International Journal of Engineering Innovation & Research
Volume 7, Issue 1, ISSN: 2277 – 5668

Numerical and Experimental Study of Evaporation of
Liquid Effluent Flowing on an Inclined Plate
H. ZOUAGHI1,2*, S. BEN JABRALLAH2,3 and S. HARMAND4

1National

Engineering School of Monastir, Avenue Ibn El Jazzar, 5019, Monastir, Tunisia.
LETTM, Sciences Faculty of Tunis, University Campus, 2092, Tunis El Manar, Tunisia.
3Sciences Faculty of Bizerte, Zarzouna, 7021 Bizerte - Tunisia.
4University of Lille Nord, UVHC – LAMIH UMR CNRS 8201, Mont Houy, Valenciennes, Cedex 09, 59300, France.
2Laboratory

Date of publication (dd/mm/yyyy): 08/02/2018

an inclined continuous water flow. They studied the effect
of the thickness and velocity of the film flowing on the plate
and air wind velocity. They tested those parameters on three
models.
The first model consists on an inclined solar still with a
continuous injection of water on an open circuit. However,
the second one is the same inclined solar still but with
closed circuit without water makeup. The third one is like
the second one but with a water makeup.
Testing the effects of different parameters on the three
models, they found that the solar still of the third model has
the best productivity of 57,2% than the two other models.
The first model is only recommended when it’s combined
with other desalination system because of high temperature
at the outlet. The best improvement corresponds to the third
model; the first one has the lowest performance. They
conclude that to improve the still system productivity and
efficiency, it’s important to optimize film thickness, water
velocity and wind velocity.
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The same principle is studied by Aybar et al., [1], Aybar
Flow.
[8] and Agboola et al., [9]. The aim is to ameliorate the
behavior of the solar still system by varying its different
I. INTRODUCTION
operating parameters. El-Agouz [10] presented
experimentally performance of stepped solar still when
Evaporation needs heat that can provide from the sun,
water circulates continuously. He sets up a tank to storage
reducing the use of fossil energy. Many studies were
see and salt water. The goal is to have a better productivity.
performed in such solar energy applications as desalination,
The daily efficiency found was better than for the
distillation ([1], [2], [3] and [4]) and drying ([5] and [6]).
conventional still. It is approximately about 20%
Mezzache et al., [7] worked on the effects of inlet
Jingchun et al., [3] established a theoretical analysis of
conditions on evaporation processes. They studied the
water film evaporation on an adiabatic wall. They found
effect of inclination and improves that when the
that the temperature of water surface falls as function of
temperature of the wall or heat flux are fixed, mass flow rate
time. It continues its decrease until reaching the temperature
and gas velocity are strongly related to the inclination.
of the air wet-bulb. Latent heat required for water is not only
When the angle is between 0 and 10°, evaporated flow rate
from heat conduction of film water at the first storage but
increases with the increase of the angle of inclination. The
also from convection between air and fluid when water
inclination has also an impact on heat and mass transfer and
temperature reaches air wet-bulb temperature.
on lower velocity of the gas. Their work indicates that when
Raimundo et al., [11] numerically simulated water film
the inclination angle is near 10°, its effect reaches its
evaporation in airstream and discussed the effects of air
maximum.
velocity, water and air temperature and air relative humidity
Thiele et al., Jingchun et al., and El Agouz et al., studied
on the evaporation rate. Yang et al., [12] and Yu et al., [13]
different solar systems and its effects on evaporation. Thiele
studied water film evaporation on solid surfaces using
et al., [2] worked on the behavior of a thin liquid film on a
molecular dynamics simulation method. Leu et al., [14]
uniformly heated smooth solid substrate is considered.
experimentally investigated water film evaporation on a
They found that when the substrate is horizontal and the
vertical plate having a thin porous layer as a cover. This
Marangoni number sufficiently large the film breaks up into
layer improves heat and mass transfer during evaporation
a periodic array of drops. When the substrate is slightly
process.
inclined this drop-like state slides down the substrate. El
In this paper, solar system is used for drying liquid
Agouz et al., [4] focus their work on the rating of the
effluent. The purpose is to reduce pollution caused by this
performance of a solar desalination device. The system is
waste and to recover it as a fertilizer for agriculture soils.
Copyright © 2018 IJEIR, All right reserved
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Abstract – This work deals with the recovery of liquid
effluent by thermal evaporation. The effluent is a digestate of
pig manure which is subjected to anaerobic digestion and
phase separation by centrifugation. Its dry matter is about
2.3%. The goal is to minimize its water content and to use it as
a fertilizer on agricultural soils.
The evaporator consists on a stainless steel plate inclined by
30°. The plate is exposed to solar simulator radiations which
heat flux is about 452W/m² in average. Once plate
temperature is stabilized, the liquid is injected from the top of
the plate.
The cartography of the plate temperature is obtained by
two methods; the first is measured and the second is made by
calculating from thermal balances.
Evaporation tests were performed. The device is, on one
hand, covered with a glass, and removed, on the other hand. A
comparison between measured evaporated mass flow and
calculated from mass balances is determined in laminar
regime. It depends on many parameters, especially on heat
flux, air, plate and liquid temperature.
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This study is about evaporation of liquid effluent on a
stainless steel plate inclined of 30°. The effluent consists on
the liquid phase of a pig digestate passed by phase
separation by centrifugation. Its water content is about
97,7%. The evaporator used in this work has 2m long and
1m wide. A solar simulator is used for evaporation. Its
power is about 6000W. Two cases are studies. The stainless
steel is, in the first case, directly exposed to solar simulator
radiations. In the second case, the plate is covered with a
glass which thickness is about 6mm.
The liquid effluent is injected from the top of the plate
using a pump. A comparison between measured evaporated
mass flow and calculated from mass balances is determined
in laminar regime. It depends on heat flux, air, plate and
liquid temperature.

II. EFFLUENT CHARACTERISTICS
Thermal conductivity "λ" heat capacity "Cp" and
dynamic viscosity "μ" of the liquid effluent were
determinate in the case of thermo-physical characterization.
The effluent presents the liquid phase of pig manure
previously recovered using methanation process and a
separation phase by centrifugation.
Thermo-physical characterization is made on three
samples (E0, E1 and E2) which concentrations are
respectively (C0, C1 and C2). The concentration C0
corresponds to the sample E0 having a density of 960g/l and
a dry matter content of 2.3%. The sample E1 is prepared
from the sample E0. Evaporating the sample E0 and losing
the third of its initial volume, we obtain the sample E1 which
concentration is C1 and a density of 900g/l. By preparing
the sample E2, we have to evaporate 2/3 of the volume of
E0. Sample characteristics are presented in Table 1.
Table 1: Characteristics of the different samples
Sample
E0
E1
E2
Concentration
C0
C1=1.5C0
C2=3C0
Density (g/l)
960
900
850
The FP2C is a thermal conductivity meter used to
determine thermal conductivity. The measurement
principle follows the hot wire method for measuring the
total thermal conductivity of the material from changes in
temperature. This temperature is measured using a
thermocouple placed close to a resistive wire.
Thermal conductivity is called “λ” which values are
expressed in W/m.K. Measurements accuracy is about 5%
and samples temperature is between 30 and 60°C as
presented in Table 2.
Table 2: Samples thermal conductivity (W/m.k)
Sample
E0
E1
E2
Water
T = 30°C 0.593
0.560
0.598
0598
T = 60°C 0.700
0.805
0.713
0.651

conductivity is about 0.598W/m.K for the same
temperature. When sample temperature is about 60°C, its
thermal conductivity is about 0.739W/m.K, comparing to
water thermal conductivity which is about 0.651W/m.K
[15].
Dynamic viscosity is measured using a rheometer DHR
III which mark is TA Instrument. Dynamic viscosity
measurements are conducted for three temperatures which
are 20, 45 and 70°C at atmospheric pressure. In order to
assess the reproducibility, each test was repeated twice.
The first step consists on deposing sample on bottom
plate and diffusing with the top plate. Using a spatula, we
remove excess product and then we can start tests. The
accuracy of temperature measurement is about 0.5°C.
Using a measuring method which consists on a constant
shear rate, dynamic viscosity curves are obtained. The
viscosity and share stress are presented at the same moment
than the flow is occurred. Taking account of geometric
imperfections and device accuracy, measurements have an
accuracy of 10%. The variation of dynamic viscosity as
function of temperature is presented in fig.1.

Fig. 1. Dynamic viscosity for samples E0 and E1
It’s seen that for the two samples, dynamic viscosity is
influenced by temperature. Dynamic viscosity decreases
with the increase of temperature. The influence of
temperature is well seen for E0 and E1 when temperature is
between 20 and 45°C. As E0 has the lowest concentration,
its dynamic viscosity is closer to that of water [15].
The DSC Mettler Toledo DSC1 is the measurement
apparatus used to determine the heat capacity of the sample
E0. Measurement principle consists on differential scanning
calorimetry (DSC) method. Using a standard sapphire, it
allows determining the variation in enthalpy.
To determine heat capacity, some experimental
conditions have to be done. First, we have to stabilize
temperature at 20°C during 5min. Then, heating can begin
from 20 to 70°C using an increase of 20°C per minute. Once
temperature is at 70°C, we have to stabilize it during 5min.
Next, a regular scan has done for neutral gas of nitrogen
until 50ml/min. The variation of heat capacity of the sample
E0 comparing to water is presented in fig. 2.

It’s seen that thermal conductivity doesn’t depend on
samples concentrations; it depends on its temperature.
Thermal conductivity is about 0.584 W/m.K when sample
is heated at 30°C comparing to water which thermal
Copyright © 2018 IJEIR, All right reserved
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Fig. 2. Variation of heat capacity function of temperature
From fig.2, it’s seen that for sample E0, heat capacity still
constant for a temperature varying between 20 and 75°C.
At this temperature range, heat capacity is about 0.166
J/g.°C in average comparing to water which heat capacity
is about 4.182 J/g.°C in average.

III. EXPERIMENTAL DEVICE
This process consists on flowing the aqueous liquid
effluent on a stainless steel plate exposed to solar simulator
radiations. In order to recover liquid waste like digestate
which is rich in nutriment, we choose to evaporate. The
final product will be used in agricultural soils as fertilizer.
The system should be inexpensive and consume as little
energy as possible to enable widespread adoption of the
system by farmers who make methane.
This device is an evaporator composed of stainless steel
plate inclined of 30°. The plate has those dimensions
(2m×1m). Tests have done firstly when the plate is directly
exposed to solar radiations. Then, it will be covered with a
laminating glass which thickness is about 6mm. The glass
cover is resistant to high temperature above 80°C. Using
nozzle and a pump that feeds dispense manifold, the
effluent is injected from the top of the inclined plate. It’s at
steady state when plate temperature is stabilized, that the
liquid is injected. After circulating on the plate, the liquid is
collected in the gutter. The experimental device is
schematized in Fig. 3.a.
The steel plate is insulated on the underside with glass
wool. The steel plate is heated using a 6000W solar
simulator. The solar simulator is placed parallel to the plate
at a distance of 2m, such that heat flux will be similar to
solar heat flux in average.
To measure plate temperature, many thermocouples are
fixed in three columns of nine lines as presented in Fig. 3.b.
The thermocouple positioned at X1=0.15m and Y1=0.25m.
The distance between thermocouples is about 0.325m in
abscissa X and 0.20m in ordinate Y.
In this devise, thermocouples used are a K-type having a
margin of error of ± 0.5°C.

Fig. 3. (a) Schematic diagram of the evaporator; (b) layout
of thermocouples on the plate; (c) cartography of heat flux
Weighing the effluent before and after injecting the liquid
without solar simulator radiation, we can determine the
values of the inlet mass flow. After liquid injection and the
stabilization of the plate temperature, evaporated flow rate
is determined by weighing the liquid at the outlet and
remove the value of the inlet flow rate, during a determined
time.
Results will be compared when the plate is directly
exposed to solar radiation and when it’s covered with a
glass cover.
The cartography of the flux is shown in Fig. 3.c. We
chose the same points as the thermocouples (three columns
of nine lines). The solar flux is measured using a
pyranometer with accuracy ±4µV/W/m².
The maximum flux is at Y=0.45m, according to the
different positions X1, X2 and X3. The flux is 874W/m² at
Y=0.45m for position X2. The minimum flux is 116W/m² at
Y=1.85m for position X1. The mean flux along the plate is
approximately 452W/m².
The temperature profile of the steel plate in steady state
has the same shape than heat flux. Its maximum is about
75°C. Because the heat flux of solar simulator is focused on
the second column, the temperatures are the greatest at that
column. When x=45cm, the plate temperature is greater.
At steady state, the maximum temperature of the glass is
approximately 40°C.

IV. NUMERICAL SCHEME
Firstly, the plate is exposed the solar simulator radiations.
The heat balances on the plate and glass will be determined
before the injection of the liquid and after the stabilization
of plate temperature.

IV.1. Plate without glass cover
The back of the plate is well isolated. Supposing that
there are no heat losses, heat balance on the plate is
determined based on the sum of the incoming flux equals
the amount of outgoing flux [16].

 p I 0   p Tp4  Tair4   hext , pa Tp  Tair   0

(1)

In steady state, the natural convection coefficient is
function of plate and air temperature. According to [17] and
[18], it can be written:
Copyright © 2018 IJEIR, All right reserved
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IV.2. Plate with a glass cover

So, heat balance takes this form:

 p I 0   p Tp4  Tair4   0.225Tp  Tair  5  0
6

thickness is determined from (8) and the same approach is
used to solve (5) and (6).

(3)

The effluent is now injected from the top on the plate
because its temperature stabilized. Heat balance on the film
is schematized in fig.4.

Based on the sum of the incoming flux equals the amount
of outgoing flux, the heat balance on the glass cover can
then be written ([20] and [23])
Sv  v I 0  Sv  v v  p I 0   v  p S p  Tp4   v  Sv Tv4 



(10)



hext S p Tv  Tair   hint S p Tv  Tg  0

Heat balance on the plate before liquid circulating is [24]:
S p  v v  p I 0  S p  p  v  Tv4   p  Sv Tp4 



(11)



hint, pg S p Tp  Tg  0

Once plate temperature stabilized and the liquid
circulates, heat balances on the plate and the glass cover
become ([24], [25] and [20]):
(12)

Sv  v I 0  Sv  v v  f I 0   v  f S p  T f4   v  Sv Tv4  hext S p

Tv  Tair   hint S p Tv  Tg   0

 p S p f  v I 0   f  p  S p T f4   p  S p Tp4 

Fig. 4. Scheme of liquid film balance



From fig.4, film heat balance takes this form, knowing
that the sum of the incoming flux equals the amount of
outgoing flux:

 p f I 0   p pT   pT  hint, pf Tp  T f   0
4
p



T f ( x)
dx

(5)

  f I 0   f  f  p I 0  hint, pf Tp ( x)  T f ( x)    p pTp4
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  m( x)  m( x  dx)  Lv  hint, fair T f  Tair    f T f4  m( x  dx)Cp f
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(6)



Where: S p  dx.L and mev  min  mout
(7)
The film thickness along the plate is variable; it depends
on the evaporated flow. Assuming the volume is constant,
an approximation is determined; it allows defining the film
thickness and volume concentration by:
m( x)
e f ( x)  e f (0).
min

Cv( x)  Cv(0)

with

e f (0)
e f ( x)

T f ( x)
dx





  f I 0   f  f  p I 0  hint, pf Tp ( x)  T f ( x) 




 p  p  T  mev Lv  hint, fg T f  Tg    f  T  mout C p
4
p

4
f

(14)

T f ( x  dx)
dx

The convection coefficients and the resolution of
balances equations are determined with the same method
than VI.1.

V. RESULTS AND DISCUSSION


min  1

  ef


The mass balance can be determined as [20], [21] and
[23]:
m( x)Cp



min C p

(4)

In steady state, the forced convection coefficient between
the liquid effluent and the plate is inversely proportional to
film thickness. It depends on the inlet flow, viscosity and
thermal conductivity of the effluent [19].


 1
hint, pf   0.332. Pr 3
L



The mass balance takes this form ([20] and [21])

m( x)  min   mev ( x)

A comparison between calculated results when the plate
is covered with glass and without glass is made.
From fig.5, it’s seen that the liquid temperature increases
and decreases in the bottom of the plate. This shape can be
explained by the distribution of heat flux on the plate which
is maximum on the top of the plate; it decreases until
stabilizing in the bottom of the plate.
By solving (4) and (12) we were able to compare
temperature of liquid film in different positions in the two
cases (case 1: covered with glass; case 2: plate with glass
cover). Results are shown in fig. 5.
70
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Knowing that the number of unknowns is bigger than the
35
number of equations, the mass and heat balances are solved
30
one by one. The software used to solve equations is
25
MATLAB. Firstly, and before film circulating, plate
20
temperature is determined from (3). After the injection of
15
the liquid and the stabilization of plate temperature, those
0,0
0,2
0,4
data are directly entered in (4). The convection coefficient
is then calculated.
Therefore, (6) can be solved at initial status knowing the
initial, film temperature and thickness. The initial film
Copyright © 2018 IJEIR, All right reserved
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Fig. 5. Evolution of temperature of the liquid (preheated
at 40°C) along the plate
Three curves have the same shape which is related to heat
flux distribution. Results indicate that the fluid temperature
is higher when the plate has a glass cover.
Liquid temperature increases on top of plate. Once the
maximum of 69°C is reached at Y=0.45m and X2=0.475m,
liquid temperature begins decreasing to 33°C for Y=1.85m
until it become constant at plate bottom. The maximum is
attained at the column X2 when the plate has a glass cover
and for an inlet temperature of liquid is about 40°C. The
shape of curves is strongly related to the distribution of the
heat flux. By solving heat balances, it’s seen that the
variation of liquid temperature Tf depends on the variation
of plate temperature Tp. Thus, the last one is related to heat
flux repartition. This explains that liquid temperature and
plate temperature have the same appearance.
Plate temperature is higher than liquid temperature in the
top of the plate. In this part, plate heats the liquid film by
convection process. That’s why film temperature increases.
However, when the liquid is approaching the bottom, it
cooled because the plate isn’t well heated. So, the fall of
liquid temperature can be explained at the outlet.
Plate temperature is presented in fig.6 for an inlet liquid
temperature of 40°C. It comes from the resolution of heat
balances of (3) and (11).
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Fig. 6. Comparison between plate temperatures after liquid
film circulating

Curves representing plate temperature following X1, X2
and X3 have the same shape. It increases until attaining the
maximum at Y=0.45m, then it decreases and stabilize at the
bottom of plate. The maximum plate temperature
corresponds to a maximum heat flux of 874W/m².
From heat balance, it’s seen that plate temperature is
strongly related to heat flux. So, when heat flux is
maximum, plate temperature is maximum and inversely. As
plate temperature falls because of the low heat flux in the
part.
The difference between experimental and calculated
results may depend on many parameters such as ambient
temperature and the variation of the temperature of the air
between plate and solar simulator.
The variation of evaporated flow rate per unit width is
presented in fig.7. It’s seen that it has the same shape that
film temperature. It’s maximum when film temperature is
maximum. It gradually decreases. It is low in the bottom of
plate because fluid temperature is low. Evaporated flow rate
per unit width is better when the plate is covered. It’s
maximum about 0.032l/s.m along X2.
Copyright © 2018 IJEIR, All right reserved
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Fig. 7: Evaporated mass flow per unit width
Ben Jabrallah et al., [26] worked on evaporation of
falling film in distillation cell. The cell has a parallelepiped
form with vertical walls. They studied heat and mass
transfer in the cell. Studying the influence of heat flux
density on distillate flow rate on the top and bottom of cell,
they improve that for a constant inlet flow rate and
temperature, evaporated flow rate increases with the
increase of heat flux density.
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Liquid and plate temperature and evaporated flow rate
per unit width have the same shape (fig.8). It indicates that
the variation of evaporated flow rate is strongly related to
the variation of liquid and plate temperature. This can be
explained in numerical model by solving eq.10 to eq.14
when the plate is covered with glass.
The film thickness decreases along plate. By solving (8),
film thickness depends on evaporated flow rate. When
evaporated flow is maximum, film thickness is minimum.
Since, evaporated flow is higher for X2; the film thickness
is lower in the two cases. In the bottom of the plate,
evaporated flow rate is low, film thickness still constant in
this part.
When the plate is covered with glass, film thickness is
lower than when the glass is removed. This is due to
evaporated flow rate which is maximum is this case. It’s
minimum for X2.
Jingchun et al. [3] worked on one dimensional water film
evaporation process. The theoretical model is composed of
a water film attached to an adiabatic solid wall, with its
other surface exposed to moist air. It has an initial
temperature of T0 and an initial thickness of δ0. The moist
air has a temperature of T 0 and a relative humidity of Φ0
which is less than unity. They found that the variation of
water film thickness with time can be expressed as: 𝛿 =
1 𝜏
𝛿0 − ∫0 𝐽𝑑𝜏.
𝜌

ρ is the density of water and J presents water evaporation
rate. They found that the variation of film thickness during
the time isn’t linear for different convective heat transfer
coefficients and for 𝛿0 = 0.5𝑚𝑚. Using the same equation
in our model, results are in the same agreement.
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Fig. 9. The variation of film thickness
By solving (9), volume concentration is presented in
fig.10. It increases along the plate. As the liquid evaporates,
it water content decreases, so volume concentration
increases. The initial volume concentration is about
0.0229%. At its release, its maximum concentration
reached 0.0262% for X2 when the plate is without glass
cover. Comparing between covered and uncovered plate,
volume concentration increases when plate has a glass
cover. Its maximum is about 0.0274% along X2.
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Presented results concern an inlet liquid temperature of
40°C. Heat and mass balances are solved for different inlet
liquid temperature. Comparing those results with
experimental measurements, we obtain results presented in
fig.11.
According to fig.11, when the inlet liquid temperature is
about 19 and 30°C, the outlet liquid temperature is higher
than the inlet. However, when the inlet liquid temperature
is about 40 and 50°C, the outlet temperature is lower than
the inlet one. This can be explained by the bottom of the
plate where the liquid cooled and it temperature decreases.
The offset between experimental and calculated results
doesn’t exceed 10%.
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Fig. 11. Variation of the outlet temperature as function of
the inlet one
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When the inlet temperatures is between 19 and 40°C, the
total evaporated flow rate increases if inlet temperature is
increasing until stabilizing at 50°C. The maximum
difference between measured and calculated results is
acceptable.
Calculated total evaporated flow rate(l/s.m²)
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concentrations are prepared and characterized. This study
shows that dynamic viscosity and heat capacity are strongly
related to effluent concentration. In contrast to thermal
conductivity, it depends on temperature not on liquid
concentration.
Evaporation process was established when this liquid
effluent flows on a stainless steel plate having a tilt angle of
30°. The plate is on one hand directly exposed to solar
simulator radiations. On the other hand, the glass cover was
removed.
A comparison between calculated and measured results
was presented for two cases. In the first case, the inclined
plate is directly exposed to solar simulator. In the second
case, the plate has a glass cover. The plate temperature is
higher when the plate is used with a glass cover, than its
temperature when the plate is used without the glass cover.
The liquid is injected and its temperature is related to
plate temperature. Thereby evaporated flow is proportional
to film temperature; it would be better when the plate is
used with the glass cover because the glass reduces heat
losses due to convection.
The variation of evaporated flow rate is strongly related
to plate and liquid temperature. The film thickness is
affected by evaporated flow rate. The final volume
concentration of effluent is about 0.0274%. The liquid has
lost nearly 20% of its initial volume.
This study will be useful to have a better idea on liquid
effluent recovery. This device will be designed on the roof
of farms.

Fig.12. Variation of evaporated flow rate
Dufresne et al., [27] is among the researchers who
studied this phenomenon. He explained that the glass allows
the solar radiation to pass while absorbing all of the infrared
radiation. Thus, the glass absorbs the infrared radiation
emitted by plate and is heated. As the glass temperature
increases, it emits itself more infrared radiation; as a result,
its temperature will increase until it loses as much energy
as it receives. The radiation emitted by the glass is half
emitted to the outside and lost, with the rest partly absorbed
by the plate. Because the plate is now receiving more
energy than it loses, its temperature will rise until it loses as
much energy as it receives. This infrared radiation emitted
by the extra plate is absorbed by the glass. These rays are
transmitted several times until equilibrium is reached,
wherein the plate temperature is higher than in the device
without glass. As a result, the evaporated flow in better
when the glass is used. This effect of the glass is the
greenhouse effect. The purpose of the glass is to let
radiation pass and inhibit the dissipation of the heat that
forms between plate and glass under the influence of
sunlight. The glass is used to limit the heat loss between the
glass and the air and between the liquid and the air.

VI. CONCLUSION
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