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Abstract— A model was set up for the heat, mass and momentum

transport in a falling film absorber with a binary gas phase.

Results are given for water/ammonia and countercurrent gas flow. If the ratio of diffusion to convection is not negligible (here for a
gas channel smaller than 5 mm) absorption is higher with countercurrent gas flow than with cocurrent flow. For larger gas channels

the outcomes from a simpler one-component gas phase model are,

if the interface boundary conditions are formulated correctly,

almost equal to the outcomes from the present model. 0 1999 Editions scientifiques et médicales Elsevier SAS
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Nomenclature

A, B constants in linearized interface

thermodynamic equilibrium relation K
a, D heat, mass diffusivity . . . . ... .. frs1
h o enthalpy................ Mg~1
[ characteristiclength . . . . .. ... m
p opressure . . ... ... ... Pa
T temperature . ... .......... K
u,v velocity component in-, y-direction ms—1
w  mass fraction of ammonia in the

mixture . ... kdeg~
x,y co-ordinate along, perpendicular

tothewall . . .. ........... m
«  heat transfer coefficient . . ... .. wi—2.k—1
I flow rate per wetted unit of width . . #orkgm—1.s~1
8§  filmthickness . .. ... ....... m
A heatconductivity . . ... ...... wh—1.k-1
p massdensity . ............ ky—3

Subscripts and superscripts

’ simple model

* Correspondence and reprints.
a.segal@twi.tudelft.nl

1This article is a follow up to a communication presented by the
authors at the EUROTHERM 59 Conference, held in Nancy (France)
in July 1998.
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1. INTRODUCTION

Two mixtures are generally applied in absorption heat
pumps: LiBr/tbO and HO/NHs. In the past twenty
years models for mixtures like LiBr4®© have reached
a high degree of sophistication. The pioneers started with
analytical solutions for limiting cases [1], later numeri-
cal solutions were obtained for a flat laminar film along
an isothermal wall [2]. Further progress was made by
the addition of the counterflow, cocurrent or cross-flow
cooled wall and two-dimensional film flow [3]. Inter-
est in O/NH3 is increasing because with this mix-
ture an absorber can be several times more compact
than with LiBr/H,O. Determining for the size of an ab-
sorber is the ratiaD/a [3], for heat pump conditions
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this ratio is about five times larger foroJ@/NHz than

for LiBr/H 0. Despite of this advantage, the relevant lit-
erature for HO/NH3 is scarce. Several transfer coeffi-
cient models exist [4], and numerical solutions for related
problems [5]. However, in [5] the second component in
the gas phase is stagnant and the interfacial coupling be-
tween temperature and mass fraction is not taken into ac-
count. The model that is briefly outlined here ([6] gives
an elaborate version) builds further on a model with a
one-componentgas phase [3] (called simple model in this
paper), by adding the second component, and solving the
transfer equations in the gas phase with a finite element
method.

2. MODEL
2.1. Physical model

The model presented in this section is valid for a
binary mixture with the same two components present in
the vapour phase. The model applies to any mixture, but
as an example the mixture water/ammonia is considered.
Figure 1 gives the geometry of the cooled falling film
absorber. The model allows the cooling medium as well
as the gas to flow in the same direction as the film, in the
opposite direction, or in a direction perpendicular to the
paper. The model of this absorber is built on the following
assumptions:

(1) the absorber is in steady state and the gas flow is
two-dimensional,
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Figure 1. Geometry of a cooled falling film with a binary gas
flow.

Iy

(2) the properties of cooling medium, liquid and
vapour are constant, with a value based on the entrance
conditions;

(3) the only forces acting on the film (the liquid is
Newtonian) are gravity and wall friction;

(4) the change in mixture mass flow because of the
absorption is negligible;

(5) at the interface vapour and liquid are in ther-
modynamic equilibrium, the relation between tempera-
ture and mass fraction is linear with constant coefficients
(dashed lines ifigure 2);

(6) all heat of absorption is released at the interface;

(7) the liquid is binary, in both phases the same
components are present;
(8) heat in liquid and vapour phase is only trans-
ported by convection and conduction;
(9) mass in both phases is only transported by
convection and (Fickian) diffusion;
(20) in the film transport of heat and mass along the

wall is only by convection; transport perpendicular to the
wall is only by heat or mass diffusion.

..... rejected linearization of 78
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Figure 2. Equilibrium temperatures of the two-phase binary

system water/ammonia at a pressure of 189.95 kPa. The bold
line applies to the liquid, the other curve to the vapour.
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Assumption (4) has to be made in order to simplify
the liquid phase to a simple flat film, a logical result from
this is that convection perpendicular to the wall is absent
in the film. However, this does not mean that convection
towards the wall is neglected: in Section 2.2 we will
see that these terms are accounted for in the boundary
conditions (2b) and (3d) at the interface.

Figure 2gives the vapour and liquid equilibrium lines.
The liquid curve is linearized betwedR (mass fraction
wp) and entrance temperaturg (mass fractionwe). The
vapour curve is linearized betwed@R and the cooling
medium entrance temperatufgo. The interface mass
fraction at the absorber entry will have a value (depend-
ing on heat of absorption, and diffusivity) betweeg
andwe. As a result,ammoniais absorbed from the vapour
phase and transported into the film. The figure shows that
the vapour equilibrium mass fraction is between 0.6 and
0.9 kgkg™1, resulting in a large water flow from the in-
terface into the vapour phase.

2.2. Mathematical model

Heat transport is described by the convection—diffu-

sion equation:
—as( )

Mass transport is described by an equation of the
same form, withw instead of7T’, and D instead ofa.
In the film the second left-hand term and the first right-
hand term are absent. Vapour flow is described by the
two-dimensional conservation equations of mass and
momentum (Navier—Stokes). The film flow is described
by the Nusselt solution (half-parabolic velocity profile).
The vapour flow boundary conditions are: zero flow at
the solid wall and a uniform entrance velocity. At the
interface(0 < x < I, y = §) a continuity equation is
valid:

9219
8y2

9279
9x2

aT9 aT9
W92 4 el
ax dy

u9=u'(8) (2a)

png JwY

dy

R (2b)
that couples the mass transfer equations to the velocity
equations. The heat and mass transfer boundary condi-
tions are: no transfer at the vapour walls, a cooling con-
dition at the film wall, uniform entrance conditions, and
at the interface:
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7' = Afw’ + Bf (3a)

T9=T" (3b)

79 = A%9 + BY (3¢)

_Afd_ﬂ _,_)LQd_Tg = ﬂ d_wahf
dy dy  wI—wf dy

— —AKY (3d
w9 —wf dy (3d)

with A and B the coefficients that linearize the equilib-
rium relation at constant pressure ($iegire 2, andAh

the heat of absorption defined tyi" = 19 — hf — (w9 —
wHont/ow andArY = h9 — hf — (w9 —wh9r9/dw. Re-
lations (2b) and (3d) result from the continuity of mass
and heat transport at the interface. In a co-ordinate frame
fixed to the wall, the local ammonia mass flow (per unit
width) at the liquid side equals:

(4)

f
drf —prfdldx +w'dr;,

5 dy
The right-hand side of this equation not only contains
a diffusion term, but also a convection term, the so-
called drift term. Equating this mass flow to a similar
expression for the gas side flow leads to the right-hand
side of (2b). Combination with similar relations for the
heat flow leads to equation (3d). For a one-component
gas phas¢dw9/dy =0, w9 = 1) equation (3d) shrinks
to:

_dr_ = dn!

dy 1—wf dy

AR with

ohf

AR =h9 — ' — (1 -
Jw

®)

Although the derivation of equation (3d) or the ap-
proximation (5) is straightforward [3, p. 62], there is no
consensus of opinion in the literature on this approach.
For example, reference [3] does neither take the drift term
into account nor uses the partial enthalpyin.

2.3. Finite element implementation

The mathematical model is implemented in a finite
element formulation, the applied software is Sepran [7].
The boundary conditions (3) are non-standard, so the
Sepran program had to be extended by one of the authors
of the program, A. Segal. The flow equations and the heat
and mass transfer equations are solved separately. From a
start solution (one-component gas phase approximation)
the boundary conditions for the interface velocity (2b)
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can be calculated. Then a solution is calculated for the
gas flow field. With these velocities, and the Nusselt
velocities in the film, the convection—diffusion equations
in both phases can be solved, resulting in updated
interface velocity values. The accuracy of the outcomes is
better than 1 %. The computer time on a 100 MHz 80486
(32-bit code) is approximately a quarter of an hour. For
cross-flow and cocurrent gas flow smooth contour lines
for temperature and mass fraction lines in the gas phase
were found. For countercurrent gas flow this is not the
case. Still several tests show that the overall outcomes,
like Aw, are correct. Smooth lines can be obtained with
up-winding, but this is not yet implemented in Sepran for
the applied standard element.

3. RESULTS
3.1. Countercurrent gas flow results

The results presented here are derived for a vertical
plate absorber with a length of 1 m, and a channel width
of 5 mm. In figures 3-5the geometry offigure 1is
rotated 90 counter clockwise. The entrance conditions
are (superscript ‘f’ for the film is omitted):

To=80°C Tg = —20°C
wo=0.07 kgkg™*  wj=1.00 kgkg™*
p = 189.95 kPa Teo="70°C

' =8927510 °m2.s 1
I,: cross-flow
o =297032 W-m2.K 1

The simple model mass fraction increada along
the absorber is 0.0696 Kg~. The vapour equilibrium
line is linearized betweefM; o and 7e (dashed line in
figure 2. With this choice the outcome fakw is higher
than for the simple model. A more obvious linearization,
betweenTy and T, (dash-dotted line ifigure 2 results

The velocity vector in the mesh points in the gas phase for countercurrent gas flow.

Figure 4. The flow lines in the gas phase. The I'Y values in
cm?2.s~1 for these lines are: 1: 0; 2: 3.53; 3: 7.06; 4: 10.59;
5:14.12; 6: 17.64; 7: 21.17; 8: 24.70; 9: 28.23; 10: 31.76;
11:35.29.

Figure 5. The temperature contour lines in liquid and gas
phase. Temperatures in °C: 1: —15; 2: —10; 3: 0; 4: 10; 5: 20;
6: 30; 7: 40; 8:50; 9:60; 10: 70; 11: 75; 12: 80.

in a Aw lower than the value for the simplemodel, but is
rejected because it leadsud values larger than 1.

Figure 3shows the velocity vector in the mesh points
in the gas phase. The figure illustrates that the gas flow
close to the interface is cocurrent, because of the no-
slip condition (2a) Figure 4 shows the flow lines. For
the chosen width of the gas channel, the flow lines near
the interface are almost identical for all three gas flow
directionsFigure 5gives the isotherméigure 6the mass
fraction contour lines in liquid and gas phase. These
lines show that convection dominates diffusion. Diffusion
moves the curves a little bit towargs=/,.. Oscillations
in the gas phase are a result of the applied element type
(Section 2.3).
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Figure 6. Mass fraction contour lines in liquid and gas phase.
Ammonia mass fraction, in kg-kg=%: 1: 0.08; 2: 0.09; 3: 0.11;
4: 0.13; 5: 0.15; 6: 0.7; 7: 0.75; 8: 0.8; 9: 0.85; 10: 0.9;
11:0.95; 12: 0.99.
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Figure 7. The ratio of the mass fraction increase Aw to the
increase Aw’ from the simple model for several values of the
effective gas channel width and three gas flow directions.

3.2. The effect of the gas channel width

Surprisingly, the effect of the direction of the gas flow
on Aw over the absorber was small, less than 4 %! Also
the deviation from the simple model outcomtey’ is
small, only 10 %. To find out the effect of the width of
the gas channel, simulations were performed for other
widths of the channeFigure 7 gives the results. For a
channel smaller than 5 mm the differences between the
outcomes for the three directions of gas flow increase
for decreasing width. Cocurrent gas flow gives the lowest
Aw value, because the interfacial gradiedis/dy both
decrease in flow direction. For countercurrent gas flow
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more ammonia is absorbed, because the gas side gradient
is large where the liquid side gradientis small. Cross-flow
gives the best results, because héwe?/dy is almost
constant along the absorber.

For moderate and large channel dimensions the flow
field in the immediate neighbourhood of the interface
is not influenced any more by the entrance position of
the vapour, and so is the absorption. More quantitatively:
DY, /(I'ly), the value of the ratio between diffusion and
convection in the gas phase, determines the deviation of
Aw from Aw’. For a significant effect, the ratio should
exceed 1. Fol, = 0.3, 5 and 15 mm, respectively, the
ratio is 19, 0.3 and 0.12 for mass transport and 15, 0.2
and 0.08, respectively, for heat transport. For small width
(here 1 mm) assumption (3) is violated, because the drag
force on the film becomes significant.
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