows 
that at cham be r -w a l l  t e m p e r a t u r e s  on the o rde r  of 
293 ~ K it  does not exceed  200-300 W / m  2. 

Data on the t e m p e r a t u r e  of the plate  sur face  in 
contact with the liquid a r e  p re sen ted  in Fig.  3 for  
var ious  hea t - f lux  dens i t ies .  The expe r imen ta l  points 
f o r  each plate a r e  well  approximated  with s t ra ight  
l ines.  

As pointed out above, the heat  flow into the evap-  
ora t ion zone f rom the ex te rna l  medium did not exceed 
200-300 W/m2; accordingly ,  at heat f luxes  above 
2000-3000 W / m  2 the ex te rna l  flux can be neglected 

flux can be neglec ted  and we can wr i t e  

T I = 273 q- nq. .  (2) 

The propor t iona l i ty  fac tor  n i n c r e a s e s  for p l a t e s  
made of the same meta l  with an i n c r e a s e  in poros i ty  
and depends on the skele ta l  m a t e r i a l  (it is g r e a t e r  for 
t i tanium than for  aluminum) (Fig.  3). Since under al l  

conditions the t e m p e r a t u r e  in the evapora t ion  zone is 
c lose  to 273 ~ K, for  suff ic ient ly high T 1 ( s eve ra l  de-  
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Fig.  3. T e m p e r a t u r e  of liquid beneath porous plate as 
a function of heat - f lux  densi ty:  1-3)  t i tanium pla tes ,  
P = 41, 27, and 23%, r e spec t ive ly ;  4 and 5) a luminum 

pla tes ,  P = 22 and 16%. 

grees higher than the temperature in the evaporation 

zone) we can write the difference between the tern- 
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pe ra tu re  of the plate surface in  contact  with the liquid 
and the t empera tu re  in the evaporat ion zone as 

h T = T, -- 273. (3) 

Thus Eq. (2) becomes  

qa = k' AT, 

where k' = 1/n.  This is analogous to the fo rmula  for 
s teady-s ta te  heat t r a n s f e r  in a solid 

q = - -  Left h T. (4) 
6 

We also de te rmined  the the rmal  conductivity of 
the porous plates .  For  t i t an ium plates with41% poros-  
ity, Xef f = 3 W/m �9 deg, while Xeff = 5.5 W / m  �9 deg for 
t i tan ium plates  with 20% porosi ty ,  and 11 and 25 W/m" 
�9 deg for a luminum plates  with 22 and 16% porosi ty ,  
respect ive ly .  F r o m  these data and the slope of the 
s t raight  l ines  in Fig. 3, we de te rmined  the value of 
5. With a sufficient degree  of accuracy ,  5 is  equal 
to the th ickness  of the plate.  

It follows f rom Fig. 3 that evaporat ion of the liquid 
takes  place nea r  the outer  sur face  of the plate,  and 
that the t he rma l  conductivi ty depends on the porosi ty,  
which dec reases  as the porosi ty  i nc reases .  

In Fig.  4 the evaporat ion ra te  is given as a func-  
tion of the mean  pore d iamete r .  Clear ly ,  the in t ens -  
ity of evaporat ion at constant  t empe ra tu r e  for the 
liquid beneath the plate,  i . e . ,  for an a lmos t  constant  
t empera tu re  gradient ,  dec reases  with an i n c r e a s e  in 
pore d iamete r .  This  is  evidently assoc ia ted  with the 
pa r t i cu l a r  condit ions of heat supply to the evaporat ion 
zone. Since the t he rma l  conductivi ty of the skeletal  
ma te r i a l  is g r ea t e r  than the t he rma l  conductivity of 
the water ,  the heat is supplied to the evaporat ion zone 
p r ima r i l y  through the skeletal  ma te r i a l .  Hence, as 
the pore d iamete r  dec reases  by a factor  of i, the heat 
flow to the evaporat ion zone, r e f e r r ed  to uni t -pore  
c ros s  section, i n c r e a s e s  by a factor of i. In other 
words,  in these  exper iments  the effective t he rma l  
conductivity Xeff i n  Eq. (4) depends not only on the 
porosi ty  but a lso on the pore d iameter .  

In invest igat ing the porous cooling p rocess ,  we 
at tempted to evaluate the effect of liquid motion on the 
t empera tu re  d is t r ibut ion  in the porous piate by solving 
the corresponding h e a t - t r a n s f e r  problem.  
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Fig. 4. Evaporat ion ra te  as a function 
of mean pore d iameter .  

In der iv ing  the equations,  we made the following 
assumpt ions  

1) the pores  a re  uni formly  dis t r ibuted over the 
volume of the porous plate; 

2) the physical  p a r a m e t e r s  of the liquid do not 
depend on t empera tu re ;  

3) the t e mpe r a t u r e  field in the plate is one-d imen-  
sional ,  s ince the d imens ions  of the plate in  the y-  and 
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Fig.  5. Tempera tu re  
d is t r ibut ion in porous 
plate: I )ga s ;  II) l iquid;  

III) heat source .  

z -d i r ec t ions  are  much g rea te r  than the plate th iekness ,  
and the t empera tu re  of the solid skeleton and the cool- 
ing liquid a re  equal at any point in the porous ma-  
t e r i a l  [5]; and 

4) l iquid at a ra te  of Jm kg/m2 " sec passes  through 
the plate and is evaporated at its surface.  

Then the different ial  equations of heat t r ans fe r  
and the boundary condit ions 5 - x -> 0 for the plate 
(Fig. 5) have the form 

d~T ~r d T  
d x  2 ~ = o, (5) 

d T  . 
X : ~ [~c ( r r n - - T s ) -  ~ e f f ~ -  X . . . .  ]m r ,  

x = 0 T = T l , (6) 

where ~T = jmCpl/Xeff; Xeff is the effective the rmal  
conductivity by which we take into account the poros-  
ity of tke ma te r i a l  and the the rmal  conductivi ty of the 
liquid sa tura t ing  the porous mate r i a l .  Boundary con- 
dit ion (6) a s sumes  that all  the heat t r anspor ted  through 
the plate by heat conduction and the heat t r ansmi t t ed  
by convection f rom the ambient  medium is expended 
on evaporation.  Moreover ,  evaporation,  as es tab-  
l ished exper imenta l ly ,  proceeds  f rom the surface,  
i . e . ,  a t x =  5. 

The pa r t i cu la r  solution of Eq. (5) sat isfying bound- 
ary condit ions (6) has the form 

T = T t -1- ] m r - - a c ( T m b T l )  x 
a ~ - -  ( a ,  + l,~c, 1 ) exp (~, 6) 

x[exp (~,x) - -  11. (7) 

In the same way we cons t ruc t  the equation for the 
r e g i o n - ~  -<< x -< 0: 

d~T ' d T '  
~ - -  = 0 ,  ( 8 )  

d x  ~ d x  

where ~1 = Jmepl/~-I �9 
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At the l iquid-porous plate interface,  as pointed 
out above, there  is a heat source  of density qH. Then 
the boundary conditions for the region - ~  ~ x <- 0 
have the following fo rm 

x = - -  oo T '  = T'I , 

x : O  - - ~ i  dT' dT (9) 

The par t icu lar  solution of Eq, (8) sat isfyingbound-  
ary  conditions (9) may be writ ten as  

T ' = T "  1 + [ q" -]- 
]~cp i 

+ j m r - - a c ( T m  - - T I )  ] 
ac- - (ar  exp( t lx  ). (10) 

Eliminating the t empera tu re  T 1 f r o m  Eqs. (7) and 
(10), af ter  mathemat ica l  t ransformat ions  we obtain 
the ftna[ solution of Eq. (5) 

T -~ T t + q---~ , 
]~qp I 

ac(Tl - -  Tm) + qsCZc +jmr 
- -  ]mCp 1 X 

x exp [[,(x --6)]. (11) 

t 
Equation (11) includes the liquid t empera tu re  T 1 and 
the t empera tu re  of the medium, which can be mea-  
sured with high accuracy .  

Equation (11) is in good agreement  with the t e m -  
pera ture  distr ibution obtained experimentally.  

NOTATION 

Jm is the evaporation rate ,  k g / m  2 �9 sec; r is the 
specific heat  of phase transi t ion;  T~, T m, and T s are  
the t empera tu res  of the liquid, the medium, and the 
evaporat ion surface,  respect ive ly ;  T 1 is the t e m p e r a -  
ture  of the plate surface  in contact  with the liquid; 
qH is the heat-flux density due to the heater ;  ~eff is  
the effective thermal  conductivity o f  the capi l la ry-  
porous plate; ~1 and Cpl are  the thermal  conductivity 
and specific heat of the liquid, respect ively;  5 is  the 
distance f rom the wet surface of thepla te  to the  evap- 
orat ion zone; d is the mean pore diameter ;  P is the 
poros i ty  of plate, %. 
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