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A design and mathematical model of a compressor-adsorber employing a heat pipe are described. Based on 

numerical solution, the effect of the ftnnmg parameters on adsorber efficiency is analyzed. 

The  development  of modern hea t -engineer ing  equipment is accompanied bv increased heat genera t ion  and 

a s imul taneous  rise in the d e m a n d s  on environmental  safety and rat ional  use of pr imary energy.  In view of this, 

of current  in teres t  is the creat ion of improved sys tems for producing heat and cold that are based on sorpt ion 

processes.  Adsorbers  can be considered al ternat ives  to heat pumps and refr igerators  based on vapor-compress ion  

cycles and Freon,  whose use is prohibi ted by the 1992 Montreal Protocol. 

The  opera t ion  of adsorpt ion  sys tems to produce cold and heat depends  on many parameters .  In o rde r  to 

ana lyze  the laws governing heat  and mass exchange and thermodynamic  opt imizat ion,  mathemat ica l  s imula t ion  of 

such complex sys tems,  pr imar i ly  of their  key element ,  i.e., the compressor -adsorber ,  was carr ied out. Of par t icu lar  

interest  for the s tudy of adsorp t ion  processes are  the numerous cons tan t - t empera tu re  models. In [1 I, based  on the 

assumpt ion  of a homogeneous  t empera tu re  field, a diffusion process in a sepa ra te  microporous  par t ic le  was 

cons idered  with a l lowance for adsorpt ion  heat. A more general  case, taking into account diffusion heat and  mass 

t ransfer  in an adso rben t  granule ,  was descr ibed in [21. Nonisothermal  diffusion and kinetics in a thin laver  of a 

solid sorbent  whose t empera tu re  was constant  throughtout  the volume but varied with time were s tudied  in [3 ]. An 

integral  method for the des ign of two adsorbers  connected by a loop with a liquid was presented  in [4-5 ], where 

thermal-wave  motion was ana lyzed .  

A review of recent  publ icat ions [6-8 ] concerning the creat ion of adsorpt ive  solar  collectors has shown that  

the so-cal led cons t an t -p re s su re  model  is probably  best  for descr ib ing modern  sorbents  with high porosi ty.  Usual ly ,  

such highly  porous layers  a re  ob ta ined  from separa te  sorbent  granules ,  as a resul t  of which they have a complex 

bimodal  porous s t ructure  in which the spaces between the sorbent  particles form large pores and small  pores a re  

located inside the part icles.  In [61, a two-dimensional  model of heat  and  mass exchange in an adso rbe r  at a cons tant  

pressure  is proposed.  The  model  ignores diffusive resis tance,  while thermal  res is tance is taken into account by the 

coefficients of heat  exchange  between the adsorben t  layer and fin. On the basis of this model a t he rmodynamic  

and economic opt imizat ion  of a f inned adsorbe r  for a solar  collector was performed in [7 ]. 

The  au thors  of [8] modif ied the cons tan t -pressure  model to descr ibe  the rapidly occurr ing adsorp t ion  

processes that  are  common in refr igerators .  They added  to the heat-conduct ivi ty  and mass -ba lance  equat ions  a 

kinetics equation that  conta ined  a first derivative and thus took into account the influence of the nonequi l ibr ium 

state of sorpt ion processes on the fields of tempera tures  and concentrat ions.  

A more general  s ta tement  of the problem is given in [9 ]. The  basic system included the cont inui ty  equat ion,  

m o m e n t u m - t r a n s f e r  equa t i on ,  m a s s - d i f f u s i o n  equa t ion ,  h e a t - t r a n s f e r  equa t ion ,  and  s ta te  equa t ion  for an 

e l emen ta ry  volume of sorbent .  Numerical  investigations were conducted for the influence of pe rmeabi l i ty  and 

porosity on the d is t r ibu t ions  of t empera ture  and pressure in the sorbent .  It is shown that for spec imens  with 

r / l  << 1 the problem becomes one-d imens iona l ,  and the cons tan t -p ressure  model is a par t icular  case appl icable  to 

media with high permeabi l i ty  (for example ,  > 10 - 9  m 2 for water  f i l trat ion and > 10 -17 m 2) and porosi ty  ( > 7 0 % ) .  

In the present  work we suggest  a new design of a hea t -p ipe -based  compresso r -adso rbe r ,  ca r ry  out its 

mathemat ica l  s imula t ion ,  and verify its rel iabi l i ty  exper imenta l ly .  
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In the adso rbe r  we appl ied  a unique method for supplying and  removing heat  to the sorbent by using a 

heat  pipe (HP) on which both an electric hea te r  and  a liquid heat  exchanger  were s imul taneous ly  mounted.  The  

copper  pipe (of length 650 ram, outer  d iamete r  40 mm, and inner  d iameter  38 ram) with lengthwise grooves was 

filled with water.  Adsorbers  that employ heat -conduct ing devices with phase t ransi t ions have cons ide rab ly  ex tended  

potent ia l  (from domest ic  to space appl ica t ions) .  Compared  to s ing le-phase  sys tems of heat  t ransfer ,  HPs are  

d is t inguished for their  low thermal  resis tance,  isothermici ty,  high hea t - t ransmi t t ing  capabi l i ty ,  and  rel iabi l i ty .  

The  adso rbe r  is made  of steel in the form of a coaxial  cyl indr ical  container  with an inner  d i ame te r  of 56 

mm and a length of 350 ram, into which a portion of the HP is inser ted with a 6 ram-thick and 300 mm-long layer  

of sorbent  deposi ted  on it. The  sorbent  consists of a mixture of 80~'o zeolite (MgA) and 20% china clay; it is made 

by compression at a pressure  of several tens of mPa with subsequent  heat ing in a furnace for 3 h. Powdered  zeolite 

has a low dens i ty  (0.52 kg /m 3) and thermal  conductivity (0 .05-1  W . m  - I . K - I ) .  The  dens i ty  of the compound 

obta ined was equal to 0.75 kg/m3; the mean macropore d iameter  was 7000 A; the lotal pore volume, which was 

measured  using mercury,  was 0.28" 10 -3 m3/kg;  the permeabi l i ty  was of the order  of 10 -9  m 2. The  mass of the 

sorbent ,  which was fastened by a metal grid, amounted to 200 g. Water  was used :is the hea l - t r ans fe r  agent.  

Finning of the outside of the HP housing enhances heat t ransfer  to the sorbent  and increases  the effective 

thermal  conductivity of the sorbenl  layer.  We analyzed the heat t ransfer  surface formed by round copper fins with 

the following parameters :  thickness 2,3f = 0.5 mm; height H I" = 6 mm, spacing 2Sf = 12 mm, inner  d iamete r  40 ram, 

outer  d iamete r  52 mm, and length of f inned portion 0.3 m. 

Mathemat ica l  Model. For mathematical  s imulat ion of the HP-based  adsorber ,  we use a computat ional  

e lement  which is half of a cell bounded by the axis of the heat  pipe (r = 0) and the s y m m e t r y  planes passing through 

the middle  of the fin (z = 0/ and the middle  of the sorbent  layer  between two adjacent  fins (z = Sf). 

The two-dimensional  mathemat ical  model for adsorbe r  design is based on the s ta tement  given in [6, 7]. 

However,  unlike in [6, 7 ], the specimen was heated and cooled from the inside of the cyl indr ical  layer  from the 

heat  pipe with a high internal  heat  t ransfer  coefficient of the o rder  of 104-105 W / m 2 . K .  This  coefficient can be 

cons idered  infinite compared  to the contact  hea t - t ransfe r  coefficient on the heat pipe surface cqlp. In calculat ions 

we assumed that aHp = 5 0 0 - 1 0 0 0  W / m  2. K. 

The. following difference is associa ted with the nonadiaba t ic i ty  of the nonworking surfaces of the adsorber .  

A labora tory  exper iment  demons t ra tes  thai  because of the l ibera t ion or  absorpt ion of the adso rba t e  vapors on the 

sorbent  surface it is not easy to a t ta in  complete heat insulat ion of the adsorber .  Therefore ,  just  as in the previous 

calculat ions by a one-d imens iona l  model  [10], we invest igated the effect of insufficient heat  insulat ion of the 

adso rbe r  surface result ing in a nonzero coefficient of hea t -exchange  aen v with the environment .  

In the case of heat  supply and removal by a two-phase heat  carr ier  with tempera ture  Ttu, (that of the heat 

pipe),  the mathemat ical  model of the heat  and mass exchange in a fixed layer of solid sorbent  in a finned adsorbe r  

is based on the following assumpt ions  [6, 7 ]: 

1) the pressure  in the adsorbe r  is uniform throughout  the ent ire  volume; 

2) the resistance to diffusion is insignificant;  

3) there is the rmodynamic  equil ibrium at each time instant  and  at each point of the adsorber .  The  sorbent  

part icles act s imilar ly  to heat sources d is t r ibuted  in the adsorbe r  with volumetric dens i ty  

Oa (1) 
Q = qs~Ps ~ "  

A thermodynamic  cycle consist ing of two isobars and two isosteres is s imulated assuming that  the vapor 

tempera ture  in the HP in the first two stages coincides with the tempera ture  of the externa l  source and in the 

subsequent  two stages coincides with the adsorpt ion temperature :  

T r t  P = T d when 1:0 < r _< r2 ,  (2) 

THp = T a when r 2 < r _< z 4 , 

F rom a m a t h e m a t i c a l  s t a n d p o i n t ,  the problem is d e s c r i b e d  by a t w o - d i m e n s i o n a l  pa rabo l i c  p a r t i a l  

d i f ferent ia l  equation that  represents  the energy conservation law 
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with initial condi t ions  

and bounda ry  condi t ions  

{ dTs~ 0 ( 2  aT) or, I o [rae,,--aTr) + + Q. (3) Ps (Cos + aCoa) Or - Or 0-7 "~z eft ~ z  

T ( r ,  z , r  = 0) = T O (4) 

(a or) 
= Ctlt p (Till, -- T i t = t o )  ' (5) / eff Or) r=ro 

where a t l p  is the coefficient of heat  exchange between the inner  surface of the cyl indrical  sorbent  layer  and  a 

two-phase  heat car r ie r  with t empera ture  Tltp: 

{ <l = %. , ,  ( T l r = q  - Ten,,),  (61 
- ,;'"rf ~-7/: ~=rl 

where aen v is the coeff ic ient of heat losses by the adsorbcr  on the outer  surface: 

~ = 0 .  - -  = 0 .  (7) 
On z=O 

For points located on the fin and the wall of the HP, Eq. (3) takes the form 

OT 
PmCm - ~  = ,I.mAT . 

The  heat  conduct ion Eq. (3) is supp lemented  with a mass -ba lance  equation writ ten in the form of the 

D u b i n i n - R a d u s h k e v i c h  s ta te  equation [11 ]: 

(Rr~n 

and  with the sa tura t ion  curve for a coolant 

where  the initial condi t ions  are  

In (8) d In P - qs------L-t dT) 
RT 2 

P = P~ ( T ) ,  

p (r, z, ~ = 0) = P 0 '  

(9) 

(lo) 

415 

In the isosteric opera t ing  stages of the adsorber ,  the boundary  condit ions for Eq. (8) have the form 

d 
d--7 f f a ( T ( r ,  z ) ,  P) drdz = 0 ,  (11) 

which implies cons tancy of the total mass of the adsorber .  For isobaric stages of desorpt ion and adsorp t ion ,  the 

pressure  in the sorbent  layer  is de te rmined  by the constant  pressure  of condensat ion  and evaporat ion:  

P = Pc or P = P c '  (12) 

A numerica l  solut ion was ob ta ined  by using an implicit  mul t id imensional  difference advancing  scheme 

const ructed  by an in tegro in terpola t ion  method [12]. We solved the difference equations by reducing them to a 

sys tem of t h r ee -po in t  vector  equat ions  that  was solved by a method  of mat r ix  fitt ing. In o rde r  to acce lera te  

calculat ion,  we used an a lgor i thm for an automat ic  increase in the t ime step. 

Resu l t s  of Numer i ca l  Inves t iga t ion .  C a l c u l a t i o n s  for a f i nned  a d s o r b e r  were  c a r r i e d  out  for  a full 

t he rmodynamic  cycle of its opera t ion  that  inc luded the following successive stages: I) isosteric heat ing,  II) i sobar ic  



Fig. 1. Dependence of pressure in the adsorber on the mean temperature of 

the sorbent during an operating cycle (the coefficient of heat loss by the 

adsorber is acn v = 20 W/m 2' K the parameters of the fin are: t l f  = O.O0O m, 

25r = 0.0012 m, 2•r = 0.0005 m). I', Pa; T, K. 

Fig. 2. t_hange in the mean value of equil ibrium adsorption with time for 

finned ( l )  and unfinned (2) adsorber (c~en v = 20 W/m 2 K; the parameters of 

the fin are: Hf = 0.006 m, 2St = 0.0012 m, 2~r = 0.0005 m). a, kg/kg; r, sec. 

heating, ] I I)  isosteric cooling, and IV) isobaric cooling. The calculation of the isosteric stages was stopped when 

the pressure in the adsorber equaled that in the evaporator (stage II) or in the condenser (stage IV). The criterion 

for the termination of the calculation of the isobaric stages was a small change in transit ion to the next temporal 

temperature layer on the outer cylindrical surface of the sorbent ( A T / T  < 0.00l) .  A graph of the change in adsorber  

pressure versus the mean temperature of the sorbent layer in an operating cycle is given in Fig. la. 

The calculation corresponds to the following initial data: the heat-pipe temperature in the case of desorption 

Td "~ 463 K; the heat-pipe temperature in the case of adsorption T a = 303 K; the ambient  initial and condensat ion 

temperatures T c = 303 K; the evaporation temperature Te = 278 K; the heat exchange coefficient on the external 

boundary  20 W / m  2. K, Oren v = 0; the heat exchange coefficient on the heat pipe ( internal  boundary)  ctHp = 1000 

W/m2-K;  the heat capacity of the zeolite Cs = 1000 J/kg;  the density of the zeolite ps = I000 kg/m3; the effective 

thermal conductivity ).eft = 0.4 W / m .  K; the heat pipe radius r 0 = 0.02 m; the radius of the external  sorbent  layer 

r I = 0.026 m; the parameters of the copper fin are: the fin thickness 2c5f = 0.5 mm; height Hr = 6 mm, and spacing 

2Sf ; 12 mm. 

To determine the magnitude of adsorption, we used the Dub in in -Radushkev ich  equation in the form: 

a =  a 0exp  - l n ~ -  - B ( T )  , 

where the empirical coefficients B ( T )  = In p o / P b ( T  - T o ) , / ( T c r  - Tb) , a 0 = 0.263, E = 18.5- 103 J /mole ,  T O = 293 

K, Tcr = 547.15 K, T b = 373.15 K, n = 2 were found by using the method of least squares to process the experimental  

data for the zeolite (MgA) -wa te r  pair presen',ed in [ I3 l  and obtained at the Ltboratory of Porous Media of the 

Academic Scientific Complex "A. V. Luikov Heat and Mass Transfer  Institute on the Academy of Sciences of 

Belarus." 

Under  these conditions the layer-average value of adsorption (Fig. 2) varies from 0.25 to 0.007 kg/kg. [t 

is evident the duration of the isosteric periods is small in comparison with the duration of the isobaric periods. The 

use of fins makes it possible to increase the sorption potential for the water-zeolite pair and,  consequently,  to 

shorten the cycle durat ion by almost half compared to an unf inned adsorber. 

Figure 3 presents a comparison of experimental  data of [ 10, 14 ] for the desorption stage with calculations 

by a two-dimensional  equil ibrium model under  conditions of a nonzero coefficient of heat exchange with the 

environment  (C~en v = 20 W / m  2.K).  The figure shows the change with time of temperatures at two characteristic 
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Fig. 3. Experimental  (points) and calculated (curves) values of tempera ture  

on inner  (I)  and outer  (2) surfaces of sorbent  as functions of time in the 

dcsorpt ion stage (aen v = 20 W / m  2,K).  

Fig. 4. Two-d imens iona l  tempera ture  field in sorbent  layer: a) at the end of 

the isobaric heat ing stage (the interval between isolines is 5 K), b) at the end 

of the isosteric cooling stage (the interval between isolines is 10 K). S, H, m. 

points located near  the inner  (r* = (r - r o ) / ( q  - r0) = 0.01) and outer  surfaces of the sorbent  layer  (r* --= 0.99) 

at a half of its length.  Note the coincidence of the exper imenta l  and  calculated values of t empera ture  in a s ta t ionary  

state.  However,  in an exper iment  the time required to a t ta in  a s ta t ionary  state is higher.  This  is expla ined ,  on the 

one hand,  by the fact that  the nonequi l ibr ium charac ter  of the sorp t ion-desorp t ion  processes is ignored and ,  on the 

o the r  hand ,  p robab ly  by the fact that  the change of isoster ic  and  isobaric hea t ing  per iods  was not precisely 

regis tered .  

Figure  4 i l lus t ra tes  two-dimens ional  d is t r ibut ions  of t empera tu re  fields in the calculated e lement  at  the  end 

of the s tages of isobaric  heat ing and isosteric cooling. Due to the high thermal  conduct ivi ty of the fins and  HP,  

thei r  presence (in the graphs,  the fin is located on the left and  the HP at the bottom) in the adso rbe r  makes  it 

possible to smooth the t empera tu re  field in the axial  direct ion and decrease  the radial  t empera ture  g rad ien t  over 

the sorbent  layer ,  for example ,  at the end of the desorption stage it decreases  from 39 to 17 K. The  heat ing effect 

of the fins is greates t  at d is tances  of less than 2 mm. 

The  calculation of a full opera t ing  cycle makes it possible to de te rmine  such general iz ing functions of 

processes in the a d s o r b e r  as the specific cooling power 

Qm = Q c /  M , 

where M is the sorbent  mass,  Qc is the heat  flux removed from the object being cooled,  and the coefficient of the 

conversion of the cooling power is 

COP = Q c / Q H ,  

where QH is the heat  flux suppl ied to the sorbent  of the HP dur ing  an opera t ing  cycle. 

We calcula ted the heat  fluxes Qc and QH in the following manner :  

Qc = (aa - ad) (L - Cpa (T c - Te) ) Ps"X (r~ - r o ) / s / r a ,  

where  aa is the mean value of adsorpt ion  at the end of the isobaric cooling stage; ad is the value of adsorp t ion  at  

the beg inn ing  of the s tage of isosteric cooling; L is the latent  evaporat ion heat;  Cpa is the mean heat  capac i ty  of 

the heat  ca r r i e r  in the range  of t empera tu res  (T c, Te); 
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Fig. 5. Dependence  of the coefficient of performance COP on the desorpt ion 

tempera ture  for a coefficient of heal loss by the adso rbc r  acnv = 20 W/m 2. K; 
1) finned adsorbe r  (lhe parameters  of the fin are: Hf = 0.006 m, 2Sf = 0.0012 

m, 2,3 r = 0.0005 m), 2) unfinned adsorber ,  COP; T, K. 

QH = ~ a t l l ' ( T l t l '  -- Ts,) 2~rOAz,, 
t = l  

where Tsi is the tempera ture  of an e lementa ry  sorbent  volume that contacts the heat ing surface,  and  index i is the 

stage number .  

Using  the ca lcula ted  da ta ,  we ana lyzed  the change  in the COP for the w a t e r - z e o l i t e  pair  with the 

desorpt ion  tempera ture  for f inned and  unf inned adsorbers  (Fig. 5). As follows from the calculat ions performed,  

fins in the sorbent  layer  increase  the adsorbe r  efficiency by about  a factor of 1.5 over the ent i re  desorpt ion-  

t empera ture  range at Cten v = 20 W / m  2. K. 

In o rde r  to de te rmine  the influence exer ted on the efficiency of the adso rbe r  by the pa ramete r s  of fins 

whose height  coincides with that  of the cyl indr ical  sorbent  layer ,  we consider  the resul ts  of calculat ions car r ied  out 

for ad iaba t ic  condi t ions on the outer  surface of the adsorber  (Fig. 6). An increase in the ha l f - th ickness  6f of a 

copper fin within the interval from 0.1 mm to 1 mm (Fig. 6a) leads to an insignificant decrease  in the COP of from 

0.46 mm to 0.41 mm. This  agrees  with the data  of [71; in this work it is recommended  that copper  fins be of the 

min imum technological ly possible thickness in order  not to decrease  the COP. For  c5 r < 0.4 mm, the specific cooling 

power decreases  sharply  below 380 W/kg .  The calculations performed as well as technological  cons idera t ions  allow 

us to recommend copper fins with a hal f - th ickness  of from 0.1 mm to 0.4 ram. 

Figure 6b i l lustrates the effect of fin spacing on the character is t ics  of a cell of the cyl indr ical  adsorber .  On 

the one hand,  as the number  of fins grows, their  heating effect increases,  and s imul taneous ly  the d imensions  of 

the adsorbe r  cell decrease.  On the o ther  hand,  in this case the thermal  resistance of the sorbent  layer  on the whole 

decreases ,  thus causing an increase in the heat flux supplied to the sorbent .  As a result ,  the specific cooling power 

increases,  and  the COP for a given combinat ion of fin height and spacing decreases.  As is evidcnt  from Fig. 6b, it 

is not expedient  to use a fin spacing larger  than 10 mm, since this does not give a cons iderab le  gain in the COP. 

Graphs  of the COP and Q/M versus fin height are given in Fig. 6c. For fins higher  than 20 mm, the COPs 

asymptot ica l ly  approach 0.5, and the specific cooling power decreases  from 200 W / k g  to 100 W/kg .  The  choice of 

fin height is de te rmined  by design considera t ions  and by the magni tude  of the heat  flux to be removed. 

Here,  it is important  to note that fins are a necessary e lement  in adsorbe r  design,  since they  are  required 

to increase  the layer  thickness and,  consequent ly ,  the cold efficiency without a not iceable  decrease  in the efficiency 

character is t ics .  

Thus ,  the proposed model of heat and  mass exchange processes in an HP-based  f inned a d s o r b e r  made it 

possible to calculate the two-dimensional  tempera ture  and concentrat ion fields in an opera t ing  cycle and on this 

basis to invest igate the efficiency character is t ics  of the adsorber .  The  da ta  obta ined  in the work can be useful for 

improving the specifications of such devices. 
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Fig. 6. Dependence of the coefficient of performance COP (1) and specific 

cooling power Q/M (2) on the parameters of copper fins: a) thickness, b) 

spacing, c) fin height; COP. Q/M, W/kg; dr, Sf, H, m. 

N O T A T I O N  

a, heat exchange coefficient; /l, thermal conductivity coefficient; 2Sf, fin spacing; Hf, fin height; 23f, fin 

thickness; qst, latent adsorption heat; C, heat capacity; p, density; T, temperature; r, time; Q, heat flux; r, radius; 

P, pressure; R, universal gas constant. Subscripts and superscripts: HP, heat pipe; s, sorbent, a, adsorbate, 

adsorption; d, desorption; eft, effective; c, condenser; e, evaporator; m, metal; f, fin. 
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