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1. INTRODUCTION

Closed-cycle cooling/heating systems using solid adsorbents
that have been described 23 are characterized by COP's smaller
than unity and are generally based on daily cycles or work only
intermittently. Recently Tchernev 4 suggested that by using the
concept of regeneration, the COP of closed-cycle adsorption cooling
/heating systems can be significantly improved.

The system described by Tchernev 4 which is being developed
by the Gas Research Institute, consists of two zeolite containers
which alternatively undergo adsorption and desorption. A reversible
pump permits the circulation of oil from a boiler at 200° C through

the zeolite containers. The oil-air heat exchangers cool the oil to
the ambient or cold temperature, T, before entering the adsorbing
compartment. Two outside fluid loops remove the heat and the

cooling effect from the walls of the zeolite containers. Fig. 1

schematically shows the system described above.



2. OPERATING PRINCIPLE OF A REGENERATIVE ADSORPTION SYSTEM

The Zeolite-Water pair undergoes a cyclic process very

similar to other adsorption systems used in solar heating/cooling
123 This cycle is conveniently shown on the (T, T) diagram as given

in Fig. 2.

2.1 The Begeneration Process.
Referring to Fig. 3a, this process starts at point (a) of the

cycle where the vapor phase is at pressure Pey (corrasponding to the
evaporator temperature To,) and the adsorbate mass fraction w is at

its maximum value of the cycle. The one-way valve, C,, is closed. At

this moment the pump is reversed and hot oil flows into the
zeolite-oil heat exchanger. As the temperature of the adsorbent

increases, desorption starts and the pressure increases closing the
one-way valve, C,. Before the pressure reaches Pcor the process
continues at constant velume. The amount of water desorbed is
usually very small and the process can be represented by the isoster

a-b. When the pressure Peo IS attained the one-way valve, C,. opens



2.2 The Adsorption Process.

Referring to Fig. 3b, at the end of the desorption process, the
pump is reversed and cold oil flows to the zeolite container. As the

temperature decreases, water vapor is adsorbed and the pressure
- drops. The one-way valve, C,, closes and a second constant-volume
process occurs which is approximated by the isoster c-d. When the
pressure decreases to Pey the one-way valve, C,., opens allowing a
liquid film to flow and evaporate on the walls of the zeolite
container. If the pressure difference (pco-pev) is not sufficient an

auxilliary small pump should be used to bring the liquid adsorbate
to the top of the zeolite container. The cooling effect, caused by
evaporation on lhe container wall, is brought to the space to be

cooled by a second outside loop.



3 DETAILED DERIVATION OF THE GOVERNING EQUATIONS OF AN
ADSORPTION REGENERATOR

The energy equations of one period of solid adsorption
regeneration operation are somewhat similar to those of classical
(heat transfer only) regenerator theory 5:€. The difference lies in the
term corresponding to heat of adsorption in the energy equation of
the solid adsorbent and the additional difficulty due to the coupiing
with the nonlinear integral equation of the pressure. An element of
the regenerator of length Az ( Fig. 4) is used to derive the energy and
mass balances. The following additional approximations are made to
simplify the problem:

1. Negligible cross-stream temperature and uptake gradients.

2. Negligible heat conductivity in the longitudinal direction.

3. Uniform liquid velocity and time independent flow rate

Constant densities and specific heats.

5. Constant heat and mass transfer coefficients.

6. Uniform gas phase pressure throughout the regenerator.

3.1 Dimensional Form of the Equations.
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are obtained by considering the energy exchanged between the small
differential element and the flowing liquid between times t and

t+A.. We define:
8Q, sensible heat gained by adsorbent=[8ma(Ca+wCS)+8mcCc]AT
8Q,4s heat of adsorption= -Qg( & m,) Aw
8Q,, heat exchanged by convection = (P; A2) h (T,-T)
8Q¢; sensible heat gained by fluid = (ps As AZ) C; AT,

8Q, 4, advective heat gained by fluid= m,C[{t(z+ Az)-T((z)]At

The energy balances for the adsorbent and the fluid are as follows:

8Qsa +8 Qatds - 8Q‘tot
8st +9 Qadv - 8Qtot

Replacing each of the energy flows by their respective expressions,
we obtain:

pcAcCc oT ow

paAaCa“+(Cs/C:—.1)W+p:_'lA:_'lC:_'l]8t = PaRa%% o

= P¢ h(T4T) (1)



is the differance (weq-w) and introduce a constant mass transfer
coefficient h such that
PaAg(OW/ot) = h (weq - W) (3a)
Woq is the equilibrium value of the uptake at (T,Tg) thus
T, = F(T.weq) (3b)
3.1.3 Belation Giving the Pressure Variations. A final equation

is needed which relates the variations of the pressure in the gas -
phase to those of T and w. We will consider the two cases of

constant pressure and constant-volume grocesses.

1. For a constant-pressure process, p (or Ts) is known thus:

Tg=F(Tw

eq) = Constant (4)

2. For a constant-volume process, it is shown & that:

| p. T d
a ow 1 T
T R1§ {){ ep ot * 2 ot } oz

(5)

ot
L(Ts)

!
dz

3.1.4 |[nitial and Bg’ungary Conditions. Tc start the

computations, we can assume uniform temperature and uptake.



For the following adsorption period:

at z=l T(l,1)=T,
at t=t T(z,7) and w(z,1) known from the previous
period

3.2 Nondimensional Governing Equations.
The previous equations can be greatly simplified by

introducing the following dimensionless parameters and variables:

C=2/l where |is the length of the regenerator.

n-={t-(z/V)] / t, where t =l /V s a characteristic time

O=(T-TOUTy-Teh O=(TeTT,-Teh O =(To-T, (T T,,)

n=(p'pev)/(pco'pev); (P(e,W) =qS[(le)/L°; A'(es)=l-(-rs)/l-o

®(0,W)=[F(T,w)-T_ (T

ev!

co-Tev); Y(e,W)=G(T,W). (Th-Tc)
where L, is a characteristic values of Qg and L .
My =t4/1, the dimensionless time of the hot period

He=tc/t, the dimensionless time of the cold period

E, = (PALC(PALC,)  E,=ClC, E>= (PACH(p.A.C.)



(1 +E, +E,w)(36/0) - E3o(t,w)(0w/on) = E (64-0) (1*)
(96/01) = (E4/E,) (6 - 6)) (2*)
(dw/dn) = E4m(weq-w) (3a*)
0, = tb(e,weq) (3b%)
0 during adsorption
® (0w ) = { ©(4*)
9 1 during desorption
1
-E aw (E -1) 200
06 [6_(E, -1 1 J{ n (E E; 1] 9 +[96(5 -1)+1]zan 9
s % G0 gl[n e 1) 5
on . 1
(Fg “NE, 2 (8) [ 9t -
0 B(E6 -1)+1

The choice of the set of equations to solve depends on the type of

process under consideration. For a constant-volume process, the
unkowns 0, 8y, W.Weq and 6, are obtained by solving the set of Egs.
{(1*,2*,3a*,3b*,5*)} and for a constant-pressure process, the
unkowns 6, 6,, w, and Weq are obtained by solving the set of Egs.

{(1*,2*,3*,3b*)}.
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4. ANALYSIS OF PERFORMANCE

If we analyze the overall cooling/heating system and consider
the quantities of energy exchanged with the outside elements, the

following global energy balance can be written:

Qo+ Q gya= Qqy + Qg (6)

The system coefficients of performance for cooling and heating are
defined as:

COP soo= Qqv/ Quo (7)

COPheat= Qeor Quo (®)

In order to express both COP's in terms of the profiles of
temperature and uptake, the following quantities need to be defined
and calculated:

 The amount of desorbed species during desorption process:

T
' [

h
m. =" (I) [ J; p OwW/3t) A_dz]dt =-p A, J [w(z,0)-w(z, 7, )]dz (4-9)
0

* The cooling effect obtained in the evaporator:

Qy = [L(Tev) ) CL(Tco"Tev)]mdes (10)

» The sensible heat gained by the desorbina container:



T
h |

Qdes--J;[Lpa (@wiat) A dz] o . (12)

* The total heat exchanged between the fluid and the solid

parts of the desorbing container:

T
h |

Q - _J[J;hPf (T, - T ) dz] ot (13)

* The energy generated during the adsorption process:

T
C
Qgene = P CfAf Vv _[ [T, - T, (0.1)] dt (14)
0

The energy balance for the desorption period can be written as:
Qflu = Qggn + Qges (15)
The cycle cooling COP is given by:
CoPcycle = G/ Qqy (16)
Similar heat quantities can be defined for the adsorption phase. The

expressions are exactly similar to Eq.s (9,14) and only a minus sign

needs to be included. Introducing the non-dimensional integrals

I1 ,I2,l3 g ls and I6 defined by:

11



I'Ih 1

I, -—f [fcp(aw/an)dr,] dn
0 o0
I'Ih 1

Ly =1, -0)ag)dn
0 o
T

I = J’ 0, (1,n) dn
0

I-IC
I = I [1-06,(1,7)] dn
0

Egs. (7) to (15) can be simplified to:
COPC°°|= [A(6,,) - const] 1,/ (lg/E5)
where, const = E 4 (Eg-1) / [E3E8E9(E6-1)]
COPy gar= M8,) 1y / {g/E3)

Maes = Ma I
Q. = M,L,[A(8,,) - Const] 1l

Qsen = MaCa(Th'Tc) I2 = MaLo / “2/ E3)

(17¢c)

(17d)

- (17e)

(1 71)

(7%)

(8°)
(9%)
(10%)

(1)

12
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5. NOTION OF IDEAL REGENERATOR

The "ideal regenerator" is characterized by infinite heat and

mass transfer coefficients. Conseruently the local temperatures of

the solid adsorbent T and the liquid T; are equal, and thermodynamic
equilibrium eaxists (w=wq,). The governing Egs. (1) and (2) are

combined to yield a siryle energy equation:

A C
paAaCa[1+(%/%)‘N+ZCACCC} gtT LR g:v
a a a
an an
= pfAfo(W +V5—i—-) - {18)
or in dimensionless form:
(1 + E, +E;w)(96/0n) - E5o(t,w)(dw/an) =- E, (96/9¢) (18*)

The boundary conditionc are:
0(0,n)=1 during the desorption process
6(0,n)=0 during the adsorption process

The initial condition at the begining of each period is:

eh(C,O) = 0,(1- L, t,)  for the desorption process

85(C.0) = 6, (1- ¢, h) for the adsorption process
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6. NUMERICAL SOLUTION OF THE GOVERNING EQUATIONS

In this section, the numerical method and difficulties of the
simulation will be presented first and the results of the numerical
study will be. given in terms of the dimensionless parameters

introduced in section 3.2.

6.1 Wendroff's Scheme for First Order Hyperbolic Equations.
The governing equations (1) and (2) are of hyperbolic type. A
general formulation of such system of equations can be made in the

following matrix form:

U

where U is the unknown vector and A,B and C are specified functions
of U, £ and n. Wendroff's scheme consists of approximating the
derivatives at point P (see Fig. 5) using the following central

differences:

au 1 ¢ U au
|, el 5 ]
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ISR
Jn P 2 n.3 In|g
1 Y9 - Ua Y - Ys
-3 + ]
An An
Substituting in eq. (19) and rearranging yields the following:
U - U -1
~C = JA+ (PA+B) (pA-B)(Us- Up)
+ 2(8m) (pA+B) ¢ . (20)

~

where p=An/Af{. This scheme is explicit for initial-boundary value
problems for which U is specified at n=0 and £=0 . When no houndary
condition is prescribed at £{=0, an other scheme should be used at the
first node of the finite-difference mesh before Eq. (20) can be
implemented. For the case of a single equation with constant

coefficients, Wendroff's scheme has the advantages of being of 2"d

order accuracy, explicit and unconditionally stable.”

6.2 Finite Difference Form of the Governing Equations of an
Ideal Regenerator.

Eq. (18) is of the form of Ea. (19) with eralar rnaffiriante
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point P using the average values:
l l ]+1 l

W= (W 4w w w )4
p (i+ W '”)

and

For example A is calculated using:
j | j+1 i
(W +w + Wi + W )
A=[1+E°+E1 i i+1 i+1 ]
4

During a constant-volume process, Eq. (5*) is solved using the

explicit scheme:

j 2

(6. ( -1)+1] S] Sj

o, -0 G s, v s (22)
J J

(Eg -1)5101 (8.) S,

where the quantities S, .S, and S; are the approximated integrals:

-E5 i=N  j+1 j
s = — T - w)e A
[ €, 1]
j+1
=N (g . e])e

st . g Y L

AQ
2 im1 i 2




During the constant-pressure phase, 8 is given by:

1 [+1 0 during adsorption
+
w

( ' ) =
I+1 +1 1 during desorption
The equilibrium relation (3b*) is written in the form:
j+1 j+1

1
6 = @ (9j+ W )
s i+1 i+1

6.3 Method of Numerical Solution.

A fortran program was written to simulate the behaviour of an

(23)

(24)
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ideal adsorption regenerator. The grid used for the finite-difference

solution is shown in Fig. 5 and the flowchart of the program is given

in Fig. 6a,b. The procedure of calculations for a constant-volume

phase can be summarized as follows:

1. 6, at at the (j+1)" n-step is estimated.

2. 6 and w at the (j+1)'h n-step are estimated in order to

evaluate A,B and C.

3. A corrected value of 6/*1 is calculated using the boundary

condition or Eq. (21).

Eq. (24) is used to calculate a corrected wi*!.
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to calculate a corrected value 8, at step n-step (j+1). If

the difference is larger than ¢ a "new estimation” is
made and steps (2-6) are repeated.

8. If the difference is smaller than e, the solution proceeds to
the next n-step.
For a constant-pressure phase, 8, is known and the steps (1,6,7,8)

are not necessary.

6.4 Intermediate Estimations and Numerical Stability.

The stability of the numerical solution is strongly dependent
on the estimations needed at steps (5) and (6). A simple use of the
calculated value is not appropriate to guarantee stability. To
overcome this problem, procedures of intermediate estimations
based on the physical arguments are developed.

6.4.1 Estimation of wi*' and ¢)*'. The term C in Eq. (21),
corresponding to the heat of adsorption, is very important compared
to the rest of the terms in the energy balance. But when wi*! jg
approximated by wl at step (2), the term C is neglected. This leads
to an overestimated value of gl+! (during desorption) and an under

estimated value of wi+! which cannot be used as new estimations.



underestimated the calculated value of 6i*! g larger than its
equilibrium value. The opposite is true when wi*i s overestimated.
This allows a convergent interval halfing method. Fig. 7a is a

graphical illustration of this iterative method.
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6.4.2 Estimation of Qsi”QyLing_a Constant-volume Phase. Egq.

(22) is very sensitive to the estimation of the term (wi”-w‘). An
overestimation by a very small amount leads to values of much
larger than unity during desorption. These values cannot be used in
the following iteration. To guarantee convergence, a similar

interval-halfing method as in section 6.1 is used. The upper limit

for 6. J+1 during desorption for example is min( 8¢ gsyim!*' 1) and its

lower limit is max(es'es”mm,O). Fig. 7b is a graphical illustration

of this method.

6.5 General Aspects of the Numerical Solution.
6.5.1 Stability and Convergence. The procedure discussed in

section 6.4 made the iterative method to converge to some solution

of the governing equations. An other question is to know how this
solution is affected by the size of the steps (Af) and (An). To check

this dependency, several combinations of these parameters have
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with (Af)=1/40 0.0625 < (An),, < 0.125
This suggests that a stability condition exists and is approximately
expressed by: (An/A{) > 2.5 . Table 1 shows that when (An)=0.25 no
major change in the solution is obtained by decreasing (Af{) from
1/40 to 1/60 .

For the constant-pressure phase the step (An) can be made
much smaller. With A{=1/40 the results given in table 2 show that
the profiles of temperature obtained corresponding to An=0.025 and
An=0.0125 agree to about 10% and an even better agreement is
obtained when integral quantities such as the desorbed mass or the
cooling effect is calculated.

Based on the above observations, we retained the following

steps in the study of the influence of different parameters on the

systen performance:

For a constant-volume phase: Af=1/40 An=0.25
For a constant-pressure phase: AL=1/40 An=0.025
6.6 An Example.

To discuss the profiles of temperature, uptake |, energy and

mass quantities...etc, the following example have been chosen:


http:A71=0.25
http:Ari)=0.25
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[I=8.0

Adsorption pair: Synthetic zeolite 13X-Water (data of [10])
Starting from an initial state at which 8=0, a number of iterations
are performed (3 to 4) before the periodic regime is reached. Fig. 8
shows the profiles of temperature as function of £ as the wave

travels along the regenerator. Fig. 9 shows the variations with n of
the temperature at the ends of the reactor. The areas under these
curves is directly related to the regenerated energy and the energy
lost at the air/oil heat exchanger. Fig. 10 plots the cooling/heating
effects versus time for M=10. It is seen that after the temperature
wave has crossed the regenerator, the desired effect doesn't
increase while the heat lost at the heat exhanger increases causing
the system COP to decline as seen in Fig. 11.

The follwing dimensionless energy quantities have been calculated:

Q,,=0.098358 Q,,=0.09385
Q,,=0.04583 Q,,=0.036458
Qo + Qg = 0.13482 Q,, + Q,,=0.13968

We verify that the global energy balance is satisfied to about 3.5% .

6.7 Influence of the Operating Conditious.
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evaporator has a relatively important effect on the system

performance since a 5°C decrease of this parameter causes 16-20%
improvement of the system cooling COP. The effect of T, is not as
important and decreasing it by 5°C leads to an increase of the
system cooling COP by only 5%. Fig. 12 is a plot of the system
cooling COP as function of the dimensioniess period I1. As expected
the curve shows a value of IT for which the performance is
optimum. The effect of the thermal capacity of the inert parts of
the reactor which is expressed by E, is studied on the transient
first period to minimize the computing time. The results show a

very weak decrease in the system cooling COP from 2.00 with E,=0

to 1.90 with Eo=0.96.

6.8 The Case of Actual Regenerator with Finite Heat
Transfer Coefficient.

In actual systems, heat transfer coefficient is finite and the

temperature of the solid adsorbent is not equal to that of the fluid.

If we assume that mass transfer is infinitely fast (which is a valid

assumption in heat transfer controlled adsorption) then w is equal

to w,o, and the unknowns to be determined are 8. 6. w and 8 Tha



1 during desorption

0
f,1 0 during adsorption

N LS Y I E B
NON Ao+ (ef,1 T 91)+ 3 ® (w1 "

1 A+B

where,

j+1 j
A=1+E°+E1 (w1 + W )2

B= E4 (An)/2
For 1« i < (n-1)
TSI NP e'f"‘;‘ - Cf
21 011 4 a2 et L o
+1 fi+1
where,
A11 =1+E° +E1 W+ E4(A'r])/2

M2 = -E, (4n)/2
A21 = - E , (AL)/2E ;)
A22 =1+ E, (AL)/(2E, )

J+1 | P j
Ol =Bgo b - e wi )
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I+1
C2= [1- E4(A§)/(2E2 )] (ef'I +o, )

- [1+ E4(A§)/(2E2 )] 6

f

j+1
Jd+1

+ B (A0)12E, )8, w e 4ol

i+1

The equations governing the pressure and uptake variations are
similar to those of the ideal regenerator case.

A computer program was developed to obtain a numerical
solution to the above equations. The numerical procedure used is

similar in most aspects to the ideal case. The effect of the heat
transfer coefficient is analyzed by changing the parameter E, for a
fixed set cf data (the other data are those given in the example of
section 6.4). It was in particular verified that by increasing the
value of E,, the solution tends in the limit to the ideal case
solution. Table 4 gives the variations of the cooling/heating effects

and the system COP's with increasing E,-



NOMENCLATURE

Abbreviation

_Trmm_m§o>

g
3

3
Q)
E

[42]
—

NE<H"DODUTO O

@A >3 10
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Term

Area

Specific heat

Coefficient of performance

Dimensioless parameter defined in section 3.2

Equilibrium function defined in equation (3b)
Absorptivity function defined as (dw/dT)
coefficient of heat transfer

Dimensionless integral defined by equations {17)

Dirnensional length of the regenerator

Latent heat of vaporization at temperature T
written in

the form L(T)=L, + &, T

Mass

Isosteric heat of adsorption

pressure
Perimeter

Heat quantity

Ideal gas constant

Time

Temperature

Velocity of the fluid

Uptake (mass of adsorbate/Mass of dry adsorbent)
Space cordinate along the regenerator

Emissivity or void fraction
Dimensionless F

Dimensionless G

Dimensionless time

Dimensionless heat of adsorption
Dimensionless latent heat of vaporization
Dimensionless pressurs

Dimensionless temperature



p Mass density

T Period

£ Dimensionless space coordinate
Subscripts:

a "Dry" adsorbent

boi at the boiler

ad Adsorption

c Inert parts of the regenerator or "cold" period
co Condenser

des desorbed

ev evaporator

eq at equilibrium

exc at the heat exchanger

f or flu fluid

h "hot" period

L Liquid phase

0 Characteristic value

re Regeneration

s Sorbed species or saturation

sen sensible heat
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8 (1.0,n)] 0.0158 | 0.0639 | 0.0916 | 0.1135

6 0.146 0.508 0.825 1.0000

6 (0.0,m)| 1.0000 1.0000 | 1.0000 1.0000

8 (0.1,m)] 0.0181 0.0695 | 0.1891 | 0.5116

8 (0.2,m)| 0.0177 | 0.0600 0.0955 | 0.1160

8 (0.3,n)| 0.0177 | 0.0599 | 0.0953 | 0.1136

@ |8 (0.4,n)| 0.0177 | 0.0599 | 0.0953 |0.1136

w [0 (0.51)] 0.0177 | 0.0599 | 0.0953 | 0.1136

<o (0.6,m)| 0.0177 | 0.0599 | 0.0953 | 0.1136

8 (0.8,n)]| 0.0177 0.0599 | 0.0953 | 0.1136

8 (0.9,m)| 0.0177 | p.o599 | 0.0953 |[0.1136

. 18(1.0,n)) 0.0177 | 0.0599 | 0.0953 | 0.1136

Table 4-1 : Comparison of results obtained with A{ =1/40
and A{ =1/60 (An=0.25)
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0(0.1,7m) 0(0.5, n) 6(1.0, n) Desorbed mass/Ma
1
AL =025 85=.025 .0125 [Ar..025( -0125 | Af..025 | .0125
0.00 0.0000 [0.0000 [0.0000 [0.0000 |g.1430-4 |6.1430-4
0.25 0.0158 [0.0158 [0.0158 |0.0158 |.4.5875.4 |-4.5876-4
0.50 0.0639 |0.0639 [0.0639 |0.0639 [5.4376.4 |5.4376-4
0.75 0.0916 |0.0916 [0.0916 [0.0916 |2.2836-3 |2.2836-3
1.00 0.1135 (0.1135 [0.1135 |6.1135 |3.4716-3 |3.4716-3
1.50 0.0777 |0.0912 10.0891 {0.0880 [p.0124  l0.0122
2.00 0.1494 |0.1433 10.1400 [0.1471 l0 0218 . |0 0216
2.50 0.1344 [0.1227 |0.1021 |0.1194 |9 9312 |0 0310
3.00 0.1953 |0.1924 [0.1348 |0.1290 [0.0406 |0.0403
3.50 0.0045 {0.0024 [0.0905 {0.0843 [0.0500 [0.0499
4.00]4 0.2974 |0.3003 [0.0789 {0.0762 [9.0505  |0.0593
4501 0.6160 [0.6150 [0.0961 |0.0825 |0.0g88 |0 0686
5.001. 0.9941 10.9937 10.1457 10.1403 |0.0782 |0.0779
5.50 1. 1.0000 |1.0000 [0.1438 |0.1412 [p.0879  |0.0876
6.00|1. 1.0000 [1.0000 |0.0555 |0.0515 [9.9720  |0.0969
6.50 |1 1.0000 |1.0000 [0.1926 [0.1957 |o.1065 |0.1063
7.00]1. 1.0000 | 1.0000 [0.0350 [0.6291 |9.1159 |0 1156
7.50]|1. 1.0000 |1.0000 [0.0975 |0.0972 [0.1261 l0.1259
8.00|1 1.6000 [1.0000 10.3107 (0.3161 |0.1344 |0.1342




Teo Tev Te oot | O
300.8 276.3 310.8 ~ 213 2.17
310.8 276.3 310.8 1.61 1.67
310.8 | 281.3 310.8 2.05 2.15
305.8 281.3 310.8 2.39 248
310.8 281.3 310.8 2.05 2.15
310.8 281.3 315.8 2.03 2.06
(a)
E, 0.00 0.239 0.478 0.957
COP,.., 1.82 1.75 1.69 1.69
1.97 1.
COR, a1 2.00 1.92. 90
(b)

Table 4-3: Effect of different parameters on the system
performance (a) Effect of Tm. ch and T, (b) Effect

of Eo




E4 Copcool c;Opheat Qe\/ ( MoLo) Qoo/ (MoLo)
10 0.89 0.92 0.0736 0.0761
102 1.43 1.48 .08588 0.0888
108 1.87 1.95 0.0922 0.0962
104 2.03 2.13 0.0937 0.0984
o 2.05 2.15 0.0938 0.0986

Table 4-4: Effect of heat transfer coeffi

performance

fcient on the system



O

Reversible
- pump -
— 1 — 1
: Q—— Oil-air heat ——b :
| Exchangers |
S
v
1__—] [
- L Boiler 4 —
container lcontainer
1 2
év ‘ :4

Heated

space

Cooled

space

11

—]
B—
:T

Figure 4-1: Operating principle of a regenerative cooling
or heating system: While valces are in position 1
container-1 is desorbing and container-2 adsorbing



Dew Point Temperature (°C)

60

0N
o
T

H
o
i

(N
o
|

26.5
24.0
22,0
20.0
18.0
14.0

N
o
1

-
o

10.0
08.0

06.0
04.0

Y EEEEE

L2}l BTN T RO EN N U BTN B T BT T T |
-40 0 40 80 120 160 200 240 280 320 360

Zeolite Temperature (°C)

Figure 4-2: Adsorption cycle. The equilibrium data are
for the pair Zeolite 13X-Water [4]



outside loop to
heated space

I

N CCCRTRRTIR R R R i

C1 closed

zeolite
container ¢

oil to

)
% 7

70
200,

! L

heat Exch.

oil from

condensing
film

C2 open

(L

"""" ANAAANAAA

pump

Q_

boiler

( N—

I

~ Figure 4-3a : Regeneration phase : The walls of the

container act as condenser



~ze0lite S
container ¢

oil from

3 Q._
: § Hrl heat exch.

ﬂ;

outside loop to
cooled space

oil out
t L >

-1 | to boiler

N
T
P

Yl
b

evaporating film

C2 < closed %

A A A A AAUA A AAL

—( ) —

Figure 4-3b : Adsorption phase: The walls of the
container act as evaporator

vl



Inert parts
p. C

c Cc

Adsorbent

Pa Ca

Zx=|

T

Circulating fluid

P GV

Figure 4-4 : Elements of the mathematical model for the
adsorption regenerator

Z=0



IIIIIIII

[ ][] ]

//////,z// /.ZT

/////




j+1 )
0 estimated

f#1 )41
w
i+1 ' i+

to compute A,B,C

v

estimated

I+1 J+1 calculated
1 v st

from B.C & (4-21)

\ 4
j+1
W‘ calculated
from (4-24)
v

Comparison of estimated
and calculated values of

1 1
G)‘I+ and Wj;

If difference < &

K2
LR
8. calculated
from (4-22)
v

Comparison of estimated

and calculated values of

j+1

If difference < &
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