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Abstract

Falling film plate exchanger are used in a wide range of systems thanks to their high heat and
mass transfer performance for a low cost. In this study, a grooved plate is considered for it’s ability
to improve the wetting of the surface compared to a smooth plate. To characterize the heat transfer
and evaporation rate of the system, a numerical model has been developed to take account of the
new geometry and has been confronted to experimental results. Despite the high aspect ratio of
the falling film, the fin effect is very high on the heat transfer and on the vaporization process due
to the triple contact lines. The principal aim of this study is to develop a simple and light model
able to accurately describe the heat and mass transfer behaviour of film while it flows down in the
grooves of the vertical plate of the evaporator. The influence of the operating conditions on the

evaporator effectiveness are evaluated thanks to numerical investigations.



Nomenclature
Physical properties H Thickness of the heat exchanger plate [m)]
A Thermal conductivity [W/m/K] L Length of the heat exchanger plate [m]
v Kinematic viscosity [m?/s] l Width of a falling film channel [m]
p Volumetric mass density [kg/m?] Ly,  Establishment length of the thermal
g Gravitational acceleration [kg/m/s?| boundary layer [m]
h Enthalpy [J/kg] P Pressure [Pa)
hevap Latent heat of evaporation [J/kg] q Heat flux [W]
M Molar mass [kg/mol] Ry Heat transfer resistance [K-m?/W)]
R Ideal gas constant [J/kg/mol] T Temperature [K]
Variables Subscripts
a Heat transfer coefficient [W/m?/K] dif f Diffusion
0 Thickness of the film [m] evap Evaporation
m Mass flow rate [kg/s] f Film
q Heat flux density [W/m?] hf Heat transfer fluid
€ Efficiency i Inlet
r volumetric flow rate per unit of width int Interface

[m?/s] 0 Outlet
Pr Prandtl number sat  Saturation
Re Reynolds number t Triple line
dy Distance to the closest wall of a point in v Vapor

the film [m] w Wall

1 Introduction

For numerous years, a drastic increase in energy demand has been observed worldwide, mainly
originating from fossil fuels, despite an alarming need for a decrease in energy consumption and CO»
emission [1]. In the following years, the demand in cooling will further increase [2] and new solutions
are needed to answer this need in an environmentally-friendly way. In this context, sorption systems
look like a promising solution able to valorize waste energy at a low cost [3]. These systems also show
the advantage of working with water, an abundant resource with zero global warming potential. The
host of transfer in sorption machines are usually falling film exchanges, which are also used in a wide
range of processes for their flexibility and high heat and mass transfer capacity. These exchanger are
found in refrigeration [4, 5], heat pumps [6] or energy storage [7, 8] systems. Multiple technologies are
considered for the exchanger of the machines, the two most dominant ones being horizontal tubes type
or vertical plates types. The first category, where the fluid flows over horizontal tubes has been and
still is thoroughly studied [9, 10, 11] and modelled [12, 13]. This geometry boast a high heat exchange
capacity thanks to the easy addition of fins to the external surfaces [14]. However, a big downside
of the horizontal tube system is their need for a high exchange surface [3]. To reduce the size of the
machines, vertical plate falling film exchanger have seen a lot of interest in the recent years [15, 16]

thanks to their low cost and high performance for a relatively small size.



Using water as the heat transfer medium has the heavy downside on needing to work at very low
pressure (around 1 kPa). At this pressure, the systems’ behaviour is drastically affected because of the
very low vapor density which affects the bubble sizes and growth rates. Despite numerous advantages
of the systems, there is a lack of scientific knowledge on the behaviour of the heat and mass transfer
occurring during boiling processes at low pressure which lead to predominantly empirically designed
system. To tackle this issue, a lot of effort have been made to improve the design and reduce the size
of sorption systems. Most authors reported a very strong influence of the operating conditions on the
performance of the machines [17, 18, 19, 20, 21]. Experimental studies also reported the appearance of
complex phase-change mechanisms when condensing [17] water vapor or during boiling [22, 23] of the
falling films in soprtion systems. Despite a very strong interest in understanding the inner workings of
heat and mass transfer in falling liquid films by the community, either theoretically [24, 25, 26, 27] or
experimentally [28, 29, 30, 31], the literature concerning the component scale of the sorption systems
remains scarce and further knowledge on the behaviour of the flows inside of falling films exchanger
is required.

Flat plate falling film evaporators an have important drawback in the form of a difficult distribution
of the flow [32] and of important surface tension effects which often lead to the apparition of dry patches
at the exchanger surface [33, 7], resulting in a drastic decrease in performance. To lift these limitations
and increase the wetting of the exchanger plate, a lot of studies were undertaken on surface coating
[34], texturing [35, 36, 37] or on the addition of surfactant [38, 39]. These studies showed a good
improvement of the wetting of a flat vertical plate, however, none were able to guarantee a perfect
wetting of the whole plate at all time. To circumvent this effect, Michel et al. [40] designed a grooved
plate in order to insure a complete wetting of the exchange surface, even at very low flow rate. By
sacrificing a part of the exchanger plate, the addition of fins between which the film flows enabled
to create new contact lines ensuring that each flow never breaks. This study shown a significant
improvement over a classic flat plate in the experiments but neglected to take account of the heat and
mass transfer occurring in the vicinity of the triple contact line attached on the lateral fins.

In this study, a falling film grooved plate evaporator is studied. A pressure controlled enclosure
has been designed to experimentally study the performance of the system. A numerical model has
been developed to take account of the influence of the shape of the grooved plate on the heat and mass
transfer of the component and has been compared to the experiments and a similar model considering
a flat evaporator plate. The main goal of this study is to develop a simple yet effective heat and
mass transfer model describing the behaviour of the evaporator plate taking account of the transfers
at the triple contact line, with an added aim of being faster to compute than the one written in
previous studies of the authors’ group. After describing the experimental set-up, both models will be
presented. Finally, the influence of the grooves on the heat and mass transfer will be discussed and

the performance of the grooved evaporator will be studied.

2 Experimental set-up

Description of the system

The experimental set-up considered in the present paper is presented in Fig. 1. The liquid water

is pumped from a temperature controlled tank to the distributor of the evaporator which distributes



the flow quite uniformly at the top of the vertical grooved plate. The liquid is then retrieved at the
bottom of the plate by a funnel and returns to the initial tank. The falling film is heated by a heat
transfer fluid (HTF) flowing in counter current mode in the exchanger. The temperature of the HTF
is set by a thermostatic bath. This results in an increase of the water falling film temperature and to
a partial evaporation of the liquid film. In order to control the pressure inside the enclosure at a fixed
value of 10 mbar, a typical working pressure at the evaporator for water cooling system, a condenser
made from a cooper spiral in which a cold sink heat transfer fluid flows is used. The temperature of
the coolant is set so that water vapor condenses on the tube and flows down to a second funnel in
order to return the initial tank. The flow of the falling film is characterized by the Reynolds number
defined as: r

Re = i (1)
with I" the volumetric flow rate per unit of width of wetted channel and v the kinematic viscosity of
the fluid.

The evaporator is made from two 3 mm thick and 250 mm long aluminium plates welded together.
This assembly forms a plate heat exchanger with a filling film on one of its face. The HTF flows inside
vertical channels with rectangular cross-sections placed face-to-face with the grooves of the falling
film. The geometry of the evaporator plate is presented in Fig. 2. The water film flows down the 16
grooves 4 mm wide and 1 mm deep separated by 2 mm wide fins. The width of the grooves was chosen
in a previous study to ensure the wetting of the entire base surface of the grooves [40]. This choice
was made in the case of a desorber working with a water+LiBr solution where the capillary length of
the solution is 2.25 mm in the working conditions. The width of the grooves ensures a good wetting
of the surface at very low Reynolds numbers without trapping gas in the wedges, which would results
in expelling the liquid from the groove due to surface tension forces. However, the higher wettability
of the surface comes at the cost of dampening the surface perturbations, thus constraining the film
flow to be almost flat. In the present case, pure water is studied. It’s capillary length is 2.7 mm in
working conditions, which is close to the value for water+LiBr mixture. It is considered that the
design previously chosen by Michel et al. [40] is a suitable geometry adapted to the study of falling

film evaporators, condenser, desorber and absober alike.
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Figure 1: Scheme of the pressure-controlled falling film evaporator experimental set-up.
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Figure 2: Cross-section view of the plate exchanger. The falling film flows down the free-surface

grooves (in red) and the heating fluid counter-flow is located in the closed channels (in blue).

Measurement and uncertainties

The experimental setup is instrumented in order to characterize the vertical grooved evaporator
plate performance. The pressure is measured by a ceramic pressure sensor (PFEIFFER VACCUM
CMR 362) of accuracy £0.2% of the measured value. The mass flow rate of each liquid line is monitored
by Coriolis flow meters (MICRO-MOTION F025) of precision £0.1%. Finally, PT-100 probes are used
to record the liquid temperature at the inlet and outlet of each element of the set-up with a precision of
40.1°C. The measurement were obtained at a frequency of 0.05 Hz integrated over 20 minutes periods
(i.e. averaged over 60 points), reducing the random measurement error by a factor v/60. A random
draw Monte-Carlo method is used to evaluate the measurement error in the enthalpy balance of each
flow based on the standard deviation of the output distribution. The error is estimated at 1% for
the film flow, £3% for the HTF flow and +4% for the condenser flow.

3 Heat and mass transfer models for liquid falling film evaporators

Flat film evaporator model

A 1D stationary model has been developed in previous studies to describe heat and mass transfer
during water absorption and desorption on a vertical falling film in the context of vertical evaporators
and desorbers. This model has already been described in details in previous papers [41, 33]. A
simplified version is used for this study, thus only the main hypothesis and equations are presented
thereafter. The evaporator model, presented in Fig. 3, is composed of a vertical wall surrounded on
one side by the HTF and on the other side of the water falling liquid film, this side is placed in a
saturated water vapor atmosphere. The length of the evaporator is discretized into small element
of size dz. In each of the elements, the energy and mass balances of the system are solved under
stationary conditions.

The following assumptions are made to solve the problem :

e The flow of the solution is laminar.

e The pressure in the vapor phase is considered homogeneous and constant. Moreover, it is

supposed that no non-condensable gas (i.e. air) is present in the enclosure.

e The heat conduction in the wall in the flows direction is negligible.
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Figure 3: Diagram of a control element used in the resolution of the heat and mass transfer in the
absorber /desorber model, simplified for pure water systems. The heating fluid (in red) is used to heat
up and evaporate the water falling film (in blue) on the other side of the wall (striped box). Convective

coefficients are used to evaluate the interactions between the different phases.

e The variations of kinetic and potential energies of the fluids are neglected.

e The heat and mass transfer equations are solved for the average temperature inside the element
defined as T = %

From this set of assumptions, the mass and energy balances of the system are as follows :

Energy balance of the heat transfer fluid:

mpf (hhf,i — hhf,o) — Qpfwdzl (Thf,w — Thf) =0 (2)

Energy balance at the HTF and wall interface:

_ M
g dz1 (Thg = Thgw) + Fdz 1 (Thpa = Tpa) =0 (3)

Energy balance at the falling film and wall interface:
__ Aw
Qfadzl (Tf — Thf,w) + . dzl (Thf,w — Tfﬂu) =0 (4)
w
Mass and energy balance of the falling liquid film:
Mg — Mo+ Mevap = 0 ()
’rhf,i hf’i - ﬁ”Lf’o hf}o + Mevap hevap + afw dz 1 (Tfyw — Tf) =0 (6)
Energy balance at the liquid/vapor interface:
mevap hevap — Qfint dzl (Tf,int - Tf) =0 (7)

The convective heat transfer coefficients concerning the film ay,, and ay ;¢ are calculated using
correlations for laminar falling film flowing on a wall at constant temperature described in [42, 43].
In order to evaluate these coefficients, the thickness of the liquid film layer is required. The value is

estimated using the equation defined in [44] for a laminar film considering a parabolic velocity profile.



The convective heat transfer coefficient between the HTF and the wall oy, is calculated using the
Dittus-Boelter equation for an internal flow when the flow is turbulent [45] and with the correlations
described in [45, 12] when the flow is laminar. No transitional flow is considered in this model, the

limit between laminar and turbulent regime is set at a fixed Reynolds number of 4000 (as defined in
Eq. (1)).

Heat transfer at the fins and triple contact line evaporation for a perfectly flat film

The model described previously is written to be reversible, in order to be able to evaluate both
absorption or desorption of water vapor by a liquid film. It showed a good prediction of water vapor
absorption rate for a film Reynolds number under 150 [40] but was only validated for an absorber
configuration. Furthermore, it does not accurately take account of the boundary effect introduced by
the fins on the surface of the heat exchanger plate. The thickness of the film being 10 times smaller
than it’s width, the reduction of the heat and mass transfer close to the corner of the grooves was
assumed to be compensated by the enlargement of the exchange surface. However, the fins increase
the heat transfer due to the presence of triple contact lines. For pure fluids, the triple contact line
appears to play a significant role in the case of evaporators, wheareas in the case of desorber, the effect
is limited due to mass diffusion effects. This issue is really close to the ones encountered in heat pipes,
where similar configurations have been studied [46, 47, 48]. In order to evaluate the influence of the
fins, the heat and mass transfer in a 2D cross-section of the exchanger has been simulated in a steady
state using a finite elements method. The modeled geometries are presented in Fig. 4, where the wall
dimensions are the same as the one in the experiments. In each case, a single half-groove is considered.
As a first approximation, the film is supposed to be be laminar and perfectly flat inside of the groove,
this second assumption will be discussed later. Under these conditions, the velocity in the transverse
direction of the flow is zero. The transfer in the fluid phase is thus considered to be purely diffusive.
The vapor phase is considered saturated at a constant pressure of 10 mbar. At this pressure, it can be
considered that the vapor molecular density is low enough in the vicinity of the evaporator to neglect
the heat exchange between the vapor and the solid. The heat transfer at both lateral boundaries is
zero due to the symmetries. At the liquid/vapor interface, a heat transfer coefficient aieyqp is used to

model the evaporation, the coefficient is obtained from the gas kinetic theory [44]:

2 v hgva 1 Psa
a p D (1 t ) (8)

Qepap = -
2—a Tsat /27rMi at 2 py hevap

where a is the accommodation coefficient, p,, the volumetric mass density of water vapor, Ty, the

saturation temperature of the water vapor, R the ideal gas constant and M, the molar mass of water
vapor. This heat transfer coefficient is designed to take account of the particular evaporation physics
at the triple contact line. Finally, a heat flux density is imposed at the bottom wall to simulate heat
transfer from the HTF to the plate. The problem is solved using finite element method thanks to the
Partial Differential Equation Toolbox of Matlab. The mesh was generated by imposing an element
size of 1078 m close the triple contact line and 107 m at the other interfaces. The elements were
also allowed a regular growth of the size of the elements up to 107 m. The convergence criterion is
set for a relative error between each step of 1074, Two exchanger plates geometry were considered,
without (Fig. 4.a) and with (Fig. 4.b) a fin at the side of the liquid film, representing either a flat or
a grooved exchanger plate. The heat flux density applied at the bottom wall. In order to quantify



the influence of the fins on the heat transfer, a heat transfer resistance is calculated. This resistance

is used to evaluate the transfer from the HTF /wall interface to the vapor and is defined as:

Ry = 12t 9

qcalo
where .40 is the total heat flux transmitted to the vapor and T, is the temperature of the wall at
the bottom interface. The transfer at the triple contact line is affected by the aspect ratio of the film.
As a consequence, the thermal resistance Ry is linked to the geometry of the exchanger plate and is

integrated in the width of the groove.
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Figure 4: Cross-section schemes of flat film heat exchanger plates without (a) and with (b) fins. The

film is slightly thicker in the second case because of the reduction of wetted surface area.

The Reynolds number of the film Re is a control parameter of the simulation. It can easily be
linked to thickness of the film § thanks to Eq. (1) and to the Nusselt flat film theory in the condition
of a fully developed flow. The relation between the two quantities is expressed for a vertical film as:
_ Re3 2
g
where ¢ is the gravitational acceleration. The Nusselt flat film model is, however, not directly appli-

53

(10)

cable to the grooved plate as the velocity field in the liquid phase is affected by the fins. The velocity
field of the film flowing in a groove is calculated by constructing an approximate model derived from
the Nusselt flat film solution, assuming the same set of hypothesis. The driving force of the flow is
gravity, which is uniform in the flow direction. It is thus supposed that the growth rate of the velocity
field is the same in both the x and y direction. Introducing d,,, the distance to the closest wall from

any given point inside the liquid film, the velocity field in the liquid film flowing on a grooved plate is

g6% (2dy  dy
u(:c,y):%(é 52) (11)

From this definition, the flow rate and the Reynolds number are obtained for a given film thickness

expressed as:

by integrating the velocity field of the liquid film. It is important to note that the Reynolds number
for the grooved plate is slightly lower that for the flat plate for the same thickness of the liquid layer.

Nodal model for heat and mass transfer in falling film evaporator at the component
scale
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Figure 5: Heat and mass transfer model based on thermal resistances and energy balance at the
heating fluid. The heat transfer through the fluid, including evaporation, is modelled by a thermal

resistance Ry obtained by simulation.

The simulations described previously are able to represent the heat transfer and to quantify the
behaviour of the system for a wide range of working conditions thanks to the heat transfer resistance
Ry;. This resistance accounts for the heat transfer from the wall/HRF interface to the vapor phase and
can thus be used to replace this side of the transfers in the absorber/desorber model (Fig. 5).Based on
this conclusion, nodal thermal model has been developed to evaluate the heat transfer and evaporation
rate in the evaporator by taking account of the influence of the fins. Each groove of the evaporator
are independently divided into multiple control volumes for which the energy balance equations are
written, as is shown in Fig. 5. The transfer through the wall and the film are modelled by the
thermal resistance Ry obtained by simulation. The heat conduction in the wall in the flow direction
is neglected. The governing equations of this model are:

Heat transfer and evaporation through the wall and the film:

Tw - Tsat

gl dz (Tny = To) - oz =0 (12)
t
Energy conservation at the HTF:
. Ty — T
g Cphg (Thpi = Thyo) = U’Tmt dz =0 (13)
t

The parameter oy, ¢, is in common with the absorber/desorber model (Sec. 3) and is thus obtained
by the same set of correlations [45, 12] and is evaluated at each node. The thermal resistance Ry is
evaluated only once for each film flow rate because the change in mass flow rate due to evaporation
is considered negligible. The state of the heat exchanger is evaluated by exploring each nodes con-
secutively from the film inlet. The equilibrium state of the evaporator is solved by iterative process.
At each iteration, the inlet temperature of the HTF is shifted by the difference between the expected
value and the output value of the model until the temperature gradient in the HTF matches with
it’s imposed inlet temperature (at the film outlet). Knowing that the film flows in a saturated vapor
atmosphere, the evaporation mass flow rate 7.4 is obtained by integrating the heat flux transfered

at each node: B
Tw(z) — Tsat

mevap hevap - /0 T dz=0 (14)



The bulk temperature of the film is obtained from the final solution of the heat transfer simulation at

the outlet of the evaporator and is expressed as the mixing cup temperature:

— f(;s fé Ty(x,y, z) u(z,y) dr dy
Te(z) =
) o Iy w(x,y) dz dy

The velocity field u(z,y) considered depends on whether the evaporator plate is grooved or not, in the

(15)

first case the Nusselt velocity profile is considered and in the grooved case, the velocity profile defined
in Eq. (11) is used.

4 Results

Influence of the fins on the local heat transfer
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Figure 6: Fully developped temperature field results of the heat transfer simulation problem without
(a) and with (b) grooves for a given flat film thickness § = 0.6 mm. These temperature fields are used

to evaluate the heat transfer resistances through the plate and the film to the water vapor.

To evaluate the thermal resistances, the cross-section simulations in both cases were compared. A
typical set of result is presented in Fig. 6, for a total heat flux at the bottom boundary of a half-groove
of 18 W/m (value obtained from experiments). In this example, the thickness of the liquid layer is
set at 0.6 mm for both films, which corresponds to a flow of Reynolds number Re = 333 for the film
with no fins and Re = 305 for the one with the fins (based on the velocity obtained from Eq. (11)).
In both cases, it can be observed that the temperature is quite uniform in the cross section of the
wall and will be considered uniform in the following. As expected from the higher exchange surface,
the equilibrium temperature of the wall is lower in the presence of fins at 14.21°C against 21.6°C for
the flat wall surface. These different wall temperatures yields two different values of heat transfer
resistance through the film, being respectively Ry = 0.43 Km/W and Ry = 0.22 Km/W for the cases
without and with fins (as defined in Eq. (9)). A relative increase of the heat transfer of 50% is thus
observed for a grooved plate compared to a flat plate at this given film thickness value.

The evolution of the heat transfer resistance with the thickness of the film has been evaluated, the
results are presented on Fig. 7 and presented for a range of Reynolds number from 12 to 787. This
values correspond to typical working ranges of falling film exchanger where the thickness of the film

varies from 0.2 to 0.8 mm. It can be observed that the intensification of the heat transfer due to the
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Figure 7: Heat transfer resistance through a flat liquid film flowing either on a grooved exchanger

plate (red) or on a perfectly flat surface (blue). The black dotted line is the intensification due to the

heat transfer enabled by the fins, evaluated relative to the perfectly flat surface.

fins increases when the thickness of the film increases. This is expected because the exchange surface
with the fins increase linearly with the thickness § of the film, because the transfer at the triple contact
line is unaffected by the change in thickness and because the diffusive transfer from the bottom of the
groove decreases linearly with 62. In the working range of the exchanger, an increase of heat transfer
ranging from 25% to 60% can be expected when grooving the plate.

In the range studied in Fig. 7, it is observed that the rate of change of the heat transfer resistance
for the grooved exchanger decreases with the increase of the Reynolds number grows higher. At this
point, it is unsure if an asymptotic value exists or if the thermal resistance will continue to grow
infinitely. To answer this question, the evolution of the heat transfer resistance through a grooved film
has been studied until the thickness of the film becomes the same as the width of the half-groove (i.e.
for 6 < 2 mm). This value is the limit after which any point of the free surface is closer to the fin than
to the bottom of the groove, diffusion in the horizontal direction then becomes more influential than in
the vertical direction. The result of this study is presented in Fig. 8 where the heat transfer resistance
for a grooved film (in red) is compared to the resistance for a film where the bottom of the groove has
been isolated (in blue). This second case considers only the transfer from the fin to the vapor through
the liquid film, meaning that diffusion is considered only in the z direction. Thus, this configuration
represents only the part of the heat transfer introduced by the fins. It appears that this case attains a
minimum asymptotic value for the heat transfer resistance of R = 0.32 Km/W, which is the maximum
value that can be reached by a film flowing in a groove, as diffusion in the vertical direction always
plays a role in the transfer. This asymptotic value is attained in the case of the flat film flowing on
the flat plate for Re = 80 in Fig. 7 (i.e. 0 = 0.375 mm). In a majority of configuration, it is quite
impossible to maintain whole surface wetting at such a low Reynolds number [33] and rivulets tends
to form downflow. Furthermore, the heat transfer increase due to the fins compares well with the
increase induced by perturbatives waves at the surface of the film of around 30% [28, 49, 50], that is
lost when constraining the flow in grooves. As a consequence, for the same effective exchange surface

area of the exchanger plate, the heat transfer with grooves and without surface waves is of roughly
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the same magnitude as a configuration without groove in the presence of surface waves (considering
perfect wetting). Thus, grooved plates seem like a very good solution for vertical plates exchangers
as the wetted area is always maximized and heat transfer at the fins increases the efficiency of the
system. Moreover, the transfer at the triple contact line enables a minimum evaporation rate for any

film flow rate.
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Figure 8: Heat transfer resistance through a flat liquid film flowing on a grooved exchanger plate. The
blue line is obtained in the case of a liquid film isolated at the bottom of the groove, enabling the

determination of an asymptotic value for the transfer at the side and triple contact line of the film.

Influence of the curvature of the free surface of the film

Until this point, only perfectly flat films were considered. However, the free surface of the liquid
layer is curved inside of the grooves due to the surface tension forces. In order to better represent the
evaporator, the curvature of the film surface has been introduced in the model. The shape of the free
surface has been experimentally measured on the evaporator plate at ambient pressure using a CCI
probe (STIL Optics CCS Prima). Because the plate is not accessible when the pressure controlled
enclosure is closed, it is supposed that the free surface curvature is not affected by the pressure in the
vapor phase (i.e. the falling film hydrodynamic is not affected by the pressure and remains unchanged).
The curvature of the free surface of the film has been characterized for three values of the Reynolds
number : 70, 140 and 210, in decreasing order. The three measured curvature are presented in Fig. 9.
It can be observed that the wetting of the fin decreases very little when diminishing the flow rate
and the contact line seems to have stuck to the top of the fin. It is possible that the surface tension
force is sufficiently high so that any wetted part of the film remains wetted when decreasing the flow
rate. This can however, hardly be taken account of in the simulation as the adherence of the film
to the wall is a consequence of a hysteresis effect that would require further investigation. Moreover,
the equilibrium shape attained in the evaporator is yet unknown, the hysteresis effect might not exist
when the film is heated: as the pressure inside the enclosure is constant, the curvature of the film
may be constant. Because the triple contact line is a privileged evaporation area, it can be expected
to recede if the flow rate is not sufficiently high to maintain the layer in the almost-null velocity zone.
It is thus quite difficult to devise a method to numerically evaluate the curvature of the free surface

at a given flow rate without further knowledge.
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Figure 9: Curvature of the free surface of the falling film inside a groove measured using a CCI probe
for three Reynolds number values 70, 140 and 210. The measurement where taken in decreasing order,
with the aim of maximizing the wetted surface. The measured curvatures (cross) were fitted (dotted

lines) using a quadratic polynomial.

The influence of the curvature of the free surface has been studied by introducing the shape of
the liquid layer in the heat transfer simulation, the results are presented in Fig. 10. In this figure,
Reynolds number has been calculated by approximating the velocity field of the liquid calculated from
Eq. 11, based on the average thickness of the film. It is observed that the heat transfer resistance
is lower with the higher curvature of the free surface, which was expected due to the reduction of
the thickness liquid layer far from the fin (i.e. at the center of the channel) which increases the
temperature gradient in this direction. However, the value of heat transfer resistance is little affected
by the curvature. In Fig. 10.b, the relative difference of the curved resistance compared to the flat
film is plotted. For Re > 100, the difference is very little, under 5%. For Re < 100, a significant
difference is only observed for the two higher curvature, attaining a maximum of 12% for Re = 40
under which dewetting occurred at the center of the channel. However, it is very difficult to ponder
whether these flows are representative of reality as a liquid film thickness under 100 gm at the middle
of the film is very likely to break due to surface tension forces. It is also observed that the heat
transfer resistance for the intermediate curvature case travels from the high curvature curve at low
Reynolds number to the low curvature curve at high Reynolds number with a slight shift compared
to the experimentally measured shapes. This effect denotes the transition where the improvement
due to the decrease in diffusion length at the center of the channel becomes negligible compared to
the global heat transfer, suggesting that the thinning of the free surface holds almost no effect for
Re > 200. Given the complexity of assigning a film shape to a flow rate without considering a anterior
state and despite an improvement in heat transfer resistance at low Reynolds number, the curvature

can reasonably be neglected.
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Figure 10: Influence of the curvature of the free surface of the film on the heat transfer coefficient.
The three considered free surface shapes are based on the experimental results presented in Fig 9,
the curvatures were extrapolated to a large Reynolds number range in order to draw a envelope of
the impact on heat transfer. a) represents the heat transfer resistance values calculated for the four
curvature configuration and b) evaluates the relative differences of the heat transfer resistances for the

curved interface compared to the flat film solution.

Validation of the models against experimental measurements at component scale

The two exchanger models have been compared to experimental results obtained for a set of working
conditions: two Reynolds numbers values for both the film and the HTF. In Fig. 11, the results are
presented in the form of a relative difference between the models and the experiments compared
to the experimental value as a function of the overheating of the HTF compared to the saturation
temperature of the liquid film. It appears that both models underestimates the evaporation rate for
an overheating temperature under 6°C, by around 10% for the present model compared to around
30% for michel et al. model. Above 6°C of overheating, the present model starts to overestimate
the evaporation rate by around 5% while the model developed by michel et al. still the value by
around 15%. This sudden change in the relative difference value can be explained by the presence of
noncondensable gases in the water tank which starts to form bubbles in the film and thus reduces the
heat transfer from the wall to the liquid.

It is observed that the difference between both models remains stable for the complete set of
conditions. In the presented cases, both models are outputting very similar cooling for the HTF,
with an underestimation of the decrease in temperature of the fluid between the input and the output
of the plate by an error under 10%. The models differ, however, in the proportion of the energy
distributed to the latent heat of vaporization or to the specific heat used to overheat the liquid film.
The input/output temperature difference of the liquid film is very well estimated for the evaporator
model, with an underestimation error lower than 2%, while michel et al’s model globally overestimates
it by an error of 100%. This shows that taking account of the presence of the grooves is crucial in
sizing a plate exchanger. This is mainly due to the important effect of the fins on the heat transfer
to the film and especially because they introduce a triple contact line where phase change is highly

promoted.
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Figure 11: Relative difference on the evaporated mass flow rate between the experimental data and the
results obtained from the grooved evaporator model (hollow symbols) and from Michel et al. model
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Efficiency of the evaporator

Thanks to the previous results, the performance of a grooved plate evaporator can be estimated
for a wide span of working conditions. The efficiency ¢ is defined as the ratio between the retrieved
and the retrievable heat at the HTF :

_ Tcala,i - Tcala,o (16)
Tcalo,i - Tsat

where the indexes 7 and o denote the inlet and the outlet of the plate. The model assumes the flow

to be fully thermally developed everywhere on the plate. The establishment length Ly, of the thermal

boundary layer in the falling film can be expressed for a flat film as [40] :

_ 17
640

where Pr is the Prandtl number of the liquid. At Re = 300, the thermal establishment length is
Ly, = 29.6 mm, which is still small compared to the full plate length of L = 250 mm. Thus it can

Ly, d Re Pr (17)

be considered that the model is able to correctly estimate behaviour of the evaporator for falling film
Reynolds number under 300. The efficiency of the evaporator is calculated for a Reynolds range of
3-300 for the liquid film and 45 to 700 for the HTF'. It is important to note that, given the formulation
of the model, the results of the calculation are purely linear with the HTF inlet temperature. Thus, the
value of the overheating does not impact the estimated effectiveness of the evaporator. The efficiency
map of the evaporator obtained thanks to the model presented in this paper is presented in Fig. 12.
Fig. 12.a shows that the efficiency is, as expected, maximum for the couple of lowest Reynolds numbers
at a maximum of 99%. Moreover, the Reynolds number of the liquid film matters very little in the
studied range and is only affecting significantly the efficiency in the 3 to 50 range, which is in good
agreement to the observation made on Fig. 7. However, The Reynolds number of the HTF influences
greatly the efficiency with a very sharp decrease from 88% at Regtr ~ 75 to 53% at Reprr =~ 200.
This map is to be compared to the one presented in Fig. 12.b where the heat flux density ¢ taken at
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the HTF injected at an overheat temperature Tyrr; — Tsqet = 5°C, given the surface of the evaporator
plate. It is important to note that, as the model is based on temperature gradients alone and assume
a fully developed regime in the film side, the efficiency map (Fig. 12.a) is unaffected by the overheat
temperature and thus that the heat flux absorbed at the HTF (Fig. 12.b) varies linearly with the
overheat temperature. The second map highlights that, despite the efficiency being the highest at
low Reynolds number, the heat flux density is quite low in this regime. The better working condition
appear to be a high Reynolds number for the HTF and the lowest Reynolds number achievable for

the falling film which would maximize the evaporation mass flow rate.
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Figure 12: Maps of the operating regimes of the evaporator. a) represents the efficiency ¢ of the grooved
evaporator as a function of the liquid film and of the HTF Reynolds number and b) represents the
heat flux density ¢ extracted at the HTF for an inlet overheat temperature of 5°C. The dotted curves

are isolines of the specified efficiency value.

5 Conclusion

This study investigates a flat falling film evaporator heated by a HTF at counter-current flow
configuration. The exchanger plate is grooved in order to avoid de-wetting of the surface and increase
the effective exchange surface. A side effect of the grooved plate is the introduction of fins which
influences the heat and mass transfer through the film. The quantification of the evaporation capacity
of the system is key in its sizing. Modelling and experiments were confronted to quantify the generated
vapor rate and the capacity of the evaporator to extract heat from the HTF. The experiments were
carried on a pressure-controlled test bench designed to evaluate the performance of evaporator plates
in stationary conditions. This study investigated a specific plate 250 mm long and 100 mm wide
(discretized in 16 grooves 4 mm wide separated by 2 mm fins). The bench allows to evaluate a wide
range of operating conditions (pressure, flow rates, temperatures).

To quantify the effect of the fins on the heat and mass transfers, a 2D stationary simulation in the
cross-section of the exchanger has been developed. The results highlighted the tremendous importance
of the triple contact line between the liquid film, the fin and the water vapor. In particular, the grooved
geometry allows for an increase in heat transfer of around 30 to 50% compared to a perfectly flat film
without grooves at the same Reynolds number. This increase is of the same order of magnitude as the

one induced by surface waves that appear for films flowing on perfectly flat plates. Thus, the presence
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of grooves in the exchanger plate is a excellent answer to solve the wetting difficulties in falling film
evaporators without any significant downside.

A 1D model has been developed based on the aforementioned simulations to describe the heat
transfer from the HTF to the liquid film and to quantify the water evaporation rate over the complete
evaporator plate exchanger. This model has been compared to a previously developed model not
taking account of the presence of fins and both were confronted against experimental results. It
was highlighted that the model developed in this paper shown a better estimation of the operating
conditions of the evaporator while being much simpler. The effectiveness of the exchanger and the
heat flux density extracted at the HTF for a wide range of both fluid flow rates and optimal working
range were highlighted.

To increase the performance of the grooved evaporator plate, the main option is to decrease the
depth of the HTF flow channels which would increase the channel volume to exchange surface ratio
and would enable the thermal boundary layer to grow closer to the center of the channel. Further
studies on the test bench would enable a better understanding of the phase change phenomenon taking

place in vertical falling film.
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