
HAL Id: hal-03712750
https://imt-mines-albi.hal.science/hal-03712750

Submitted on 7 Jul 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Thermodynamic analysis in laminar falling film
evaporator

Arnat Mahamoudou, Julien Ramousse, Nicolas Cellier, Nolwenn Le Pierrès

To cite this version:
Arnat Mahamoudou, Julien Ramousse, Nicolas Cellier, Nolwenn Le Pierrès. Thermodynamic
analysis in laminar falling film evaporator. Applied Thermal Engineering, 2022, 214, pp.118814.
�10.1016/j.applthermaleng.2022.118814�. �hal-03712750�

https://imt-mines-albi.hal.science/hal-03712750
https://hal.archives-ouvertes.fr
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a Laboratoire LOCIE, CNRS UMR5271 – Université Savoie Mont-Blanc, 73370 Le Bourget-du-Lac, France 
b CGI, IMT Mines Albi, 81000 Albi, France   

A B S T R A C T

An evaporative laminar falling film flowing by gravity on a vertical plate heated by a heat transfer fluid is studied 
to determine the local temperature, entropy generation and evaporated mass flow, assuming constant saturation 
pressure at the free interface, in co-current and counter-current configurations. The heat transfer fluid and film 
energy equations are solved simultaneously through a 2D model using an implicit finite difference scheme. Local 
and global analysis were performed in order to study the impact of parameters such as the heat transfer fluid and 
film Reynolds numbers and inlet film temperature on entropy generation (thermal and viscous irreversibilities) 
and on thermal and evaporation efficiencies. Results show that the increase of the overall thermal entropy 
generation leads to the increase of the evaporated mass flow rate. Both increase with the increase of the heat 
transfer fluid Reynolds number and decreases with the increase of the film Reynolds number for both configu-
rations. The inlet film temperature – overheated or subcooled inlet fluid flow - also impacts the evaporation 
process. The influence of the Reynolds number and temperature difference on the heat transfer coefficients of 
both fluids and for both configurations is also discussed.   

1. Context and state of the art

A heat exchanger is usually a device that allows to transfer heat from
a fluid to another one. These fluids could be liquid, gas or a combination 
of both. It is a common unit used in many engineering applications such 
as air conditioning, refrigeration, heating and so on. Thin falling film 
heat exchangers are a type of heat exchanger that have the advantage of 
intensifying heat exchange by offering great exchange surface, high 
transfer coefficients and working with small temperature gradients [1]. 
They can be found in a number of important technical applications such 
as condensers [2], evaporators [3] or absorption systems [4,5]. Falling 
film evaporators are phase-change heat exchangers that involve falling 
film evaporating on its free surface. They are used mostly in conjunction 
with other equipments and thus have a significant impact on the system 
efficiency. Therefore, the study and understanding of the phenomena 
encountered on these types of evaporators at component scale (1D 
model), have been until now important [6–8]. More recently, re
searchers have gone further by analyzing more deeply local phenomena 
(2 and 3D models) with the aim of understanding how local parameters 
can influence the component efficiency [9,10]. 

The first local analysis made on falling film was carried out by 
Nusselt [11] by determining the theoretical stream-wise velocity profile 

of a falling liquid film. Afterwards, a significant amount of analytical, 
numerical and experimental researches on falling film heat, mass and 
hydrodynamic phenomena has been conducted. Critical reviews of these 
different phenomena in falling films were carried out by Killion and 
Garimella [12] and Mahamoudou et al. [13]. Although, the experi
mental study conducted by Karimi and Kawaji [14] on falling film 
showed a significant difference between their result and the Nusselt’s 
predictions in a wavy turbulent films, the experimental analyses carried 
out by Ambrosini et al. [15] on a water film falling down a flat plate at 
different inclinations and temperature (between 20–30 ◦C and 50–70 ◦C 
for cold and warm water films respectively) showed that the Nusselt 
theory represents at low Reynolds numbers the falling film velocity. 

Many authors studied the parameters that impact the falling film 
exchanger performance such as the fraction of effective evaporation area 
and the amount of evaporation rate. Ben Jabrallah et al. [16] studied, 
through a numerical and experimental study, the evaporation of a falling 
film that flows down on a vertical plate heated by a constant heat flux. 
The vapor produced is condensed on the opposite wall maintained at 
constant and uniform temperature. The transfer phenomena in the gas 
phase were considered in their equations. They found that the thermo
dynamic state of the liquid film is impacted by the heat flux and the 
temperature of the condensation wall but also by the water feed tem
perature and flow rate of the film. In general, the operating conditions 
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surely impact the transfers but the design of the evaporator must also be 
done carefully as its impact is also considerable [6]. The latter showed 
that in addition to the previously mentioned parameters, the overall 
heat transfer is also impacted by the evaporating temperature, the liquid 
density and the viscosity and the tube diameter. By performing an 
experimental study on a vertical falling film, Prost et al. [17] obtained a 
general correlation for the calculation of the film heat transfer as a 
function of the film Reynolds and Prandtl numbers. An experimental 
investigation of the heat transfer characteristics of the falling film 
evaporation of Freon HCFC 123 in a plate-fin heat exchanger was carried 
out by Zhou et al. [18] and showed that the local heat transfer coeffi
cient varies with the inlet mass flow rate and the heat flux at the wall. 
These few different references mentioned above summarize the vari
ables that must be controlled to evaluate the falling film in a general 
manner. Krupiczka et al. [19] explained through an experimental study, 
that in practice the evaporation rate is small compared to the inlet film 
flow and so the film thickness and the heat transfer coefficient are 
practically constant in the fully developed flow regime. In their work, 
they studied the case of a water, methanol and isopropanol falling film 
and maintained the film at a temperature close to the saturation 
conditions. 

Although many authors apply the second law of thermodynamics at 
the component scale to improve and optimize the exchanger perfor
mance, more recently, searchers started to apply the Thermodynamic of 
Irreversible Process (TIP) at local scale, to identify the sources of entropy 
generation to enable a deeper assessment of the falling film exchanger 
performance. An investigation of the entropy generation of a fully 
developed laminar falling liquid film that flows down an inclined heated 
plate while the upper surface is free and adiabatic was developed by 
different authors [20–22] without considering the evaporation phe
nomenon. They highlighted that the entropy generation is due to the 
thermal and viscous entropy generations, and concluded that the fluid 
friction irreversibilities are impacted by the type of fluid: physical 
properties and Newtonian or non-Newtonian fluid assumption, while 
the thermal irreversibilities are mainly caused by the heat transfer. 
Therefore, it is of practically significance to develop a simple, but ac
curate and reliable model to control the parameters that have direct 

impact on the operation of the evaporators and consequently on the 
generated entropy. 

In this paper, the focus is on the study of vertical plate falling film 
evaporator. This type of evaporator can be found on absorption ma
chines and are mainly used for small-capacity machines as they are more 
compact and cheaper compared to tubular heat exchangers [23,24]. 
Three novelties have to be underlined in this work. The first one is the 
study of the falling film by describing the heat coupling between the 
heat transfer fluid (HTF) and the film through the wall and simulta
neously solving the energy equations in both fluids considering a 2D- 
model. Indeed, the HTF is modelled considering the 2D heat transfer 
equation instead of just calculating an overall heat transfer coefficient or 
assuming extreme cases, and thus allowing to model more realistic 
cases. The second novelty of this paper is the local analysis of the en
tropy generation through the whole falling film evaporator – consid
ering not only the film but also the HTF and the wall in order to quantify 
the part of irreversibilities generated in each medium as a function of the 
operating conditions. Most of the authors applied the local analysis of 
the second law of thermodynamics only on the film. The third point that 
has to be underlined here is the link made between the local entropy 
generation and the overall exchanger one. The objective is to analyze the 
evaporation process, and to understand the impact of the thermal and 
hydrodynamic phenomena on the entropy generation. In the following 
sections, the problem is formulated, analyzed, solved and discussed. 
Based on the phenomena modelling in the HTF and falling film, the ef
fect of film overheating and subcooling as well as the HTF and film 
Reynolds number, considering laminar flow regime, on the evaporation 
rate and on the entropy generation is studied. Other parameter impact 
such as the evaporator length is also analyzed and results are given at 
both local and component scales. The study is done for both co and 
counter-current configurations for comparison. This study is of a great of 
interest as it can be used as a tool to minimize entropy generation for 
heat exchangers’ design and optimization. It is a tool for the design of 
falling film evaporators, for cooling and heating absorption machines, 
based on an entropy generation analysis by understanding how different 
parameters impact both irreversibility and performance. 

Nomenclature 

A Surface, 
(
m2)

Cp Thermal capacity,
(

J.K− 1.kg− 1
)

e Thickness, (m)

g Gravitational acceleration, (m.s− 2)

h Global heat transfer coefficient,
(
W.m− 1.K− 1)

ΔHliq− vap Latent heat of evaporation of the film fluid,
(

J.kg− 1
)

L Evaporator length, (m)

l Evaporator width, (m)

ṁ Flow rate,
(
kg.s− 1)

q̇ Surface heat flux,
(
W.m− 2)

Q̇ Heat exchanger power,(W)

R Capacity flow rates ratio, ( − )

Re Reynolds number, ( − )

Ṡgen Entropy generation rate ,
(
W.K− 1)

T Temperature, (K)

u Flow velocity,
(
m.s− 1)

u Mean velocity,
(
m.s− 1)

Greek symbols 
Γ Mass flow rate per unit of width,

(
kg.s− 1.m− 1)

δ Boundary layer, (m)

ε Efficiency, ( − )

λ Conductivity,
(
W.K− 1.m− 1)

μ Dynamic viscosity, (Pa.s)

ρ Density,
(
kg.m− 3)

σ̇ Volumic entropy generation rate,
(
W.K− 1.m− 3)

τevap Evaporation rate, ( − )

τ Shear stress tensor, (Pa)

Subscripts 
bulk Bulk 
evap Evaporated 
fluid Heat transfer fluid or falling film 
gen Generated 
htf Heat transfer fluid 
f Film 
in Inlet 
interface Liquid − vapor interface 
max Maximum 
out Outlet 
sat Saturated 
th Thermal 
v Viscous 
w Wall  



2. Problem description

2.1. Studied configuration

The study and analysis of the entropy generation produced during 
the evaporation process requires an understanding of the heat and 
viscous phenomena encountered. Fig. 1 shows a laminar film of 
incompressible liquid that enters the evaporator component at x = 0. 
The film flows down under the gravity effect (from the top to the bot
tom) over a vertical plate heated by means of a HTF. The latter can be in 
co–current (from the top to the bottom) or counter–current (from the 
bottom to the top) with the falling film. The HTF enables to increase the 
film temperature and then to evaporate a part of it at the free interface, 
assumed at constant saturation temperature along the film (constant 
pressure). 

The heat and viscous transfer phenomena lead to the formation of the 
thermal δth boundary layer in the HTF (δhtf ,th) and in the film (δf ,th). From 
Fig. 1, x = 0 and x = L at the input and output of the absorber respec
tively while the axis y is equal to zero at the center of the HTF channel 
and to ehtf +ew +ef at the falling film interface. The axis y1 ∈ [0, ef ], it 
varies from the heated plate – film side – until the film interface while 
the axis y2 ∈ [0, ehtf ], it varies from the center of the HTF channel 
thickness to the heated plate – HTF side. 

2.2. Model description 

2.2.1. Model assumptions 
Heat transfer is greatly intensified in the presence of capillary and 

solitary waves in the film [25]. However, this paper will be limited to the 
modeling of falling film in the established laminar regime where these 
wave phenomena are attenuated [26] as the falling film Reynolds 
number is considered to be lower or equal to 200. Moreover, as the 
impact of edge effect in this falling film is almost non-existent and as the 
vertical plate is assumed to be smooth and without corrugation, a 2D 
model seems to be appropriate to model the problem. However, for heat 
transfer fluids flowing over ribbed or corrugated plates, it is strongly 

advised to take into account the impact of edge effects by using 3D 
models. In formulating this model, the following assumptions were 
made:  

• The falling film flow is assumed to be laminar, one-dimensional and
fully developed hydrodynamically throughout.

• The liquid solution is incompressible, Newtonian and its physical
properties (the viscosity, thermal conductivity and specific heat) are
assumed constant since the flow is in steady-state and the tempera
ture difference between the evaporator inlet and outlet is small – 
about 5 ◦C.

• The evaporated mass is negligible compared to the inlet mass flow
rate of the film (ṁevap≪ṁf ). Indeed, the film thickness is assumed to
be small compared to the length of the evaporator and the interfacial
shears are negligible. Consequently, the mass flow rate of the film ṁf 

is assumed constant so as its thickness ef along x.
• The evaporation process occurs at constant pressure, so that the

saturation temperature Tsat at the interface is constant along x.
• There are no shear forces exerted on the film by the vapor at the

interface.

2.2.2. Hydraulic model 

2.2.2.1. Falling film. As the falling film flow is assumed to be laminar, 
one-dimensional and fully developed hydrodynamically throughout and 
no shear forces is assumed at the free interface, a Nusselt profile, 
equation (1), can be used for the film velocity [27]. 

uf (y1) =
ρf g
μ ef

2

(
y1

ef
−

1
2

(
y1

ef

)2
)

(1)  

with uf (0) = 0 and
∂uf

(
ef

)

∂y1
= 0 

The following parameters can be determined knowing the mass flow 
rate per unit of width of the film. 

The mass flow rate per unit of width of the film is given in equation 

Fig. 1. Description of a vertical falling film evaporator at local scale.  



(2): 

Γf =
ṁf

l
= ρf ef uf (2) 

The mean velocity is defined as in equation (3), [28]: 

uf =
1

ρf Af

∫

ρf uf (y1)dAf (3) 

For a Nusselt profile with constant density, it reduces to equation (4): 

uf =
1
ef

∫

uf (y1)dy =
ρf g
3μf

ef
2 =

2
3
uf , max (4) 

From the two above equations, the film thickness can easily be 
determined through the equation (5): 

ef =

(
3μf Γf

ρ2
f g

)1
3

(5) 

The film Reynolds number is defined as in equation (6): 

Ref =
4Γf

μf
(6)  

2.2.2.2. Heat transfer fluid. For the HTF, both mass flow rate per unit of 
width and the channel thickness are known, thus the mean velocity and 
the HTF Reynolds number are defined in equation (7) and (8) 
respectively: 

uhtf =
Γhtf

2ehtf ρhtf
(7)  

Rehtf =
2ρhtf uhtf ehtf

μhtf
(8) 

For the HTF, the Poiseuille equation is used to determine the velocity 
profile through the equation (9) with respect to the following: incom
pressible and Newtonian fluid; high channel length compared to the 
channel thickness; laminar flow through a constant cross-section and no 
fluid acceleration: 

uhtf (y2) = 3uhtf

((
y2

ehtf

)

−
1
2

(
y2

ehtf

)2
)

(9)  

with uhtf (0) = 0 and
∂uhtf

(
ehtf

)

∂y2
= 0  

2.2.3. Thermal model 
According to the above hypothesis, the heat balance in the different 

medium can be expressed as following: 
In the falling film, the energy balance is given by the equation (10): 

ρf Cp,f uf (y1)
∂Tf (x, y1)

∂x
= λf

(
∂2Tf (x, y1)

∂y2
1

+
∂2Tf (x, y1)

∂x2

)

(10) 

Through the wall, equation (11): 

∂Tw(x, y)

∂y
=

Thtf
(
x, ehtf

)
− Tf

(
x, ehtf + ew

)

ew
(11) 

In the HTF, equation (12): 

ρhtf Cp,htf uhtf (y2)
∂Thtf (x, y2)

∂x
= λhtf

(
∂2Thtf (x, y2)

∂y2
2 +

∂2Thtf (x, y2)

∂x2

)

(12) 

The energy equation on the heat transfer fluid side is solved by 
assuming a symmetry at the center of the channel. To solve the problem, 
the followings boundary conditions are considered:  

At y1 = 0 and .y2 = ehtf 

(continued on next column)  

(continued ) 

λhtf

(∂Thtf

∂y2

)

y2 =ehtf

= λf

(∂Tf

∂y1

)

y1=0 

At y1 = ef Tf (x, ef ) = Tsat 

At y2 = 0 (∂Thtf

∂y2

)

y2=0
= 0  

2.2.4. Performance parameters 
To measure the performance of the falling film evaporator, the 

following parameters are defined:  

• The overall heat transfer coefficient per unit of width is defined as in
equations (13) and (14):

hhtf =

∫ L

0

λhtf

(
∂Thtf
∂y2

)

y2=ehtf(
Tbulk,htf (x) − Thtf

(
x, ehtf

) ) dx (13)  

hf =

∫ L

0

λf

(
∂Tf
∂y1

)

y1=0(
Tf (x, 0) − Tbulk,f (x)

) dx (14)  

with Tbulk,fluid(x) =

∫∫
ρfluidCp,fluidufluidTfluid(x, y)dy

ρfluidCp,fluidufluidA  

where the subscript fluid here can either be the HTF or the falling film.  

• The thermal efficiency of the falling film evaporator is classically
defined as in equation (15):

εth =
Q̇htf

Q̇max
(15)  

with Q̇max = ṁhtf Cp,htf (Thtf ,in − Tf ,in)

• The evaporated mass flow rate is calculated at the interface as in
equation (16):

ṁevap =
Q̇f ,interface

ΔHliq− vap
(16)  

with Q̇f ,interface =

∫ l

0

( ∫ L

0
λf

(
∂Tf

∂y1

)

y1=ef

dx

)

dz = l
∫ L

0
λf

(
∂Tf

∂y1

)

y1=ef

dx    

• The evaporation efficiency of the falling film evaporator is defined as
in equation (17):

εevap =
ṁevapΔHliq− vap

Q̇htf
(17)  

with Q̇htf = l
∫ L

0
λhtf

(
∂Thtf

∂y2

)

y2=ehtf

dx    

• The total evaporation rate is defined as in equation (18):

τevap =
ṁevap

ṁf
(18)  

2.2.5. Entropy generation 

2.2.5.1. Local entropy generation. Analysis of irreversibilities in the 
evaporator is essential to identify, locate and quantify the different 
sources of entropy generation. Indeed, the second law of thermody
namics provides a measure of entropy generation rate and irreversibil
ities within a system or process aiming to characterize the efficiency of 
the transfer process. In this section, the entropy generation at local scale 



• No chemical reactions.
• Steady state regime of the two-dimensional flow.
• Gravity-driven laminar flow of Newtonian incompressible liquid

film.
• The irreversible processes take place near equilibrium

Under the problem formulation and the mentioned assumptions, the
entropy generation rate is given by Hirschfelder et al. [29] and Haase 
[30] as the sum of the product of thermodynamic forces and fluxes – 
equation (19):

σ̇gen =
∑

k
X→k J→k (19)  

with X→ and J→ are the driving force and the flux of the k phenomenon
respectively. 

In the study case, the only phenomena present are those due to heat 
transfer and hydrodynamics, as there is no chemical reaction and no 
mass transfer (the water and vapor are pure), thus the local entropy 
generation can be written as equation (20): 

(20)  

with q̇
→

heat,fluid = − λfluidgrad
̅̅ →

(T) for conductive heat transfer. 
By developing the above equation with respect to equations (3) and 

(5), the local entropy generation can be expressed as in equation (21): 

σ̇gen,fluid(x, y) =
λfluid

Tfluid(x, y)
2

[(
∂Tfluid(x, y)

∂y

)2

+

(
∂Tfluid(x, y)

∂x

)2
]

+
μfluid

Tfluid(x, y)

(
∂ufluid(y)

∂y

)2

(21)  

where the subscript fluid here can either be the HTF or the falling film. 

2.2.5.2. Overall entropy generation. Here, the overall entropy genera
tion will be defined in two different manners. Firstly, from the local 
definition by integration and secondly by applying the second law of 
thermodynamics directly to the whole falling film exchanger. 

2.2.5.2.1. Overall entropy generation calculated from local modeling. 
The global entropy generation is obtained by integration of the equation 
(21) as following, equation (22):

Ṡgen =

∫∫∫

σ̇gendxdydz

= l
∫ L

0

∫ ehtf

0

(

σ̇gen,htf ,th + σ̇gen,htf ,v

)

dxdy + l
∫ L

0

∫ ehtf +ew

ehtf

σ̇gen,w,thdxdy + l

×

∫ L

0

∫ ehtf +ew+ef

ehtf +ew

(

σ̇gen,f ,th + σ̇gen,f ,v

)

dxdy

(22) 

The first integral gives the thermal and viscous irreversibilities in the 
HTF, the second integral represents the thermal irreversibility through 
the wall – no viscous irreversibility is observed in the wall as the latter is 
impermeable. The thermal and viscous irreversibility in the film is given 
by the third integral. 

The two contributions of the entropy generation, namely the thermal 
and viscous entropy generations, could be distinguished as following: 

Ṡgen = Ṡgen,th + Ṡgen,v (23) 

The thermal entropy generation is defined in equation (24), while 
the viscous entropy generation is defined in equation (25). 

Ṡgen,th = Ṡgen,htf ,th + Ṡgen,f ,th + Ṡgen,w,th (24)  

Ṡgen,v = Ṡgen,htf ,v + Ṡgen,f ,v (25)  
2.2.5.2.2. From the second law of the thermodynamics applied to the 

whole exchanger. By application of the second law of the thermodynamic 
to the whole falling film exchanger with phase change, the entropy 
generation is given by the equation (26): 

Ṡgen,th = ṁhtf cphtf ln
(

Thtf ,out

Thtf ,in

)

+
ṁevapΔHliq− vap

Tsat
+ ṁf cpf ln

(
Tf ,out

Tf ,in

)

(26) 

The first contribution of the thermal entropy generation in the above 
equation, represents the entropy variation due to the temperature 
gradient in the HTF, while the second and third ones represent the en
tropy variation in the falling film due to the phase change at the film free 
interface and to the temperature gradient. By using equations (15) and 
(17), equation (26) can be rewritten as in equation (27): 

Ṡgen,th

ṁhtf chtf
= ln

(

1 − εth

(

1 −
Tf ,in

Thtf ,in

) )

+ εevapεth

(
Thtf ,in − Tf ,in

Tsat

)

+
1
R

ln
(

εthR
(
1

− εevap
)
(

Thtf ,in

Tf ,in
− 1

)

+ 1
)

(27)  

where the dimensionless parameter R is defined as, 

R =
ṁhtf cp,htf

ṁf cp,f
(28)  

3. Resolution method and operating conditions

3.1. Numerical solution

The resolution of the thermal and hydrodynamic models is done by 
applying a finite difference discretization on the spatial derivative terms 
using the Julia programming language, then numerically solving the 
system of non-linear equations obtained using the Trust-Region Method 
[31] to obtain the solution for a steady state condition. A first-order
backward difference is used in the x-direction while a second-order
central difference is adopted in the y-direction for both fluids. The nu
merical domain was discretized into N nodes in the x-direction, M nodes
in the y2-direction and P nodes in the y1-direction. Initially, a matrix
N × (M +P) that contains the initial HTF temperature in the N × M and
the inlet film temperature in the N × P is defined. The function devel
oped in the code contains boundary conditions and loop controls. Iter
ation is required for each step to fill the matrix with the new temperature
values until the boundary conditions (paragraph 2.2.3) are satisfied in
the steady-state conditions. The absolute and relative tolerance errors
are set to have a value of 10− 6 and 10− 8 respectively. Knowing the
temperature field in both fluids, the evaporated mass flow rate is
calculated at the free interface and the local entropy generation is
determined in the whole domain.

3.2. Grid size effects 

In order to investigate the grid size effect, runs were performed with 
160 × (40 + 40), 500 × (40 + 40), 600 × (40 + 40), 750 × (40 + 40), 
160 × (30 + 30), 600 × (30 + 30), 750 × (30 + 30) and 750 × (50 +
50). The total evaporated mass is calculated for the different runs, 
leading to a maximum difference of 2% in terms of evaporated mass flow 
rate for a reference case Rehtf = 1000, Ref = 49.8, ehtf = 1 mm. The 500 ×
(40 + 40), meshes were chosen in the final calculation as the running 
time increases from 245 s for 160 × (40 + 40) to 2500 s for 600 × (40 +
40). The chosen meshes have a running time of around 1200 s. However, 

is described. All along x, negligible pressure drop is assumed. Some extra 
assumptions are needed in order to formulate the entropy generation 
namely:  



the study of the grid size effect shows that an increase in the flow rate of 
the HTF requires an increase in the number of meshes in order to remain 
on results where the maximum difference is 2% in terms of evaporated 
mass flow rate. Increasing the mesh size means increasing the compu
tation time - about 1h10 per simulation for the case of Rehtf = 2000. 
Because of the long computation time, the 500 × (40 + 40) has been 
retained even for simulations different to the reference case, and this 
even if the maximum deviation of the evaporated mass flow rate is no 
longer 2% but around 6% for Rehtf = 2000. To conclude, the mesh size 
was chosen by making a compromise between the maximal acceptable 
variation of evaporated mass flow rate and running time. In the 
following the same mesh grid –500 × (40 + 40) – is used for all 
simulations. 

3.3. Operating conditions 

The evaporator considered in this study is an evaporator that can be 
used in absorption systems for building heating and cooling. The pa
rameters used here are in accordance with the studies carried out in the 
LOCIE laboratory in the framework of the improvement of absorption 
machines [32]. The main design characteristics of the evaporator are 
summarized in Table 1. The behavior of the evaporator is studied by 
analyzing the impact of the evaporator length on the evaporated mass 
flow rate, entropy generation and on the thermal and evaporation 
efficiencies. 

The chosen film fluid and HTF for the simulation are both water. 
Thus, the evaporation temperature Tsat is maintained at 300.0 K for a 
saturation pressure of 3.4 kPa [33] and the evaporation heat (ΔHliq vap)

is 2549 kJ/kg [34]– see appendix for the used equations. Table 2 sum
marizes the main operating parameters used for the simulation. To study 
the impact of the falling film and HTF Reynolds numbers on the evap
orated mass flow rate, a parametric study was conducted by considering 
Reynolds number between 49.8 and 200 [32] and between 500 and 
2000 for the falling film and the HTF respectively. 

The study was made for both co and counter-current configurations 
with the aim of analyzing their performance and studying the impact of 
both configurations on the local and overall entropy generation for 
different film inlet temperature, falling film and heat transfer fluid 
Reynolds but also for different evaporator length. 

3.4. Model validation 

For the validation of the model, two different comparison points 
were considered. The first point is to validate the model by comparing 
only the thermal entropy generation obtained using equations (22) and 
(26) for counter-current configuration. Fig. 2 shows the evolution of the
thermal entropy generation obtained by integration using the equation
(22) with the thermal entropy generation of the equation (27) for
different HTF Reynolds number using the design characteristics 

mentioned in Table 1 and the parameters in Table 2. The film Reynolds 
number is assumed equal to 49.8, the evaporator length equal to 0.5 m 
and the HTF channel thickness equal to 2 mm. 

The black line represents the ideal case where the entropy generation 
obtained from equation (22) is equal to the one obtained from equation 
(27). From this figure, it can be concluded a great agreement between 
the two entropy generations as the maximum deviation is about 7% and 
the mean deviation is less than 5%. The deviation when increasing the 
Reynolds number is linked to the mesh chosen as the test grid has been 
performed for HTF Reynolds number equal to 10 00. In order to reduce 
the incertitude and error, in the following section, the parametric 
analysis is done mainly by assuming a Rehtf = 1000. 

The second point is a comparison of the present work with the 
analytical results of Flores [26] in order to validate the falling film 
model by assuming an adiabatic wall and a constant temperature at the 

Configuration Symbol Co and counter HTF flow 

Evaporator length L 0.1–0.5 m 
Thickness of the wall ew 3 × 10− 3 m 
Conductivity of the wall λw 500 W⋅K− 1⋅m− 1 

Width of the evaporator l 0.1 m 
Thickness of the HTF channel 2ehtf 1.75 × 10− 3 − 4 × 10− 3 m  

Table 2 
Fluids characteristics [1,35].   

Γ λ ρ Cp Tin Re  
kg. m− 1. s− 1 W⋅K− 1⋅m− 1 kg⋅m− 3 J⋅K− 1⋅kg− 1 K - 

HTF 0.4–1.6  0.61  997.5  4178.0 305 500–2000 
Film 0.01–0.04  0.61  997.5  4178.0 300–302.5 49.8–200  

Fig. 2. Comparison of the entropy generations for different Reynolds number 
and for counter-current configuration. 

Fig. 3. Validation of the model by comparing the present work with those of 
Flores during the development of the thermal boundary layer [22]. 

Table 1 
Main design characteristics of the evaporator.  



film interface. The difference of temperature between the interface and 
the inlet temperature of the film is equal to 2 ◦C. The comparison is 
carried out using non-dimensional variables, namely, ϛ =

y1
ef

coordinate 
in y1 direction and temperature θ. In Flores [26], the plate length is 
divided into two parts. Near the entrance of the exchanger corresponds 
to the part where the thermal boundary layer is not yet fully developed 
while the second part corresponds to the fully thermally developed 
region. 

In the entrance region, the non-dimensional temperature is defined 
as in equation (29): 

θ =
Tf (x, y1) − Tf (x, 0)

Tf (x, ef ) − Tf (x, 0)
=

(
ef − δf ,th

δf ,th

)2

− 2
(
ef − δf ,th

)
ef

δ2
f ,th

ϛ +

(
ef

δf ,th

)2

ϛ2

(29) 

The evolution of the temperature through the film thickness at 
different x positions for the entrance region is shown in Fig. 3. As it can 
be seen, great agreement is observed between the two models as the 
mean deviations is about 0.7% even if the maximal absolute deviation is 
100%. Indeed, at x = 4.5 × 10− 5 m and ϛ = 0.77, the non-dimensional 
temperature obtained by Flores is 0 while the one obtained with the 
present model is 0.06. The same figure shows that the thermal boundary 
layer grows more rapidly in the present model than in the one developed 
by Flores. This result can be explained by the impact of the temperature 
parabolic profile assumed by Flores. 

In the fully developed region, the non-dimensional temperature is 

defined as bellow: 

θ =
Tf (x, y1) − Tbulk,f (x)

Tf
(
x, ef

)
− Tbulk,f (x)

=
Tf (x, 0) − Tbulk,f (x) +

(
Tf

(
x, ef

)
− Tf (x, 0)

)

Tf
(
x, ef

)
− Tbulk,f (x)

ϛ2

(30) 

Fig. 4 shows the temperature evolution through the film thickness at 
different x positions. It shows a great agreement between this model and 
the one developed by [26] mainly far from the inlet of the evaporator. 
Indeed, the maximum deviation is about 14% and is found near the 
entrance of the fully developed region. The deviation decreases with the 
increase of the film length to be almost equal to 0.7% at x = 0.1 m. 

4. Results

In this section, results of the present study are presented. First, the
analyze of equation (27) is done in order to have an overview of the 
evolution of the thermal entropy generation with the evaporation and 
thermal efficiencies at the component scale. Afterwards, a local analysis 
is performed to deeply understand the local behavior of a falling film 
evaporator. To do that, the impact of the heat transfer fluid Reynolds 
number, Rehtf = [500 – 2000], falling film inlet temperature, Tin,f (K) =
{298.00, 299.00, 300.0, 301.0, 302.0, 303.0} and of the film Reynolds 
number, Ref = [49.8 – 150], on the evaporation process and entropy 
generation rate are determined, presented and analyzed for a saturation 
temperature of 300.0 K and for both heat transfer fluid flow configu
rations. In the following, only the mass flows and inlet temperatures are 
assumed the same for both configurations as inputs of the model. 

4.1. Overall analysis and reference case 

From equation (27), the thermal entropy generation varies with the 
thermal efficiency, the R-value and the evaporation efficiency. Here, the 
impact of these parameters on the thermal entropy generation is dis
cussed for a reference case where Ref = 49.8 and ṁhtf = 0.04 m. s− 1. The 
HTF inlet temperature is equal to 305 K whereas the film inlet temper
ature is assumed equal to the interface film temperature (300 K). Fig. 5 
shows the evolution of the thermal entropy generation with the evap
oration and thermal efficiencies using equation (27). The thermal en
tropy generation increases with the increase of the evaporation 
efficiencies. The thermal entropy generation also presents a maximum 
value depending on the thermal efficiency. 

For the considered mass flows, the analysis shows that the evapo
ration efficiency cannot be below 83%. The analysis at component scale 
of the thermal entropy generation does not give any information about 
the reason why the evaporator cannot work with an evaporation effi
ciency lower than 0.83 for high thermal efficiency. Local study is then 
important in order to have more information on thermal entropy gen
eration sources and evolution. 

Fig. 6 shows the evolution of the total entropy generation through 
the film thickness and along the plate length for the same previous 
reference case – 2ehtf = 2 mm, ṁhtf = 0.04 m. s− 1, HTF Reynolds number 
of 1000, film Reynolds number of 49.8 and a temperature difference 
between the inlet and the interface of the film (ΔT) equal to 0. However, 
the focus is on the thermal entropy generation as the total viscous ir
reversibilities are 100 times lower compared to the total thermal ones. 

In the film, when assuming a temperature difference between the 
inlet and the interface of the film (ΔT) null, at the entrance, only the 
thermal boundary layer due to the heat transferred from the HTF to the 
film is in developing stage, leading to the increase of the film temper
ature. Inside this thermal boundary layer, thermal irreversibility is 
observed due to the heat transfer and these irreversibilities are higher 
near the wall and decrease with the development of the boundary layer. 
Beyond this thermal boundary layer, no phenomenon occurs, as the film 
temperature is equal to the interface temperature and thus, no thermal 
irreversibility is observed. Consequently, for both configurations, the 

Fig. 4. Validation of the model by comparing the present work with those of 
Flores in the fully thermally developed region [22]. 

Fig. 5. Evolution the thermal entropy generation with the thermal and evap
oration efficiencies. 



main entropy generation is located near the wally1 = 0 (for the film) 
where the temperature gradient is higher and so the transfer is larger 
and this, even after the complete development of the thermal boundary 
layer in the falling film. Indeed, the irreversibilities are higher near the 
wall compared to the film interface: the heat transferred from the HTF to 
the film is high compared to the evaporation phenomenon under the 
studied conditions. For counter-current, Fig. 6a, the maximal local en
tropy generation is around 10 000 W. K− 1. m− 3 while for co-current, 
Fig. 6b, the maximal local entropy generation is around 30 000 W. 
K− 1. m− 3 (three times higher than in counter-current flow). However, 
the local entropy generation in the co-current configuration rapidly 
decreases along the x axis due to the decrease of the heat flux through 
the wall. The decrease of the heat flux transferred from the HTF to the 
film also leads to the decrease of the evaporated mass flow rate. For the 
counter-current flow (Fig. 6a), the entropy generation variation along 
the x axis is small compared to the entropy generation variation in co- 
current flow, due to the almost constant small temperature gradient 
observed in the evaporator with this configuration leading to a slight 
variation of the heat transfer flux through the wall. Fig. 6a shows that 
the local entropy generation in the falling has a minimum value in the 
flow direction corresponding to the position where the thermal bound
ary layers of both fluids are fully developed. 

Moreover, for a considered configuration (counter or co-current), the 
thermal entropy generation in the HTF and in the film are of the same 
order of magnitude near the plate – slightly higher in the heat transfer 

fluid side as shown in appendix, Fig. A1. This is due to the heat flux 
conservation through the wall and to the fact that both fluids considered 
are water (same conductivity). In the HTF, a thermal boundary layer is 
also observed due to the decrease of the temperature linked to the heat 
flux transferred to the film. Depending on the flow configuration, the 
thermal boundary layer develops from the top to the bottom or from the 
bottom to the top. Moreover, due to the fix channel thickness, the 
laminar HTF flow assumption (leading to a slow development of the 
thermal boundary layer), the small HTF conductivity, and to the small 
Prandtl number – around 5 -, the thermal irreversibility within the HTF 
quickly decreases from the wall to the channel center. The thermal en
tropy generation through the wall is small. For co-current flow, it varies 
from around 29 W. K− 1. m− 3 at the entrance to 0.6 W. K− 1. m− 3 at the 
bottom of the evaporator. However, for counter-current flow, the ther
mal entropy generation through the wall varies from 11 W. K− 1. m− 3 at 
the bottom of the evaporator then decreases until reaching a minimal 
value of around 0.7 W. K− 1. m− 3 before increasing to 3 W. K− 1. m− 3 at 
the top of the evaporator. In counter flow configuration, the increase of 
irreversibility observed at the bottom of the falling film evaporator near 
the wall is due to the thermal boundary layer development and to the 
large temperature difference between the two sides of the wall caused by 
the HTF uniform temperature imposed at the bottom of the evaporator. 
Indeed, this phenomenon implies the existence of a minimum value of 
the heat flux transferred from the HTF to the film, along the x axis: 
consequently, a minimum value of thermal entropy generation is also 
observed. In conclusion, in counter-current flow, the irreversibilities are 
mainly concentrated near the wall at the bottom of the evaporator (x =
1 m, y2 = 1 mm) for the HTF and (x = 1 m, y1 = 0) for film and a little 
near the entrance (x = 0, y2 = 1 mm) and (x = 0, y1 = 0). However, in co- 
current flow, the irreversibilities are concentrated near the wall at the 
entrance of the evaporator (x = 0, y2 = 1 mm) for the HTF and (x = 0, y1 
= 0) for the film.

Knowing the local distribution of the entropy generation, allows to
better understand the physical phenomena which induce irreversibil
ities, and to locate them through the evaporator. It is therefore a way to 
understand the interest of minimizing entropy generation and to 
improve the performance of falling film evaporators while minimizing 
the impact of their irreversibilities on the other components of absorp
tion machines. In the type of falling film evaporators studied here, the 
main parameters that impact their performance are the HTF Reynolds 
number and temperature, the vapor pressure, the film inlet temperature 
and mass flow rate but also the evaporator length and wall thickness. In 
the following, the focus is to understand how some of the above- 
mentioned parameters influence the total entropy generation – in the 
HTF, wall and film – and then to analyze how this impact is done by 

Fig. 6. Thermal entropy generation through the film for both co and counter-current configurations, Rehtf = 1000, Ref = 49.8, ehtf = 1 mm and ΔT = 0 K.  

Fig. 7. Overall entropy generation and thermal efficiency versus the heat 
transfer fluid Reynolds number and the evaporator length for ehtf = 1 mm and 
ΔT = 0 K. 



studying the local distribution mainly at the region where the entropy 
generation is the highest. 

4.2. Parametric study 

4.2.1. HTF Reynolds number influence 
In this section, the impact of the heat transfer fluid mass flow rate on 

the entropy generation and efficiencies is discussed by varying the HTF 
Reynolds number. Fig. 7 shows the evolution of the overall thermal 
entropy generation and of the thermal efficiency with the increase of the 
heat transfer fluid Reynolds number. For both configurations, the higher 
the Reynolds number, the higher the overall thermal entropy generation 
and the lower the thermal efficiency. The increase of the overall entropy 
generation is due to the increase of the HTF heat capacity. Therefore, the 
heat flux transferred from the HTF to the film also increases leading to 
an increase of the evaporated mass flow rate while the decrease of the 
thermal efficiency is due to the increase of the maximum transferrable 
flux from the HTF to the film. For a given HTF Reynolds number, the 
increase of the evaporator length leads to an increase of the total thermal 
entropy generation and of the thermal efficiency. Moreover, the increase 
of the HTF Reynolds number from 500 to 2000 increases the entropy 
generation of about 44%, 51% and 66% for L = 0.1, 0.3 and 0.5 m 
respectively for both configurations due to the slow development of the 
HTF thermal boundary layer encountered at high HTF Reynolds number 

and to the increase of the heat transferred when increasing the evapo
rator length. Another conclusion is the larger counter-current configu
ration performance (thermal efficiency) compared to the co-current one 
with the increase of the evaporator length as expected. Indeed, when 
considering small evaporator length, there is almost no difference in 
terms of performance between both configurations – the thermal effi
ciency difference is less than 5% for Rehtf = 2000 and L = 0.1 m. It can be 
concluded that to benefit from the performances offered by the counter- 
current configuration compared to those offered by the co-current 
configuration, it is preferable to consider longer falling film evapora
tors. However, longer evaporators are associated to higher entropy 
generation that can have significant impact on the other components of 
the absorption machine. Moreover, other drawbacks such as cost and 
size must also be considered. 

This conclusion is also made by analyzing the evaporation rate for 
both configurations in Table 3. Indeed, Table 3 shows the evolution of 
the evaporation mass flow rate and of the evaporation efficiency with 
the evaporator length and HTF Reynolds number. The Reynolds number 
of the HTF does not have a large impact on the evaporation efficiency 
but its increase leads to the increase of the evaporation rate. Indeed, the 
evaporation efficiency is defined as the ratio of the evaporation flux at 
the film interface to the transferred flux from the HTF to the film. The 
increase of the HTF Reynolds number leads to an increase of both terms. 
However, the amount of energy needed to increase the film temperature 

Table 3 
Evolution of the evaporation mass flow rate, evaporation efficiency and heat transfer coefficients with the HTF Reynolds number and with the evaporator length.    

Evaporation rate Evaporation efficiency hf hhtf

% % W⋅m− 1⋅K− 1 W⋅m− 1⋅K− 1 

L 
m 

Rehtf 

- 
Co-current Counter-current Co-current Counter-current Co-current Counter-current Co-current Counter-current 

0.1 500  2.18  2.2  97.78  93.33 712 730 244 247 
1000  2.59  2.62  97.68  93.78 713 729 286 290 
1500  2.84  2.89  97.66  94.04 713 729 316 322 
2000  3.03  3.08  97.59  94.22 714 728 341 348 

0.3 500  4.93  5.03  99.57  97.09 2132 2156 610 613 
1000  5.99  6.13  99.51  97.35 2134 2156 681 685 
1500  6.66  6.83  99.48  97.42 2135 2156 738 743 
2000  7.16  7.36  99.46  97.6 2136 2156 786 792 

0.5 500  7.01  7.2  99.93  98.01 3553 3581 963 966 
1000  8.69  8.93  99.86  98.17 3556 3581 1044 1048 
1500  9.73  10.02  99.83  98.28 3558 3581 1116 1120 
2000  10.51  10.83  99.81  98.40 3559 3581 1178 1183  

Fig. 8. Evolution of the entropy generation in the HTF, wall and film with the HTF Reynolds number for co-current and counter-current configurations.  



is quite the same as the evaporation efficiency mainly depends on the 
film properties. 

The heat transfer fluid and film heat transfer coefficients per unit of 
width are both calculated from the equations (13) and (14) and are also 
gathered in Table 3. it shows that the overall heat transfer fluid coeffi
cient of the HTF increases with the increase of its Reynolds number for 
both configurations. This can be explained by the slow development of 
the thermal boundary layer when increasing the heat transfer fluid 
Reynolds number and by the increase of the energy capacity of the HTF. 
In addition, the analysis shows a higher heat transfer coefficient in the 
case of counter-current flow due to the small temperature pinch 
encountered. The higher the heat transfer fluid velocity and the higher 
the HTF heat transfer coefficient difference between both configura
tions. The falling film heat transfer coefficient variation is very small, 
less than 1%, with the increase of the heat transfer fluid velocity for both 
configurations as the heat transfer coefficient of a fluid depends only on 
the fluid thermophysical properties (assumed constant), fluid flow 
(assumed laminar) and exchange configuration. The HTF Reynolds 
number does not affect the heat transfer coefficient of the film in this 
case nor the evaporation efficiency; however, it increases the evapora
tion mass flow rate as the heat transferred through the wall also in
creases. The evaporator length also impacts significantly the heat 
transfer coefficient of both fluids – an increase of around 80% when 
assuming an evaporator length of 0.5 m compared to an evaporator 
length of 0.1 m. Fig. 8 shows the impact of the HTF Reynolds number on 
the HTF, wall and film irreversibilities for L = 0.1 m. Under the studied 
conditions, the highest thermal irreversibility is situated in the HTF, 
followed by the film. The wall thermal irreversibility represents less than 
2% of the total thermal entropy generation. Moreover, the increase of 
the HTF Reynolds number leads to an increase of the whole thermal 
irreversibilities. However, it impacts more the film thermal irrevers
ibility than the other irreversibilities due to the increase of the evapo
ration phenomenon: the contribution of the film thermal irreversibility 
increases from 32% to 43% of the total thermal entropy generation from 
Rehtf = 500 to 2000 and for both configurations. 

It is interesting to understand how the HTF Reynolds number im
pacts the local thermal entropy generation to understand the result 
obtained at the component scale. Fig. 9 shows the evolution of the film 
thermal entropy generation along the film thickness and for different 
heat transfer fluid Reynolds numbers at the entrance of the evaporator 
(x = 0 m) and at the bottom (x = 0.1 m) for ΔT = 0 K, Ref = 49.8, ehtf = 1 
mm and for both co and counter-current flows. 

The increase of the overall thermal entropy generation with the HTF 
Reynolds number (Fig. 7 et 8) is explained by an increase of the local 
thermal entropy generation for both configurations as shown in Fig. 9. 
Indeed, the higher the HTF Reynolds number, the higher the local 

irreversibility due to the increase of the heat transferred through the 
wall and consequently the higher is the evaporated mass flow rate: the 
quick development of the film thermal boundary layer caused by the 
increase of the HTF velocity – small thermal resistance – allows to 
evaporate earlier a part of the film. At the entrance near the wall, it is 
more than six times higher in co-current than in counter-current flow 
due to the large temperature gradient, while it is equal to zero at the free 
interface – region not yet impacted by the heat transfer as the thermal 
boundary layer of the film is still in its developing stage: no phenomenon 
occurs as the film temperature is equal to the interface temperature. At 
the bottom (x = 0.1 m), the thermal entropy generation is more than 2 
times higher in the counter-current configuration than in co-current one: 
The heat transferred from the heat transfer fluid to the film is lower in 
the co-current configuration and the temperature difference is larger in 
counter current flow. The variation of the thermal entropy generation 
with the film thickness, at x = 0.1 m, is very small, less than 0.6% 
whatever the heat transfer fluid Reynolds number in the case of a co- 
current flow configuration. This result can be explained by the com
plete development of the thermal boundary layer at x = 0.1 m and by the 
fact that almost all the energy transferred from the plate to the film is 
used for the evaporation. Near the wall (y1 = 0), The variation of the 
thermal entropy generation with x is higher in the co-current flow due to 
the monotonically decrease of the heat transferred from the HTF to the 
film. 

The study of the local viscous entropy generation of the two fluids 
shows – not presented here – that it is no affected by the flow configu
ration. For the film, the local entropy generation due to the fluid friction 
is equal to zero at the free interface and increases along the film thick
ness to be maximal, around 8 W⋅K− 1⋅m− 3, at the wall, y1 = 0. This result 
is in accordance with the second term of equation (21) as the velocity 
profile is parabolic. From the previous results, it can be concluded that 
the film viscous irreversibilities are negligible compared to the thermal 
irreversibilities. For the heat transfer fluid, the analysis shows that the 
local viscous entropy generation depends on the HTF Reynolds number. 
The increase of the HTF Reynolds number and of the evaporator length 
lead to a significant impact of the viscous entropy generation contri
bution on the overall one. Indeed, the contribution of the fluid friction 
irreversibility on the total entropy generation for L = 0.5 m, under the 
studied conditions, varies from 4% to 18% and from 3% to 17% for co 
and counter flows respectively when varying the HTF Reynolds from 
500 to 2000. Locally, the HTF viscous entropy generation is equal to zero 
near the plate which is explained by a velocity equal to zero. This viscous 
entropy generation increases parabolically, following equation (9), to be 
maximal at the center of the channel. The local viscous entropy gener
ation along x is almost constant – variation of about 0.4%. It can be 
concluded that the effect of the local temperature on this viscous 

Fig. 9. Evolution of the film thermal entropy generation versus the film thickness for different heat transfer fluid Reynolds number at x = 0 m and x = 0.1 m for ΔT 
= 0 K for both counter and co – current flows. 



irreversibilities is small. The higher the Reynolds number, the higher the 
local friction irreversibility near the center. To conclude here, the 
thermal boundary layer plays a significant role on the local entropy 

generation distribution and consequently on the overall one. The vari
ation of the HTF Reynolds number leads to the variation of the HTF mass 
flow rate when assuming constant HTF channel thickness, but one could 
also change the HTF mass flow rate by changing the HTF channel 
thickness and assuming constant HTF Reynolds number. Thus, both 
parameters namely the HTF Reynolds number and the channel thickness 
could be used as parameters of optimization to find the optimal geom
etry and heat transfer fluid velocity that will lead to a minimal overall 
entropy generation and an acceptable evaporation rate. 

4.2.2. Film Reynolds number influence 
In this section, the impact of the film Reynolds number on the falling 

film evaporator is studied. The analysis is limited at the overall scale as 
the distribution at local scale of the irreversibilities are similar as those 
studied previously in Section 4.2.1. The HTF Reynolds number is 
maintained at 1000, the channel thickness is equal to 2 mm and the film 
inlet temperature is assumed to be equal to the interface temperature 
(saturation temperature). As in the previous analysis, the difference of 
temperature between the film and HTF inlet temperatures is about 5 ◦C. 
Fig. 10 shows the impact of the film Reynolds number on the evapora
tion efficiency. The latter decreases with the increase of the film velocity 
and with the decrease of the evaporator length. Indeed, increasing the 
film Reynolds number leads to an increase of the film thickness and thus 

Fig. 10. Evaporation efficiency evolution with the film Reynolds number for 
different evaporator length. 

Fig. 11. Evaporation mass flow rate and entropy generation versus the film 
Reynolds number and for different evaporator length and for Rehtf = 1000, ehtf 
= 1 mm and ΔT = 0 K. 

Fig. 12. Evolution of the HTF, wall and film thermal entropy generation for different film Reynolds number and for both configurations.  

Table 4 
Evolution of the evaporation mass flow rate and evaporation efficiency with the 
HTF Reynolds number and with the evaporator length.    

hf 

W⋅m− 1⋅K− 1 
hhtf 

W⋅m− 1⋅K− 1 

L 
m 

Ref 

- 
Co-current Counter-current Co-current Counter-current 

0.1 50 713 730 286 290 
100 570 597 284 293 
150 504 538 282 295 
200 466 506 280 297 

0.3 50 2134 2156 681 685 
100 1695 1732 682 690 
150 1484 1533 681 693 
200 1353 1412 679 696 

0.5 50 3557 3581 1044 1048 
100 2823 2865 1046 1054 
150 2468 2524 1047 1059 
200 2245 2315 1046 1062  



to an increase of the thermal resistance, consequently more of the energy 
transferred from the HTF to the film is used to increase the film tem
perature – 6% of the transferred energy is used to increase the film 
temperature in counter-current flow for Ref = 50 and L = 0.1 m against 
27% for Ref = 200. The difference of the evaporation efficiency is 
smaller when considering a co-current flow as only 3% of the transferred 
energy is used to increase the film temperature for Ref = 50 and L = 0.1 
m against 16% for Ref = 200. Moreover, the higher the evaporator 

length, the higher the evaporation efficiency. Consequently, for an 
infinite evaporator length, the evaporation efficiency would be equal to 
1. The smaller the evaporator length, the higher the difference of the
evaporation efficiency between both configurations and between Ref =

50 and Ref = 200. The evaporation efficiency is higher for co-current
flow than for counter-current flow.

As shown in Fig. 5, the evaporation efficiency cannot be lower than 
0.83 for Ref = 50, ṁhtf = 0.04 m. s− 1. Indeed, the evaporation efficiency 
decreases either by considering small evaporator length or by increasing 
the film thickness (film Reynolds number). However, for an evaporator 
length of 0.1 m and Ref = 50, the evaporation efficiency is already up to 
0.9 for both configurations which means that there is no evaporator 
length that leads to a lower evaporation efficiency with a high thermal 
efficiency. 

The decrease of the evaporation efficiency due to the increase of the 
film Reynolds number leads to a decrease of the entropy generation and 
evaporation mass flow rate as shown in Fig. 11. Moreover, increasing the 
evaporator length leads to an increase of the difference between Ref =

50 and 200. Indeed, the increase of the film Reynolds number, from 50 
to 200, leads to a decrease of the entropy generation of about 8 % for L =
0.1 m against 14% for L = 0.5 m for a co – current flow. For high film 
Reynolds numbers, almost no difference is noticed for both configura
tions in term of evaporated mass flow due to the high thermal resistance 
between the plate and the film that leads to the slow thermal boundary 
layer development. In order to take advantage of the flow configuration 
impact at high film Reynolds number, engineers should also work at 
high HTF Reynolds number however that also means increasing the 

Fig. 13. Thermal entropy generation versus the evaporation efficiency and the total evaporation for different film inlet temperature, Rehtf = 1000 and ef = 1 mm.  

Table 5 
Evolution of the evaporation mass flow rate and evaporation efficiency with ΔT 
and with the evaporator length.    

τevap 

% 
hf 

W⋅m− 1⋅K− 1 
hhtf 

W⋅m− 1⋅K− 1 

L 
m 

ΔT 
K 

Co- 
current 

Counter- 
current 

Co- 
current 

Counter- 
current 

Co- 
current 

Counter- 
current 

0.1 -2 2.3 2.4 723 752 280 294 
0 2.59 2.62 713 729 285 290 
2 2.85 2.84 703 705 292 284 
3 2.97 2.95 698 692 296 280 

0.3 -2 5.74 5.93 2145 2188 675 689 
0 5.99 6.13 2134 2156 678 685 
2 6.24 6.3 2124 2125 688 678 
3 6.36 6.43 2119 2109 691 672 

0.5 -2 8.45 8.75 3567 3617 1038 1052 
0 8.7 8.93 3556 3581 1044 1048 
2 8.93 9.13 3547 3547 1051 1041 
3 9.05 9.22 3542 3531 1055 1034  

Fig. 14. Evolution of the film thermal entropy generation versus the film thickness for different inlet film temperature at x = 0 m and x = 0.0015 m for counter- 
current and co-current flow configurations (Thtf, in = 305 K, Tf,interface = 300 K). 



thermal entropy generation created by the temperature difference be
tween the film inlet temperature and the saturation temperature plays 
also an important role on the film thermal entropy generation. To have 
efficient evaporator, engineers should avoid subcooled film at the 
entrance in most applications. The analysis also shows that the mini
mum thermal entropy generation is encountered when the ΔT = 1 K 
under the considered conditions. Indeed, with this small difference, the 
thermal entropy generation through the wall is reduced compared to the 
case where ΔT = 0 K and the local irreversibilities created near the 
interface due to the overheating of the film has a small contribution on 
the overall thermal entropy generation. 

However, the higher the film inlet temperature, the lower the ther
mal entropy generation near the wall and the higher the one at the 
interface. Thus, even if the overheating leads to a significant increase of 
the evaporation rate due to a high evaporation efficiency, the optimal 
temperature difference should be found in order to avoid high total 
entropy generation. Indeed, for overheated films, the evaporation effi
ciency is more than unity as in its definition the energy transported by 
the film at the inlet is not considered. It is up to the engineer to find 
comprise between the acceptable entropy generation and evaporation 
rate mainly if the evaporator is in conjunction with other components 
and can lead to a higher overall entropy generation and consequently to 
a lower system performance. 

The larger the evaporator length and the lower the impact of the inlet 
film temperature on the evaporated mass flow rate (Table 5). Moreover, 
the thermal efficiency is significantly impacted by the inlet film tem
perature – not shown. Indeed, the decrease of the film inlet temperature 
from 303 to 298 K leads to a decrease of 70% of the thermal efficiency 
for both configurations whatever the evaporator length. 

The film inlet temperature has also an impact on the heat transfer 
coefficients as shown in Table 5. The heat transfer coefficient of the HTF 
decreases almost linearly with the increase of the film inlet temperature 
for a counter-current flow while the opposite trend is found for the co- 
current configuration. The heat transfer coefficient of the film de
creases with the increase of the film inlet temperature for both config
urations. However, the impact of the film inlet temperature remains low 
for both fluids – less than 5%. 

The analyze of the behavior of the film when the latter is subcooled 
or overheated at the entrance of the evaporator gives more details about 
the distribution of the irreversibilities. The impact of the overheated and 
subcooled film is mainly observed near the entrance when the thermal 
boundary layer due to the transfer of energy from the HTF to the falling 
film is still in the developing stage, as shown in Fig. 14 for a HTF Rey
nolds number of 1000, a channel thickness of 2 mm and a film Reynolds 
number of 49.8. It can be seen that at x = 0 m and near the wall (y1 = 0), 
the local thermal entropy generation is high when the film inlet tem
perature is subcooled and decreases with the increase of ΔT, for both 
configurations. Indeed, the higher the temperature difference between 
the inlet film and the HTF temperature, the higher the local entropy 
generation near the wall due to the large temperature gradient and the 
thermodynamic disequilibrium. At the top, two thermal boundary layers 
are in developing stage. The first one is the thermal boundary layer 
caused by the heat flux transferred from the HTF to the film while the 
second one is the thermal boundary layer caused by the evaporation 
phenomenon at the free interface. This can be observed in Fig. 14 at the 
top (x = 0 m): the thermal entropy generation is null between y1 = 0.05 
mm and y1 = 0.09 mm. 

Moreover, when overheating or subcooling the film at the entrance, 
there is a significant disequilibrium near the free surface due to the 
temperature difference between the film inlet temperature and the 
saturation temperature: the local entropy generation is up to 100 000 
W⋅K− 1⋅m− 3 for |ΔT| = 2 K against zero forΔT = 0 K. Indeed, atΔT = 0 K, 
there is no heat transfer and consequently no evaporation occurs at the 
free interface. However, the overheating allows evaporating a part of the 
falling film whereas the subcooling leads to the condensation of the 
saturated vapor. At x = 0.0015 m, the inflexion point at the middle of the 

thermal entropy generation as explained in the Section 4.2.1. 
The analysis of the viscous entropy generation shows an increase of 

the latter with the increase of the film Reynolds number and evaporator 
length. However, the contribution of the total viscous irreversibilities on 
the total entropy generation remains negligible. Indeed, for Ref = 50, 
this contribution is about 0.4% and 0.7% for L = 0.1 m and L = 0.5 m 
respectively against 0.8% and 1.3% for Ref = 200. 

The study of the thermal efficiency shows a decrease of the latter 
with the increase of the film Reynolds number as the film velocity has an 
impact on the energy transferred by the HTF to the film. However, this 
decrease is small – for counter flow, the thermal efficiency is 27.7% and 
25.16% for (Ref = 50, L = 0.5 m) and (Ref = 200, L = 0.5 m) respectively 
against 26.5% and 23.8% for co-current flow. 

The distribution of the thermal irreversibilities within the HTF, wall 
and the film are given in Fig. 12. Unlike to the results obtained when 
studying the impact of the HTF Reynolds number, the increase of the 
film Reynolds number leads to the decrease of HTF thermal irrevers-
ibility while the film irreversibility is slightly affected. The decrease of 
the HTF irreversibility is due to a decrease of the heat transferred from 
the HTF to the film caused by the slow development of the thermal 
boundary layer within the film due to the increase of the film thickness 
and consequently by the increase of the thermal resistance. This also 
explains the slight increase of the film thermal irreversibility. Indeed, 
the film thermal irreversibility goes from around 37% of the total 
thermal entropy generation for Ref = 50 to 43% for Ref = 150 while the 
HTF irreversibility decreases from 61% to 53% for Ref = 50 to Ref = 150 
respectively. 

The wall irreversibility contribution remains negligible less than 
1.5%. In conclusion, the wall is the medium with the less entropy 
generated. 

Table 4 gives the heat transfer coefficient of the film and of the HTF 
for different film Reynolds number. The film heat transfer coefficient 
increases of about 35% with the decrease of the film Reynolds number – 
from 200 to 50 – due to the decrease of the thermal resistance. The heat 
transfer coefficient of the HTF also increase with the decrease of the film 
Reynolds number; However, its impact is low – less than 3%. 

In conclusion, the film Reynolds number plays a significant role on 
the transfer phenomenon as increasing it leads to a low evaporator 
performance – the entropy generation variation is small and linear while 
the evaporation rate decrease is significative. It can also be concluded 
from paragraph 4.2.1 and 4.2.2 that for laminar HTF flow regime, the 
main thermal irreversibility of a falling film evaporator is concentrated 
in the HTF, followed by the film thermal irreversibility, while the wall 
irreversibility is almost negligible. 

In this study, the film Reynolds number is limited to 200 as higher to 
that value, the film could not be considered laminar anymore and the 
developed model is not adapted for wavy films. When designing the 
falling film evaporator, engineers should determine the adequate film 
Reynolds number by considering HTF characteristic and operating 
conditions. 

4.2.3. Influence of the temperature difference between the film inlet and the 
interface temperature 

In this section the impact of the film inlet temperature is studied. 
Indeed, the film inlet temperature can be controlled by adjusting the 
operating conditions of the other components of absorption machines 
while the interface temperature of the evaporator can be controlled by 
assuming a constant vapor pressure. The evolution of the overall thermal 
entropy generation with the evaporation rate and with the evaporation 
efficiency by considering different film inlet temperatures (298 to 303 
K) and constant interface temperature (300 K) is shown in Fig. 13. The 
subcooled film leads to the highest thermal entropy generation and the 
lowest evaporation rate. This is due to the high temperature gradient 
between the HTF and the film leading to a decrease of the evaporation 
efficiency. That means that a large part of the energy transferred from 
the HTF to the film serves only to increase the film temperature. The



5. Conclusions

The present work deals with the study of a laminar falling film
evaporator in the case where the plate is heated by a HTF and for co and 
counter-current HTF flow configurations. A 2D-model was developed to 
determine the local temperature and entropy generation. The aim of this 
study is to evaluate the effect of the operating conditions, namely, the 
inlet film temperature and film/HTF Reynolds number but also, of the 
design conditions, namely, the film length on the evaporation rate and 
on the overall and local entropy generations. The impact of the above- 
mentioned parameters on the entropy generation was investigated at 
the overall scale and an analysis was performed at the local scale for a 
deep understanding of the thermal entropy generation distribution. 
Different parameters were defined to evaluated the performance of the 
considered evaporator, namely the evaporator efficiency, total evapo
ration mass flow rate and the thermal efficiency. The analysis was car
ried out using a thermodynamic approach in order to evaluate the 
sources of entropy generation, the contribution of each source on the 
global entropy generation and the impact of the different parameters on 
it. 

The overall entropy generation increases with the increase of the 

temperature difference between the free surface and the film at the 
entrance, and with the increase of the Reynolds number of the HTF for 
both configurations. The analysis shows that the overall thermal entropy 
generation is mainly due to the irreversibility within the HTF followed 
by those within the film, while the irreversibility observed through the 
wall remains negligible – around 2%. The HTF irreversibility increases 
with the increase of the HTF Reynolds number while it decreases with 
the increase of the film Reynold number for co and counter flow con
figurations. Differences between both flow configurations are mainly 
observed at longer evaporator length. A decrease of the overall entropy 
generation and of the evaporation mass flow rate is observed when 
increasing the film Reynolds number due the increase of the thermal 
resistance between the HTF and the film. To avoid the decrease of the 
evaporation mass flow for higher film Reynolds number, a higher HTF 
Reynolds number must be considered. However, other influence pa
rameters must be studied to keep acceptable entropy generation. The 
impact of the thermal boundary layers on the local phenomena and 
consequently on the local and thus overall entropy generation has been 
investigated. The sources of entropy generation in falling film evapo
rator are the fluid friction and the temperature gradient. The local 
viscous entropy generation of the film and of the HTF are almost not 
impacted by the film inlet temperature and by the film Reynolds num
ber. However, the HTF Reynolds number impacts the HTF local viscous 
entropy generation and consequently its contribution to the overall 
entropy generation. Furthermore, the increase of the film inlet temper
ature leads to an increase of the local thermal entropy generation near 
the free surface while it leads to a decrease of this entropy generation 
near the wall. The analysis confirms that the counter-current configu
ration has a higher performance in terms of evaporation mass flow rate 
compared to the co-current one due to the almost constant temperature 
gradient encountered in counter-current flow and that, even if the en
tropy generated in the counter-current flow is higher than those 
generated in a co-current flow. That means that higher entropy gener
ation does not mean lower efficiency but a comprise between both must 
be found. 

In terms of perspectives, it would be interesting to include a mass 
transfer, by assuming no pure vapor, in the analysis of the evaporator in 
order to understand the thermal and mass coupling effect on the evap
oration process and on the entropy generation. The study could also be 
extended to the analysis of the entropy generation during the absorption 
phenomenon in an absorber. 
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film thickness is explained by the thermal boundary layer development 
due to the heat transferred from the HTF to the film and by the evapo-
ration/condensation phenomenon that already occurs at the free inter-
face due to the overheated/subcooled film. 

In terms of configuration, no differences are observed at x = 0 m, 
near the interface (y1 = 0.13 m), this is due to the fact that the thermal 
boundary layer is not fully developed and so, the impact of the flow 
configuration is not felt: the irreversibilities observed, at the entrance 
near the interface, are only due to the evaporation/condensation that 
occurs when the film is overheated or subcooled. However, differences 
are observed near the wall where the local thermal entropy generation 
in co-current flow is higher than that of the counter-current flow. At x = 
0.0015 m, the film is still in its developing stage but the difference be-
tween the local entropy generations decreases. For ΔT = −  2 K, the 
thermal entropy generation is drastically reduced near the interface as 
the temperature already tends to the interface temperature. Once the 
film temperature near the interface is equal to the interface temperature, 
the condensation process stops. The evaporation phenomenon starts 
once the film temperature near the interface is higher than the interface 
temperature. 

At the bottom of the evaporator (x = 0.1 m), the impact of over-
heating/subcooling the film at the inlet is not at all observed – thermal 
boundary layer completely developed – and the local thermal entropy 
generation is higher in counter-current than in co-current flow. The 
analysis of the thermal entropy generation along the x axis shows that 
less than 20% of the x axis is impacted by the overheating/subcooling of 
the film. Moreover, under the studied conditions, the analysis shows that 
the film inlet temperature impacts the thermal entropy generation of the 
heat transfer fluid only near the wall and is very small elsewhere. 

The impact of the film inlet temperature on the viscous entropy 
generation of the film is very small. Indeed, the viscous entropy gener-
ation decreases with the increase of the film inlet temperature. However, 
the difference of the viscous entropy generation in the film for Tin,f = 
300.0 K and Tin,f = 302.5 K is less than 0.01%. 

To summarize, although the increase of the film inlet temperature 
leads to an increase of the evaporated mass flow, the thermal entropy 
generation should be studied in order to find the film inlet temperature 
that should be considered to minimize the thermal entropy generation 
mainly when the falling film evaporator is used in cofunction with other 
system – as it has an impact on the whole system performance. More-
over, the local analysis shows that at the entrance of the evaporator, the 
behavior of the latter due to the film inlet temperature – at the free 
interface (x = 0, y1 = 0.13 m) – is the same whatever the flow 
configuration. 



Appendix 

The correlation for the equilibrium (saturated) condition at the interface between the water film and the water vapor obtained by [33] is indicated 
below:. 

Tvap,sat(Psat) = (3.37595948586144E − 5) ×

(

log
(

Psat

22064000

) )6

+ (2.12003737295472E − 3) ×

(

log
(

Psat

22064000

) )5

+ (5.91993855043397E − 2) ×

(

log
(
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22064000

) )4

+ 0.976561958843236 ×

(

log
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22064000

) )3

+ 10.767649771597 ×

(

log
(
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22064000

) )2

+ 88.0085016175992 ×

(

log
(

Psat

22064000

) )3

+ 373.128542324967 

The saturated water–vapor enthalpy correlation obtained by [34] is indicated below:

hvap,sat = − 0.00125397 × T2
vap,sat + 1.88060937 × Tvap,sat + 2500.559
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