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Abstract—The model describes the transient behaviour of a cooled film absorber with coupled heat and
mass transfer, using a binary mixture with only one volatile component. The description consists of a set
of seven coupled partial and ordinary differential equations for the temperature of a cooling medium, wall,
mixture and vapour, for the film mass flow rate and concentration as well as for the vapour pressure.
Output responses on a step change at the absorber inlet of the cooling water temperature, the vapour mass
flow rate and the mixture mass fraction are shown. The model can be used in a general absorption cycle
simulation program, to describe any film component (evaporator, condenser, heat exchanger, absorber,
desorber).

INTRODUCTION

AN ABSORPTION cycle [1, 2] is a thermodynamic engine,
driven by thermal energy, that transports heat from a
certain temperature to a higher temperature. Absorp-
tion cycles form an alternative for the mechanically
driven compression cycles. They can be used for heat-
ing and cooling purposes. When used as a heat pump,
an absorption cycle is an alternative for a con-
ventional boiler, with a higher energy efficiency. An
absorption heat transformer is a means to upgrade
waste heat without addition of extra thermal energy.
A combination of the absorption and the compress-
ion cycle, the hybrid cycle, find increasing interest
nowadays.

For the stationary situation general solutions for
film absorption in laminar [3] or turbulent flow [4]
have been published. The literature on the instation-
ary state is scarce, although there are some good
reasons to study the transient behaviour of an absorp-
tion cycle.

First, in the process industry a tendency is seen
towards the use of more compact apparatus, with
higher mass and energy flow densities. A means to
establish this is by replacing the conventional shell
and tube exchangers by more compact and efficient
plate or plate-fin exchangers [5-7]. For absorption
cycles it is expected that future machines are equipped
with compact exchangers [8]. Also, to obtain higher
energy efficiency, more complex cycles are developed
like the double- and triple-effect cycle [9]. These
developments lead to more severe requirements for
control strategies and safety measures. Dynamic
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models are required to meet these demands in the
design stage.

The sensitivity of the exergy efficiency of the
absorber (and desorber) to variations in temperature
difference over the component is a second reason to
use dynamic models in the design stage: to estimate
and minimize exergy losses under fluctuating con-
ditions [10]. Fluctuating conditions are met when
on/off control is utilized (e.g. hybrid cycle, gas-fired
boiler), or when the heat demand or supply is not
constant {e.g. absorption cycle coupled to a batch
process, solar powered units).

A second application of our absorber model is
found in parameter identification. We will show in
this paper that, analogous to the transient deter-
mination of the heat transfer coefficient for compact
heat exchangers [11], the mass transfer coefficient in
the absorber can be determined from the transient
behaviour. A straightforward determination of the
mass transfer coefficient from stationary absorber
input and output data is impossible when the heat and
mass transfer are coupled.

In dynamic absorber models two extremes are poss-
ible. The first is the simple lumped parameter model
[12, 13]: the absorber is considered as one lump and
rigorous simplifications are made to deal with the
vapour absorption. The second extreme describes
the absorber with a set of coupled two-dimensional
partial differential equations for film velocity, tem-
perature and mass fraction. In ref. [14] this kind of
description is used for a film evaporator. Because
there are up till now no established models that are
able to describe film flow characteristics over a large
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A coefficient in interface thermodynamic
equilibrium relation [K]

B coefficient in interface thermodynamic
equilibrium relation [K m*N~"]

¢, specific heat at constant pressure
Tkg™ 'K
C coefficient in interface thermodynamic

equilibrium relation [K]
D mass diffusivity [m?s™ ]
E factor in the equation of state, ZR/M,V
[K~'s™1]
f factor in film thickness relation,
(9/3pp) " [m'*s' P kg*’]
gravitational acceleration [ms™ %
factor in absorbed mass flow relation,
(A =w*)A4)/puk — (Ahfa*)
[KsmZkg™']
h enthalpy [Jkg™']
Akl heat of absorption, A" — [A,+ (1 —w)¢,]
Tkg™ ']
dimensionless mass flow rate per unit
width, T' /T o
mass transfer coefficient [ms™']
absorber length [m]
mass per unit width [kgm™']
»  absorbed mass flow rate per unit width
[kgm~ s
molar vapour mass [kgmol ']
constant in dimensionless equations
(1%)—-(19%)
vapour pressure [N m ™7
dimensionless pressure, (p—po)/(P.—Po)
equilibrium pressure at T, and w,,
(To—Agwo—Co)/Bo [Nm™7]
heat flow per unit width [Wm™']
universal gas constant [Jmol~'K "]
time [s]
temperature [K}
equilibrium temperature at w, and pg,
Agwo+ Bopot+ Co [K]
dimensionless velocity of propagation
dimensionless factor accounting for
property variation with x and ¢
¥V vapour volume per unit width [m’m~']
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NOMENCLATURE

w mass fraction of the volatile component

(kgkg™ 1]
W, equilibrium mass fraction at 7, and w,

(To—Bopo—Co)/ A, [kgkg™']

X coordinate along the wall [m]

X dimensionless coordinate along the wall,
x/L

y coordinate perpendicular to the wall [m]

z arbitrary dimensionless quantity of state

VA compressibility factor.

Greek symbols

o heat transfer coefficient [Wm 2K~ ']

y dimensionless mass fraction,
(w—wg)/(We—woy)

r mass flow rate per metre width
[kgm~'s™ "]

o thickness [m]

0 dimensionless temperature,
(T—To)/(T.—To)

u dynamic viscosity [kgm™'s™ '}

p density of the liquid [kgm 3]

T dimensionless time, (¢/L)(T . o/fPm.00m.0)

¢,  derivative of 4 with respect to w at

constant T, oh/ow [Tkg™']
¢,  derivative of & with respect to p at
constant T, éh/0p [T kg™ '].

Subscripts
0 reference quantity
1,2 component 1 or 2
c cooling medium
d delay
i inlet
J position coordinate in computational grid
m mixture
o outlet
r relaxation
v vapour
w wall.
Superscripts
n time coordinate in computational grid
* interface.

range of the flow rate, this kind of model also gives a
failing description, despite its complexity. Our model
falls in between these two extremes, it considers the
film thickness averaged values of the velocity, tem-
perature and concentration, leading to a description
with a set of coupled one-dimensional partial differ-
ential equations. An advantage of our model over
existing models like ref. [15], describing a complete
NH,/H,0 absorption heat pump, is that it also takes
the dynamics of the system pressures and the film
thickness or liquid mass at a certain position into
account.

In a simple absorption system heat is taken up from
or released to the environment of the system at three
temperature levels. A disturbance in the low tem-
perature heat input is felt in the absorber as a change
in the vapour mass flow rate. A change in the medium
temperature heat output leads to a change in cooling
medium input temperature. A disturbance in the high
temperature heat input is transferred to the absorber
as a change in the mixture input concentration
(assuming the temperature change to be damped away
by the mixture heat exchanger). The responses on
step changes in these three inputs are shown. The
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simulations confirm that the transient behaviour of
the pressure is an essential part of the description of
the absorber. Because the transient behaviour of the
film thickness is also part of the description, our model
not only is fit to describe an absorber and a stripper,
but also to describe a condenser and an evaporator
[16, 17]. This means that the model can be used in a
general absorption cycle simulation program as a
basic subroutine, able to describe any film component
(evaporator, condenser, heat exchanger, absorber,
desorber).

MODEL

In Fig. 1 a schematic representation of the film
absorber is given, showing the geometry, the input
and output variables and the direction in which flows
are taken as positive. In the absorber a mixture of two
components flows down a flat plate as a thin liquid
film. Only one of these components is present in the
vapour phase. The mixture absorbs this volatile com-
ponent. The heat of absorption released at the liquid-
vapour interface is transported through the film
and the wall towards a cooling medium flowing at
the other side of the plate. Because of this the cool-
ing medium leaves the absorber at a temperature
T.. > T.;. At the exit, the mass fraction w, of the
volatile component in the mixture is larger than w;.

Our model starts from the following assumptions.

(1) Heat conduction in the tangential direction in
the cooling medium as well as in the wall is negligible.
(2) The mixture is a Newtonian fluid and flows
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(3) The fluid is a binary mixture of two components,
only one of these components is present in the vapour
phase.

(4) Heat and mass transfer in the film is only by
heat and mass diffusion perpendicular to the direction
of flow and by convection in the direction of flow.

(5) At the liquid—vapour interface thermo-dynamic
equilibrium exists between liquid and vapour.

(6) All heat of absorption is released at the liquid—
vapour interface.

(7) There is no heat transfer to the vapour. The
vapour pressure does not vary within the absorber.

(8) Stationary state correlations for the film
thickness (or velocity) and heat and mass transfer
coefficients give valid results in transient responses.

Our model allows the thermodynamic and physical
properties of the cooling medium, mixture and
vapour, as well as the heat and mass transfer co-
efficients, to vary with space and time. This makes the
model description valid over an arbitrary tempera-
ture, mass fraction and pressure range, as is desired
to simulate start-up and shut-down behaviour. The
variability of the properties leads to extra dimen-
sionless terms in some of the equations. For reasons
of clarity these terms are abbreviated to v, v,, etc.
In the Appendix these terms are worked out. If the
properties are assumed constant all these v-terms
vanish.

Under assumption (1) the heat balance for the
cooling medium, flowing along a plate of unit width,
is given by

under the influence of only gravity and friction at the 0T, vl 0T, _ % (T, —T.) )
wall. ot pcéc Ox pccp,céc v .
Fe | Te,i Tm,i| Tm,i Fyi| Tv,i
y Wi
xl - - —: T T
leg—— d c—»@q—— dm—> \ m, P Ty
X | — = | _— ~ *_x
Y A T
Te - Tywt— -Tm - -
M~ —] = - W - dq dl"v
X +dx ¢ _ _$ _
Cooling | |- -~ "_| . .7 .
medium Wall | - Mixture - Vapour .
T\ - - - - - A
Fe YTeo 'mo ¥YTm,o

FiG. 1. Geometry of the film absorber, giving the directions in which the flows are taken positive.
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This hyperbolic partial differential equation is an
example of the transport equation. The velocity of
propagation is given by v, I./(p.d.); the factor
peCp0c/(v12) is a time constant, a kind of relaxation
time. Under assumption (1) the heat balance for the
wall is given by

oT,
U ety T (=T,
3]
The mass balance of the liquid film is expressed by
o (dmy,) )
5= dr, — o —dx. 3)

In our final description of the heat and mass transfer
in the liquid film we only want the average values of
film temperature and mass fraction to be explicitly
present. Of course the temperature and mass fraction
vary in the y-direction. The resulting heat and mass
transfer across the film is described by transfer co-
efficients a and k. With the aid of equations (4)—(7),
the interface conditions can be expressed in the mean
film temperature T, the mean mass fraction w and
the vapour pressure p

iy
]p_w* (w* —w) dx. (@)

dr, =

In the denominator of equation (4) a factor 1 —w* is
present because at the film interface the diffusion is
not equimolar [18]. If the mixture components are
labelled 1 and 2, component 1 being the volatile com-
ponent, then only component 1 can cross the interface
according to assumption (3). For this reason from the
general expression for the mass flow of component 1

ow,

+w(dI' +dI',)

a factor 1 —w, can be split off, because dI", = 0 at the
interface. According to assumption (6) the heat of
absorption A# is released at the interface

dg* = dT',Ah. (5)

The heat flow from the interface to the bulk is
described by

dg* = a*(T*—T,)dx. (6)

If the vapour pressure varies slow enough [19] to
let assumption (5) be valid, the Clapeyron—Clausius
equation describes the thermodynamic equilibrium
between a liquid and its vapour phase. We linearize
this equation to

T* = Aw*+Bp+C. @)

With equations (4)—(7) dm{ can be expressed in T, w
and p

d . dr, T,—Aw—Bp—-C
" T (1= wH) A p k] — (Ahja®)
To—Aw—Bp—-C
= < ®

Mostly the value of G is not affected very much if w*
is replaced by w or even by w, (if the properties are
assumed constant). Equation (8) is a crucial equation
in our description. It couples the behaviour of the
film and the vapour variables. The denominator of the
equation reflects the coupling between heat and mass
transfer in absorption: both the heat and the mass
transfer coefficients are present in the expression.

The mass dm,, in equation (3) can be expressed in
terms of the film thickness §,,

dmy, = p,0., dx. 9)

Under assumption (2), ref. [20] gives a general relation
between the film thickness and mass flow rate

< 2)1/3<4r )» <av2/3b4b>rb Fb
On = al — Z_ jim_om
9/ \pmv 900" ) P S

(10)

together with experimental and theoretical values for
a and b in the case of laminar, laminar-wavy and
turbulent flow. The mass balance of the volatile com-
ponent in the film is given by

w | o(dm,)
at+w ot

dm,,

ow or,,

=dI',—-TI', a—d W

By elimination of dm,, with equations (3) and (9), of

o, with equation (10) and by substitution of equation
(8), equation (11) can be written as

ow ,haw —w)f Tw—Aw—Bp— C
ot +f T ox F” G

dx. (11)

(12)
The thermodynamics of the liquid film can be
described by an enthalpy balance. Under assumption
(4) the enthalpy balance is given by
oh, o(dm,,) Oh

B T 0,"“‘*”’ R

dm,,

——dx—oa,(T,—T,)dx. (13)

e 6
The derivatives of A, can be reduced to derivatives of
the measurable quantities 7,,, w and p, by taking the
total derivative of A, and realizing that the partial
derivatives are ¢, = 0h,,/0T,, and ¢, = Oh,,/0w. The
influence of the pressure on the mixture enthalpy is
negligible under conditions met in absorption appar-
atus. For this reason 0k, /0p terms are neglected in
subsequent derivations. After elimination of dm,, with
equations (9), (10) and (3), substitution of the total
derivative of A, and elimination of the derivatives of
w with equation (12), using Ak = h,—h,— (1 —w)o,,
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and substituting equation (8), equation (13) trans-
forms to

0T, + 0T
ot " ox
_f Ah
= o\ G To—Aw—Bp—C |—a (T,—T,) |

(14)

Now we are going to rewrite the mass balance (equa-
tion (3)) in terms of the measurable quantities I',,,, T,,,,
w and p. Using equations (9) and (10), the left-hand
side of equation (3) can be developed to

o (T, b_, T, Thof
a“z(f)d"—(/rm a7 o)
(15)

Substitution of equations (15) and (8) in equation (3)
finally gives as a film mass balance

Ty fro sl

a b " ox
f .  Tyn—Aw—Bp—C I,
=Zr1-* : .
b " G +vzpm.05m,oL (16)

The link between vapour pressure, vapour mass and
vapour temperature is given by the following equation
of state:

m,RT,

MV

p=2Z = Em,T,. 17
The compressibility factor Z accounts for the devi-
ation from ideal gas behaviour. If Z is computed from
a correlation containing two parameters: reduced
pressure and temperature, equation (17) is accurate
within 4-6% for any vapour [21]. Assumption (7)
allows us to represent the vapour phase by only one
lump. The mass balance is given by

om, L
=I,;— | dm,dx
ot S

LT _ Aw—Bp—C
-T,, J#dx. (18)

-, C

The enthalpy balance reads, accounting for assump-
tion (7)

L

oh, @
: m“ dm” dx.

moar +h, e Lh(p, T,)—h, J

0

(19

The vapour enthalpy 4, is a function of pressure p and
temperature 7T,. Taking the total derivative, with
Oh,/0p = ¢, and 0h/0T, = c,,, and using equations
(17) and (18) to eliminate m, and its derivative, equa-
tion (19) transforms to

9T, ETT,,

_ #, o
ot

Cpy O

o3(T,;—T,)—

(20)

With the total derivative after ¢ of equation (17) and
using equation (20), from equation (18) an equation
for p is derived

(lp = J— {rv,i [0s(T;—T)+T)]
ot 1+ pd,
T,y
L T _ — Bp—
_TVJ ﬂ_l’_cdx_m} @2n
o G

For an ideal gas, like water or methanol vapour
approximately under common absorber conditions,
the derivative dh,/ép equals zero, and so the denom-
inator of the factor in front of the right-hand side of
equation (21) reduces to one.

For the sake of generality the equations are made
dimensionless, with dimensionless variables

Y= x _t T
- L, T L pm,Oém,O’
T-T, w—w,
0—__ N 'y = N
T.—T, W, —Wg
- r
p= P—Po J=

De —Po, 1—‘m.O

with
T, = Agwo+Bopo+C,

Ty = AW +Bopo+Co, Ty = Agwy+Bop.+Cy.

The quantities with subscript 0 or e, like I, o, T,
T., etc., relate to some reference state, e.g. the initial
conditions at the mixture inlet for a required standard
state. Now the following set of seven differential equa-
tions results :

a0 8
< ¢ = _ *
81.' +Nl 6X N2(9w gc) (1 )
a0,
Fr = N3(On—0.)—Nu(6,—6.) @
dy s Oy
g I ox
Ns(—N
= 0O g oy, pov) (129
20, _,80,  UsNGN
p TUsIm oy = SJ,; L (0 + 067 +0,P—05)
N
~ 5 On—0y) (14%)
oJ vs 0 s s
51’+me 6X—bN5Jm [0m+v6y

+v,P—vg]+v, (16%)
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0P _ —Nolvy(0,;—0)+0.+ Niol
8t 1=Npl(P+ N[O+ N

NsNo(6,+N,o) 1 N
+1—N11[(P+N”)/(()V+NIO)] [J; (O +o6y

+v,P—vyg) dX—m] (21%)

aev (ev + Nl O) aP

Jv,i(gv,i _Ov) +N12w6_1:'

(20%)

e = TN N

In our transport equations we find two characteristic
times: a delay time or residence time 14 and a time
constant or relaxation time 1,. Therefore, many of the
dimensionless groups in the equations before can be
expressed as the inverse of a characteristic time scaled
on the mixture residence time 7, ,

o 011 P00, 0 ~_ Tm

N,

h pede To Tae
_ Uy pm,Oém,OL _ Td.m
T pccp.cdc l—‘m,() a Tnc ’
N. = % PmoOmol ~_ Tam
T pwcp,wdw Iﬂm,() B Tr,wl ’
N, = Ae pm,Oém.OL . Tam
“ pwcp,wdw 1—‘m,O B Tr4w2 ’
L(Te_T()) Td,m (1—W0)
R B L NCRLL Y VA L
s Iﬂm,()G % Tr.y 6 (We _WO)
Ah ¢
Ny=— " N,=—"_,
7 cp,m(Te - TO) 12 Cp.vBO
Lo, Tam
N, = =% Ny = p, o0moBEL,
8 cp.mrm.() Trom 9 = Pm,0%m 0
T, Po
= — N = .
NIU Te_TO’ . Pe—Po

The dimensionless numbers are allowed to be a func-
tion of space and time. To find a solution of the set
of differential equations boundary values and initial
values have to be supplied.

SOLUTION METHOD

The equations are solved by an implicit method,
using first-order backward discretization in space and
time

1
oz gt~z

oz (32_Zj'+l—sz|'
ot~ At ’

and e AX

This means that the basic form of the transport
equation

0z 0z

E—Fuﬁ,:c

transforms to

and J. J. W. WESTRA

A A
Z = <1 +ur>z"“-—u—rz’-'+,' —cAr.

AX )Y AX™
The truncation error

1622A +u 0%z
il

2 Mt g At

is of order AX, A, respectively. The AX part gives
rise to so-called numerical diffusion in the x-direction.
For counterflow cooling (¥ <0) a forward dis-
cretization in space has to be used for the cooling
water transport equation. The non-linear terms in the
equations, like the second term on the left-hand side
of (13*) are linearized with a truncation error of first-
order in At

f(t+A7) =f(r)+Arng(r)

that is, these terms are substituted by their values in
the preceding time step. If the properties are allowed
to vary with space and time, the dimensionless N- and
v-numbers are also computed in the preceding time
step. Discretization of the set of equations leads to a
matrix equation

= Mz"t!,

The matrix M is a profile matrix. The matrix equations
are solved, using subroutines described in ref. [22], by
LU-decomposition of the matrix followed by Gauss-
ian elimination. To get a consistent set of initial
values first the static solution of the equations (all
time derivatives set zero) is computed. The values
from the static solution are used as initial values in
the dynamic solution.

MODEL VALIDITY

Our solution method is able to give results for
counterflow as well as cocurrent flow cooling. Also
by putting the appropriate N-values to zero, simpler
subsystems of our physical system can be simulated,
e.g. a film flow heat exchanger, an evaporator, a con-
denser or a stripping column (no heat of absorption).

In the introduction we already stated that a more
detailed description of a film flow apparatus than this
kind of model breaks down on the difficulty of finding
a universal description of the film flow. In other
words : a description like this is the best obtained so
far. However, care should be taken of some of the
limitations of the model.

First, the general expression (equation (10)) for the
film thickness enables every kind of film thickness
(laminar, wavy, turbulent) to be easily incorporated
into the equations. However, the user of the model
has to decide which kind of film thickness is valid for
a certain flow rate (coefficients 4 and f) and which
expressions for « and k are to be used.

Second, assumption (8) implicates that the form of
the temperature and mass fraction profiles associated
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with a particular choice of « and k is not altered by
any transient disturbance. This may be approximately
valid for the temperature but for the mass fraction we
can think of disturbances for which this is not valid.
Third, the expressions for 4, « and k& implicitly
assume profiles u(y), T(y) and w(y). However, only
the film thickness averaged quantities are present in
the equations. Therefore, any change in temperature
or composition travels with the mean velocity. For
laminar films it is known that the interface velocity is
1.5 times the mean velocity. This means that changes
in T and w start to arrive at the absorber exit already
at 2/3 of the residence time 7,4, This effect can be
partly taken into account by choosing an appropriate
numerical diffusion. In our simulations the chosen
step size AX = 0.02 and At = 0.02 not only appears
to be a reasonable compromise between accuracy and
computation time (approximately 4 min CPU time on
an IBM AT3 computer for ! unit of dimensionless
time), but also gives the desired numerical diffusion.

RESULTS

For clearness of demonstration the simulations are
given for a simple system with properties that are
constant in space and time (v,, v;, vsvg=1,
v, = v4 = 0), the vapour is an ideal gas (N, = 0), the
mixture film thickness follows the Nusselt equation
(@=0.75'"3, b =1/3). The dimensionless numbers
and the boundary and initial conditions have values
that give neat results. Still these values are real-
istic for common mixtures and absorber geometries
under properly chosen operating conditions. The
standard conditions for our simulations are:
0. = 0,(0) = Hm,i =7 = P0) =0, Joi =1, 9v.i = -2,
J,;i=001, Ny=N,=1, Ny=N,=05, Ny=—0.02,
Ne=N,=50, Nyg=1, Ny=1, N,=52, N, =
—50. The time constant in an equation equals the
inverse of minus one times the factor in front of the
dependent variable on the right-hand side of the
equation, e.g. in equation (14*) J% /(vs(Ng— NsN7)).
So all the time constants in equations (1*)—(20%)
are equal to one except 1,4, = 0.5. Also all the delay
times are equal to one. In the simulations all the
N-values are kept constant, except one that is
varied in three steps over one decade. The input
variables that are perturbed in the simulations are the
cooling water temperature 0 ;, the vapour mass flow
rate J,; and the mixture mass fraction y,,;. In an
absorption cycle these inputs form the link with the
three heat reservoirs used in the cycle.

In Fig. 2 the output responses are shown of P and
of 8., 0,, 0, and y at the absorber outlet, on a step
change at T = 0 in the inlet cooling water temperature
0.; from 0 to —1. The expected delay time in the
responses equals 1, because of the N-values. Due to
the numerical diffusion, the responses show a delay
time of about 2/3, as would be found for laminar flow
with a parabolic velocity profile. It appears that the
response of 0, is the fastest, followed by 6., 6,,, y and

P, as may be expected from the geometry. An increase
in P = (p—po)/(p.—po) means that the vapour press-
ure p decreases (because p, < p,). To bring p down
however, first the absorbed mass flow rate has to
increase before it finally becomes equal to its original
value again (J,; is not altered). For this reason y(t)
contains a maximum. In the case of condensation
(equation (13*) is ruled out by making Ny =1 and
yi = y(X) =1 for all X) the response of 4, is faster
because the chain of coupled phenomena now
lacks one phenomenon: mass transfer in the film.
Consequently for a film heat exchanger (equations
(13*%), (17%)~(20%*) are ruled out with N5 = N, =0,
Ny=1=y=9(X) for all X) the response is the
fastest because now also the mass transfer from
vapour to film has disappeared from one chain.

In Fig. 3 the effect of a variation of N, or 74.,/T4,
from 1 to 0.1 on 6, and y appears to be smaller than
a factor 10 in the characteristic time. The height of
the response decreases with increasing 74 (so decreas-
ing I',) because the cooling water warms up increas-
ingly during its travel along the wall if I', decreases.

In Fig. 4 the effect of the variation of N, or 74,,/7,.
is shown. An increase of 7, leads to an increase of the
height of the response because of an increase of the
heat capacity of the cooling water flow. It appears
that along with this increase also the response of 4,
and y becomes quicker.

In Fig. 5 the responses for varying N, and N, are
given. As may be expected the influence of t4 /7, ., is
very pronounced. Of course the final value of the
response equals that of the standard simulation in
Fig. 1.

In Fig. 6 the output responses on a step change
in the inlet vapour mass flow rate J,; from 0.01 to
0.02 are given. The response of P is the fastest,
followed by y, 0, 6, and 6. Because y,—7y =
NeJ,i/Jm =50J,;, y will rise from 0.5 to 1. For
the same reasons as mentioned with Fig. 2 the
responses for pure condensation and absorption
are faster than for coupled heat and mass transfer.
Pure absorption (no heat effect) is effectuated by delet-
ing equation (14*): N, = Ng=0=0,; = 6,(X) for
all X

Figure 7 contains the responses of 8,, and y for three
values of Ns. These values lead to 7, , = 1, 3.3, 10 and
T om = 0.5,0.77,0.91. It appears that the pressure time
constant is dominant : y and 8, follow the response in
P, although the responses are becoming increasingly
smoother. Figure 7 demonstrates that, as already
stated in the introduction, our model is suited for
a second application : parameter identification,
especially the determination of the mass transfer co-
efficient k. Due to the coupling between heat and
mass transfer, it is not possible to determine the mass
transfer coefficient &k directly from stationary exper-
imental results, because the driving force w* —w can-
not be computed in a straightforward way from the
measured input and output values. This means that,
because N strongly depends on the mass transfer
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FIG. 2. Response at the absorber outlet on a step change of 0,;. Standard conditions: 1, P; 2, y; 3, 6,.:
4,0,:5,6.; 6,6, for a condenser; 7, 8, for a film heat exchanger; 7*, id. shifted upwards to the position
of 8,
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0.0 10.0 20.0
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Fi6. 3. Response at the absorber outlet on a step change of 0.;. Solid lines describe y, broken lines describe
B, 1I.N =1,2,N,=03;3, N, =0.L
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F1G. 4. Response at the absorber outlet on a step change of 6 ;. Solid lines describe p, broken lines describe
6,:1,Ny=1;2,N,=0.3;3,N,=0.1.
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FIG. 5. Response at the absorber outlet on a step change of 6, ;. Solid lines describe 7, broken lines describe
0n:1,Ny=N,=0.5;2,N;=N,=0.15;3, Ny= N, =0.05.
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FiG. 6. Response at the absorber outlet on a step change of J,;. Standard conditions: 1, P; 2, y; 3, 6,,;
4,0,;5,8,;6, 6, for a condenser; 7, 0,, for a stripper.

—» T

F1G. 7. Response at the absorber outlet on a step change of J, ;. Solid lines describe y, broken lines describe
0,1, Ng= —0.02;2, Ny= —0.006; 3, N, = —0.002.
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0.5+

— = T

FiG. 8. Response at the absorber outlet on a step change of J, ;. Solid lines describe y, broken lines describe
On: 1, Ng=1;2,N;g=0.3,;3 N;=0.1.

coefficient &, the response of P on J,; gives an alter-
native means to compute the mass transfer coefficient
directly. A necessary condition is that Ah/a* in the
expression for G is either negligible (very short flow
length) or o* is known, which is mostly true for mod-
erate or large flow lengths (linear temperature profile).

Figure 8 illustrates the effect of varying Ny so that
Trom = 0.5,0.77,0.91. Again the response of Pis domi-
nant and 6,, is hardly affected by the value of 7, 4.

Figure 9 gives the result of a variation in N, such
that 7., = 1, 3.3, 10. It appears that the time constant
of the response of P and so of 6,, is twice as high as
the value of 7, ». This must be due to the coupling of
0., y and P. If only 6., and P (condensation) or y and
P (absorption) are coupled, the time constants are
only 1.5 times as high as 7, p.

Figure 10 gives the responses on a step change in
the inlet mass fraction y,,; from 0 to — 1. The response
of P is immediate, the exit y, ,,, 8,, and 0, follow with
increasing delay. Because J,; does not change, the
final values of 8, 0,, 6. and y,—7; equal the initial
values. Because P rises immediately, 0, first de-

creases (desorption) until 7 = 0.6 and then increases
until T = 1.4 because of the extra absorption necessary
to bring P up (and so p down), at constant J,;, to its
new final value. Also shown are the responses of P
and y for a stripper. These responses are a little bit
faster for the same reason as in Fig. 6.

Figures 11 and 12 give an idea of the propagation
of the disturbances in ,, and y along the film. Close
inspection shows that for ¢ = 0.3 or 0.6 at the bottom
of the absorber y already decreases before the dis-
turbance has reached this part of the film (desorption
because of decreasing p). Consequently 8, also
decreases below its initial value.

CONCLUSION

The advantage of our model above existing pub-
lished models is that it also describes the transient
behaviour of the film flow rate and the vapour
pressure. The formulation of the equations is in such
a form that they can be considered as a module. This
module can easily be made fit to describe other film

0.5 -

10.0
— T

F1G. 9. Response at the absorber outlet on a step change of J, ;. Solid lines describe y, broken lines describe
On: 1, Ng=1;2,Ny=0.3;3, N, =0.1.
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F1G. 10. Response at the absorber outlet on a step change of y;. Standard conditions: 1, P; 2, y; 3, 0,;
4,0,;5, 8,6, Pfor a stripper; 7, y for a stripper.
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FiG. 11. Temperature as a function of position at distinct times. Conditions identical to Fig. 10:

l,t=-002;2,7=03;3,7=0.6;4,71=

0.6

1;5,t=14;6,1=3;7,71=6;8,7=20.

F1G. 12. Mass fraction as a function of position
l,1=-002;2,t=03,3,1=0.6;4,71=

components like a stripper, a condenser, an evap-
orator or a film heat exchanger, just by changing some
of the dimensionless numbers and the entrance or
boundary conditions. The responses at the absorber
outlet are shown on a step change at the absorber inlet
in the cooling water temperature, the vapour mass
flow rate and the mixture mass fraction. Clearly delay
times and time constants can be identified from the
responses. Also the propagation of the disturbance
along the film is shown. The time constants that can
be determined from the responses do not always equal
the expected values because of the coupling of the
equations. Therefore, the pressure time constant

05
i X

at distinct times. Conditions identical to Fig. 10:
1;5,t1=14;6,1=3;7,71=6;8,t=20.

determines the relaxation time of the responses on a
step change of J,; and y;. This again underlines that a
description of the transient behaviour of the vapour
pressure is an essential part of the dynamic absorber
model. The pressure response gives an alternative
means to determine the mass transfer coefficient.
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APPENDIX

The following dimensionless quantities account for the
variation of the thermodynamic and physical properties in
space and time. If the properties may be considered as
constant, which is the case for mixtures like H,O/LiBr or
CH,OH/LiBr/ZnBr, for T, w, p combinations associated
with realistic absorber operating conditions, the v-variables
equal one, except v, and v, that equal zero in this case.
Meaning of the v-variables

h dp. Y
v, = <1+PCCN@TC> R

Loy 1000
2Ty \Foy 8 T Fo0 1)

_WG. T =hG.T) _[P+N,]OE
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COMPORTEMENT TRANSITOIRE D’UN ABSORBEUR A FILM AVEC TRANSFERTS
DE MASSE ET DE CHALEUR COUPLE

Résumé—Le modéle décrit le comportement transitoire d’un absorbeur a film, refroidi. Les transferts de
masse et de chaleur sont couplés et on utilise un mélange binaire dans lequel un seul des components est
volatile. Le systéme est décrit par 7 equations differentielles partielles ou ordinaires couplées pour les
températures du fluide froid, du mur, du mélange et de la vapeur, ainsi que les débits et concentration
massiques dans le film et la pression de vapeur. On donne les résultats de modifications par sauts de la
température de Peau de refroidissement, du débit-masse de vapeur et de la concentration massique d
I'entrée. Ces réponses en palier montrent que la description de comportement transitoire de la pression de
vapeur est essentielle pour le développement d’un modeéle dynamique de ’absorbeur. Ce modéle peut etre
utilisé dans la simulation d’un cycle d’absorption général pour décrire tout les composants a film tombant
(evaporateur, condenseur, echangeur de chaleur, absorbeur, desorbeur).
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DYNAMISCHES VERHALTEN EINER RIESELFILMABSORBER MIT GEKOPPELTEN
WARME- UND STOFFUBERTRAGUNG

Zusammenfassung—Das Modell beschreibt das dynamische Verhalten einer gekiihlten Rieselfilmabsorber
mit gekoppelten Warme- und Stoffiibertragung an einem bindren Gemisch dass nur eine fliichtige Kom-
ponente enthaltet. Ins Gesamt 7 partielle und gewohnliche Differentialgleichungen beschreiben das Ver-
halten der Temperature des Kithimediums, der Wand, des Gemisches und der Dampf, sowie des Mas-
senstroms und der Konzentration des Films und der Druck. Die Ergebnisse einer sprungartigen Anderung
der Eintrittswert der Kiihlmediumtemperatur, des Dampfmassenstroms oder der Filmkonzentration
werden gezeigt. In ein algemeines Simulationsprogram einer Absorptionsanlage ist das Modell benutzbar
zur Beschreibung des Verhaltens jeder Rieselfilmkomponent (Verdampfer, Verflissiger, Wirmeau-
stauscher, Absorber, Austreiber).

AUHAMUHYECKAS MOJEJb IINIEHOYHOI'O ABCOPBEPA ITPYU HAJTUYHUU
B3AUMOCBA3SAHHOI'O TEIJIO- © MACCOITEPEHOCA

Amporaius—IIpencrapnena MoJenb, OMHChIBAIOLIAs MEPEXOAHDINH PeXUM paboThl OXJIAKAAEMOrO ILIe-
HOUHOTO alcoplepa NpH HAJMYMH B3aHMOCBA3AHHOIO TEILIO- H MACCONEPEHOCA ¢ HCIOIb30BAHHEM
6uHapHOI cMecH, colepxallieit TOLKO OAMH JIETY4YHI KOMIIOHEHT, MoJens npeacTaBiieHa CHCTEMO# H3
CEMH B3aHMOCBA3AHHLIX NH(depeRUMaIBHBIX YPABHEHUH, KaK OOLIKHOBEHHBIX, TAK H B YACTHBIX IIPOM3-
BOJHBIX, [UIS TEMMEPATYpHl OXJIAXJaloilieil Cpelbl, CTEHKH, CMECH M Iapa, MUIS MacCOBOrO pacxoia
IUICHKH M KOHIICHTDAllHH, a TaKxke U AaBieHns napa. [Toka3aHo BiusHMEe CKaukooGpasHOro M3MeHe-
HHSl HA BXoJe B abcopbep TeMmepaTyphrl oxJlaxJaromeil BOIb, MacCOBOrO PacxoJa mapa d MacCOoBOM
JOJIH CMECH Ha peXHM ero paboTbl. Monenb MOXeT MCIOJB30BATHCA OIS ONMHCaHHs M0GOro mieHou-
HOTO KOMIIOHEHTA (B HCTApHTENe, KOHIEeHcaTope, TetooOMeHHnke, abcopbepe, necopbepe) npn Moxe-
JIAPOBAHHM MOJIHOTO IIMKJIA MOTJIOLEHHS.
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