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Abstract. The present study deals with the numerical analysis of heat transfer inside a lithium
bromide solution flowing down between finely meshed plastic wire screens. These screens confine
the flow through capillary action while allowing the water vapor transfer inside an innovative
absorber technology. The complex menisci shape formed on the confinement grid level, where the
surface tension forces are of first importance, are reconstructed by a volume of fluid (VOF) model.
A continuum surface force model is used to account for the surface tension force. A static contact
angle is used to define the wall adhesion. A new algorithm, consisting to set an unique constant
temperature at the liquid/vapour interface and to determine the evolution of heat transfer
characteristics over the simulation domain, has been implemented and validated by analytical
solutions. A parametric study has been conducted to determine the effect of the inlet velocity and
the geometrical parameters (wire diameter and the number of divisions).
Introduction
The new European environmental regulation requires to reduce greenhouse gas emissions and
the use of harmful refrigerant. The air conditioning system implemented in private individual cars
consists of a classical vapour compression cycle. The mechanical compression engenders a
significant extra fuel consumption of heat engine vehicles. Besides, mobile air conditioning systems
mainly use the refrigerant R134a whose GWP exceeds 1000. R134a is gradually suppressed
according to the European Directive 2006/40/EC. The efficiency of mobile air conditioning systems
will soon be constrained by an European regulation. Hence, the automotive manufacturers
strengthen their efforts to make technology breakthroughs that would permit to face the growing
legal pressure. The absorption air conditioning system is a promising alternative as it may be driven
by waste heat from the engine and uses zero-GWP fluids such as the water/lithium bromide pair.
The classical evaporator/absorber where the fluids flow down over bundle of tubes is not suited to
an automotive application because of the high risk of mixing of the fluids under the severe
conditions encountered in a vehicle (inertia forces, vibrations, various orientations from the
horizontal). Hence, we have developed an innovative evaporator/absorber where the fluids flow
down between finely meshed wire screens that confine the flow through capillary action while
allowing the vapour transfer. Previous investigations [1] have shown that this innovative component
is robust enough to support the severe automotive constraints but need improvement to be
implemented in an automotive under hood environment. The optimization of the system requires to
investigate the complex hydrodynamics in between the finely meshed plastic wire screens. The
capillary effects are of first importance. The menisci that form on the three dimensional geometry
constitute the transfer surface. Their shape results from a coupling between the flow and surface
energy effects.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications, www.ttp.net. (ID: 130.203.136.75, Pennsylvania State University, University Park, USA-05/03/16,20:10:44)

Defect and Diffusion Forum Vol. 348

41

Several numerical studies for flow over the surface have been performed to investigate the effect
of heat and mass transfer across deformed or stable interfaces [2, 3] and especially in the case of
lithium bromide absorption. The volume of fluid method [4] has been used to study heat and mass
transfer numerically in simple cases as spherical droplets or bubbles. However, there are no
reported studies of more complex flows that are typically encountered in the wire screen.
In this work, we focus on the heat transfer across the interface formed by menisci resulting from
the flow confined by a woven wire screen. Because of the complexity of the geometry, the topology
of the flow changes rapidly with time, making simulations difficult. Moreover, the complex nature
of the menisci complicates the estimation of the heat flux normal to the interface. A new algorithm
has been developed and implemented. This algorithm sets an unique temperature in the cells
containing the interface and follows the evolution of the heat in whole of the computational domain.
The validation of the model has been performed by confrontation with analytical solutions in a
simple case of diffusion process in one-dimensional heat transfer. A parametric study was done to
determinate the effect of the Reynolds number, the number of meshes, the wire diameter and the
inlet Lithium Bromide velocity. The problem is simulated using the VOF model proposed by the
commercial computational fluid dynamics software FLOW-3D in which the VOF method is
combined to the FAVOR (Fractional Area/Volume Obstacle Representation), a porosity technique
used to define obstacles or solid.
Numeral Simulation
The simulation performs the heat transfer by setting a unique value of temperature at the
interface formed by complex menisci. These menisci are tracked using volume of fluid model [4].
As shows in Fig. 1, the simulated domain can be divided in three parts:
1. Part 1: a closed microchannel of 5 mm length, sufficient to have an established flow before
the grid.
2. Part 2: the grid (wire screen) of 5.52 mm length, principal part of the computational domain
3. Part 3: an open michrochannel of 1.7 mm length.
The domain length, width and height are respectively equal to L = 12.22 mm, l =1.38 mm and h
= 1 mm. The grid width is equal to the domain width. The wire screen is characterized by the wires
diameter d and the number of divisions N in y direction. The number of divisions in x direction
N is a function of N as N
4N as shown in the Fig. 1.

Figure 1. Description of the simulated domain
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Assumption and Model Formulation. In this study, heat transfer is assumed to have no effect on
the volume fraction of flow in each computational cell. The interface is assumed to have no
resistance to diffusion, so that equilibrium conditions apply at any point of the interface where a
unique temperature is set. Also as a consequence of one phase consideration, we assume that the
vapour pressure is constant and uniform and the viscous stress at the liquid/vapour interface is
negligible. The governing equations for the VOF model, for an incompressible flow, in Cartesian
coordinates, without source term, in the one fluid formulation takes the following form:
Continuity and momentum equations
∇ ∙ Uχ

0.

(1)

∂U 1
+ ∇ ∙ ρUUχ
∂t β

−∇P + ∇ ∙ τ + ρG + F .

(2)

where U is the velocity, χ is the fractional area open to flow, β is the fractional volume open to
flow, ρ is the density, P is the pressure, τ
μ ∇U + ∇U denotes the viscous stress tensor, with μ
representing the dynamic viscosity. G and F are gravity acceleration and surface tension forces
respectively.
Advection of the liquid fraction
β

∂f
+ ∇ ∙ Uχf
∂t

0.

(3)

where f is the liquid fraction varying between 0 and 1:
1. f = 0 in void cells,
2. f = 1 in cells filled with liquid,
3. 0 < f < 1 in cells that contain interface.
Energy equation
β ρc

∂T
+ ρc ∇ ∙ UχT
∂t

∇ ∙ kχ∇T .

(4)

where c is the specific heat, T is the temperature and k is the thermal conductivity. In the Eq. 4, the
heat transfer between solid and liquid is not taken into account. Thus this one takes the following
developed form:
β ρc

∂T ∂
∂
∂
+
χ uT +
χ vT +
χ wT
∂t ∂x
∂y
∂z
∂
∂
∂
χ kT +
χ kT +
χ kT .
∂x
∂y
∂z

(5)

As said before the temperature is set at the centre of the cell that contains the interface. The
advection of the temperature depends on the liquid fraction f as a consequence that the heat flux
depends on the value in each interface computational cell. This dependency caused numeral
errors, because the flux is underestimated in the cells that contain the interface with small f values.
To reduce this error, a scalar is introduced to set the temperature in the cell z that contains the
interface and in the adjacent cell z or only in the interface cell as:
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1. for f ≤ α, T is set in both cells z and z
2. for > α, T is set only in the cell that contains interface z .T is the interface temperature.
α is funded numerically and α 0.325.
is set and the y and z velocity
Boundary Conditions. At the inlet of the domain, the x velocity
components are equal to zero. At the outlet, all the gradients are set to zero. At the walls, a no-slip
boundary condition is applied, where all the normal velocity components are equal to zero. At the
interface, it is assumed that the pressure exerted by the vapour phase on the liquid phase is constant
and uniform, equals to the atmospheric pressure; it constitutes the liquid phase boundary condition
at the liquid/vapour interface.
Numerical Treatment. The conservation equation for the liquid fraction f (Eq. 3) is solved
implicitly by means of a first order lagrangian advection scheme [5]. The interface reconstruction is
realized through the PLIC (Piecewise Linear Interface Calculation) [6]. The wall adhesion is taken
into account through a unique contact angle equal to 90°. The treatment of the momentum equation
is fully implicit, and the surface tension model [7] is solved implicitly to avoid problem of time
limitation. The SIMPLEC1 method is used for the pressure velocity coupling.
A first simulation is realized with a coarse grid, with 30000 grid points, in order to speed up the
convergence and to reach the stationary state in a reasonable computing time. The second
simulation is run from this state with a finer grid, about 5000000 grid points, in order to get an
accurate solution. The last simulation is made from the second simulation to estimated heat transfer.
In this simulation the momentum equation is not solved to avoid problem of instability due to
surface tension. For all simulations, a uniform mesh size is used in the part containing the wire
screen and non-uniform mesh otherwise, in x direction. In both directions y and z, the mesh size is
uniform and equal to the minimum mesh size in the x direction.
Initially, at t = 0 s, the liquid meniscus position in the microchannel is set to 1.0 mm and the inlet
velocity is set to 0.25 m.s−1. The liquid pressure is equal to 105 Pa and the temperature to 305 K.
Results and Discussion
The results presented here represent the first part of the global study that consists to optimize the
absorption system by increasing the heat flux through the liquid/vapor interface. These results
represent the initial database. The simulation parameters of this study are:
1734 kg. m , k
0.8244 W. m . K , c
1928 J. kg
0.101– 0.316 m. s , d
50 − 135 μm, N
1– 6 [8, 9].

.K

, μ

0.0065 Pa. s, u

The heat flux ∆Q, used in this work is the difference of two heat fluxes (Eq. 2) as shown in the
Fig. 2.
∆Q

Q −Q

ρc u y, z T y, z − u y, z T y, z dS.

(6)

The expression of the Eq. 6 as a function of the parameters u, dw and Ny is:
∆Q

Q −Q

ρc ∆zN

L−d N
+d
N

∗

u i, j T i, j − u i, j T i, j .

(7)

where i, j denotes the indices of the position of the parameter, and the subscripts 1 and 2 correspond
to the plans P1 and P2 respectively.
1

Semi-Implicit Method for Pressure-Linked Equation Consistent
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Figure 2. Simulation domain representation and heat transfer consideration
Figure 3 shows that, at each plane, P1 and P2, the heat flux increases rapidly attempting the
maximum corresponding to the thermal steady state. This one increases with the wire screen length
explaining that Q2 is always superior to Q1 and ∆Q is always positive. The difference of both heat
fluxes corresponds to the heat flux that diffuses across the interface and depends on the parameters
u0, dw and Ny.

Figure 3. Example of the evolution of the heat flux at each plane P1 and P2
Model validation. The validation has been made by confronting numerical results with analytical
solutions considering only the heat conduction. In this case the problem can be reduced to a onedimensional formulation. The equation (Eq. 5) and the analytical solution are easily obtained in the
dimensionless form proposed by G. Grossman [10]:
∗

with T z, 0

,

−

−
T

1 − erf

2∙

273 K and T 0, t

.
T

(8)
373 K, erf is the gauss error function and

is

the thermal diffusivity.
Figure 2(a) shows a good agreement between the numerical and analytical solutions. The
dimensionless absolute error , is about 10-3. This one increases with time as shown in Fig. 2(b)
because of, numerically, the steady state has not been reached.
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Figure 4. Model validation: (a) evolution of dimensionless temperature (the subscript a and n
indicates analytical and numerical solution respectively), (b) the dimensionless absolute error.

Figure 5. Evolution of the porosity as a function of wire diameter and the number
of divisions of the wire screen.
Discussion. In the result presented here the initial database was interpolated using the GMO
(General Metamodel-based Optimization) developed by Duvigneau and Chandrashekar [11]. To
have an accurate interpolation, the heat flux was considered negligible closed to the boundary of the
interpolated surface where the porosity is less than 0.3 as shown in Fig.5. In these zones, fictitious
points have been introduced to reduce the errors of interpolation. The porosity of the grid represents
the total surface opened to flow for a given wire screen. This one is defined in function of both
geometrical parameters Ny and dw, (Eq. 9). In this equation, there is a competition between the
number of meshes and the wire diameter.
ϵ

1−

N d
l

.

(9)

where l represents the domain length.
Figure 6 shows that, globally, the heat flux increases with the velocity and the porosity and
decreases with the number of divisions Ny and the wire diameters dw. This figure revels two
distinguished evolutions of the heat flux depending of the value of the wire diameter of around 70
µm.
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In fact, for dw less than 70 µm (Fig. 6 (a), Fig. 6 (b) and Fig. 6 (c)), the heat flux increases with
the inlet velocity and the porosity of the grid and decreases with the number of divisions. For the
same value of wire diameters (Fig. 7(a)), the heat flux linearly decreases for u0 ≤ 0.2 m.s-1
regardless of the number of meshes. For u0 > 0.2 m.s-1, the heat flux is practically constant up to Ny
= 4 and then decreases rapidly for Ny > 4 (Fig. 7(a)). This evolution can be explained by the fact
that the porosity decreases with the numbers of divisions and the wire diameters. In the Fig. 7(b),
the heat flux increases as a function of the velocity whatever the value of the number of division of
the wire screen, but the maximum heat reached from 9 W to 4 W for Ny = {1, 2, 3} and Ny = 6
respectively.
In the case of the wire diameter is superior to 70 µm, two zones appear for the wire diameter
equal to 75 µm (Fig. 6(e)). In the first zone (Ny < 3 and u0 ≤ 0.20 m.s-1), the heat flux decreases
linearly with the number of meshes and the inlet velocity as shown in the Fig.8 (a) and Fig. 8(b).
In the second zone (Ny ≥ 4 and u0 > 0.20 m.s-1 ), it appears that for a given velocity, the heat flux
increases and then decreases depending on the number of divisions with a maximum reached for Ny
= 4. But in function of the inlet velocity, this one is constantly increasing. The transition region
between both zones appears for Ny equal to 3 and u0 equal to 0.20 m.s-1. In this case, the flux is
constant in the first zone, thus decreases with the number of divisions and increases as a function of
the velocity in the second zone.
These observations can be explained firstly by the waving of the grid which engenders vorticity.
In fact, increasing the number of divisions, the porosity decreases but the numbers of zones of
vorticity increases, increasing the heat flux. The optimum value of Ny between the decrease of the
porosity and the increase of the vorticity zones appears to be equal to 4. The second reason concerns
the shape of the meniscus. Indeed the shape of the menisci, the net surface transfer, depends
strongly on the geometrical parameters of the wire screen and the coupling with the inertia forces
and surface tensions forced. As shown in the Fig. 9, the waviness of the wires due to the weaving
process engenders two different curvatures of the meniscus: close to the wires, a concave curvature
is followed by a convex curvature and reversely. At the center, the effects of opposite wires tend to
cancel each other and one notices that the curvature is insignificant, reflecting that the liquid
pressure is equal to the vapor pressure. This special shape has an important effect on the heat
transfer across the interface.
Also, in Fig. 6, for the same porosity, the heat flux is greatest when the wire diameter is smaller.
With regard to the number of divisions, this similarity is not respected because of the creation of
vorticity zones which engenders an extra heat transfer.
In totality, Fig. 6 shows that the heat flux is maximum for the maximum porosity corresponding
to the minimum wire diameter and minimum number of divisions. This one shows also that, to have
a significant heat flux, the maximum number of divisions Ny and wire diameter are equal to 4 and
60 µm respectively. The minimum porosity and the minimum inlet velocity are equal respectively
to 0.67 and 0.24 m.s-1.
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Figure 6. The evolution of the heat flux as function of inlet velocity and numbers of divisions:
(a) dw = 50 µm, (b) dw = 55 µm, (c) dw = 60 µm, (d) dw = 70 µm, (e) dw = 75 µm, (f) dw = 80 µm
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Figure 7. Evolution of the heat flux profiles as function on the number of
divisions (a) and the inlet velocity (b), for dw = 50 µm.

Figure 8. Evolution of the heat flux profiles as function of the number of
divisions (a) and the inlet velocity (b), for dw = 75 µm.
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Figure 9. Typical evolution of three dimensional meniscus.
Figure 10 presents the same conclusions as regards the evolution of the heat flux as a function of
the wire diameter and the inlet velocity. This figure also shows that the heat flux is greatest for the
small Reynolds numbers. In fact the Reynolds number is a competition between the inlet velocity
which is beneficial for the flux and the wire diameter which degrades the heat flux. For the
Reynolds number inferior to about 5.5–6 the heat flux is great for a given velocity. This region
corresponds to the small values of the wire diameter. For the Reynolds number Redw > 6, the heat
flux is low whatever the inlet velocity imposed. This point corresponds to the wire diameter equal
to 75 µm. This figure shows beyond the value of wire diameter dw equal to 75 µm, the heat flux
remains at the small whatever the velocity and the number of meshes imposed. Figure 10 confirms
the results presented in the Fig. 7; where the maximum heat flux appears for the small values of the
wire diameter dw ≤ 60 µm, with a number of meshed Ny ≤ 4, and for the maximum inlet velocity.

Figure 10. The evolution of the heat flux as function of inlet velocity and numbers of
Divisions: (a) u0 = 0.12 m.s-1, (b) u0 = 0.20 m.s-1, (c) u0 =0.25 m.s-1, (d) u0 = 0.31 m.s-1
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Conclusion
In summary, this work shows the influence of the geometry parameters, the inlet velocity, the
porosity of the grid and the Reynolds number on the heat transfer. It appears that the heat flux
across the interface is maximum at the maximum values of velocity and porosity, the minimum
values of the wire diameter, the Reynolds number and the number of divisions. To have a
reasonable heat flux, the minimum velocity and the minimum porosity must be equals to 0.25 m.s-1
and 0.67 respectively. The maximum wire diameter dw, numbers of meshes Ny and Reynolds
number Redw must be equals respectively to 60 µm, 4 and {5.5 – 6} respectively. The number of
meshes decreases the value of porosity decreasing the heat flux. At the same time there are
creations of vorticity zones, which appear at the high values of the inlet velocity u0 > 0.24 and for
Ny ≥ 2, and that are benefits for the heat transfer. There are so a competition between both effects.
Also the shape of the meniscus that represents the net surface transfer depends on geometrical
parameters. This one defines the quality of the heat flux across the interface. The optimization of
this initial database is actually in progress. A test will be performed on an absorption test bench in
order to confirm the tendencies.
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