
Two-Dimensional Numerical Study of Mixed Convection Evaporation 
from an Inclined Wet Corrugated Plate 

Ando Pascal Dimbiharizafy1 , Ignace Andrianarivo Rakotozandry2 , Josoa Albert Randriamorasata3  

Article Info 

Received: 31 Jul 2025 

Accepted: 13 Oct 2025 

Published: 31 Dec 2025 

Research Article 

Abstract − This paper presents the two-dimensional numerical study of mixed convection 
evaporation from an inclined corrugated wet plate subjected to a constant heat flux density. 
Assumptions were adopted and boundary conditions are imposed so as to neglect certain terms in the 
continuity, momentum, heat and diffusion equations that govern the phenomenon on the boundary 
layers. The homotopic transformation then allows the equation of the curve to be transformed from 
a corrugation to that of a straight line. Adimensionnalization allowed us not only to link physical 
parameters together but also to obtain equations that no longer depend on the measurement systems. 
From the dimensionless equations, we were able to apply the implicit finite difference method. The 
numerical resolution of the obtained discretized equations was programmed on MATLAB. We have 
examined and presented the influences of wavelength, wave amplitude, and plate inclination on the 
dimensionless velocity, temperature, and concentration fields, as well as on the corresponding friction 
coefficient, Nusselt number, and Sherwood number. Depending on the dimensionless quantity or the 
exchange coefficient studied, the effects of the inclination of the plate, the wavelength and the wave 
amplitude can be similar, or two variables cause the same effect, but the third variable generates the 
opposite effect. Results for unstable numerical schemes on the dimensionless velocity distribution 
were obtained when we increased the value of the Reynolds number, the x-step, the y-step or when 
we decreased the value of the Richardson number indicating that the supposed laminar flow tends 
towards a turbulent regime.  

Keywords − Adimensionalization, boundary layer, homotopic transformation, implicit finite difference method, Nusselt number 

1. Introduction 

Flows on a wall have interested many researchers through industrial applications such as the cooling of nuclear 
reactors [1, 2] and the drying of food [3]. Most of the studies concerned a simple geometry such as a flat plate 
[4-6] or an inclined tube [7]. However, industrial reality is moving towards more complex configurations, and 
the geometric shape influences the performance of a thermal system [8]. Work has been carried out on 
corrugated plates, and the parameters studied differ from each study, such as the influences of the wave 
amplitude and pressure losses or the formation of recirculation zones [9, 10]. The coupled transfers of heat and 
mass on an inclined corrugated plate have been just touched upon by previous research. Some researchers have 
opted for forced flows only or natural flows only [11-13]. Studying the effects of undulation and those of the 
inclination of a plate at the same time during evaporation by mixed convection thus has its interest. It will 
allow to delve into the heart of the phenomena involved and to complete the knowledge on these. In each study 
on mixed convection, there are neglected phenomena such as those of the wall laws or the assumption of a 
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Newtonian [14, 15] and incompressible fluid [16, 17]. It is the same for the geometric configuration in the 
presence of inclination and undulation. Studies concerned, for example, inclined solar exchangers [18], 
sinusoidal surfaces in vibration [19], half-spheres with undulated surface [20], and undulated enclosures [21]. 

The Latina letters, Greek letters, and dimensionless numbers used in the paper are provided in Table 1. 

Table 1. Notations used in this paper 
Latina Letters 𝑖, 𝑗	: Indices 

𝑈&&⃗ 	: Velocity vector 𝑓	: Ondulation function 

𝑃	: Driving pressure [Pa] Greek Letters 

𝐹!&&&&⃗ 	: Volume force vector 𝜌"	: Air density at wall level [kg/m3] 

𝑇"	: Air temperature on the wall [K] 𝜇	: Air dynamic viscosity [kg/ms] 

𝐶"	: Air + water vapor concentration on the wall [mol/m3] 𝜌	: Air density [kg/m3] 

𝑎#	: Air thermal diffusivity [m²/s] 𝜗	: Air kinematic viscosity [m²/s] 

𝑎$ 	: Air mass diffusivity [m²/s] 𝜁	: Load loss coefficient 

𝑇	: Boundary layer temperature [K] 𝛼	: Plate inclination [rad] 

𝐶	: Boundary layer concentration [mol/m3] 𝜆	: Air thermal conductivity [W/mK] 

𝑈%	: Air velocity on the entrance to the wall [m/s] 	𝜀#	: Numerical scheme error 

𝑇%	: Air temperature on the entrance to the wall [K] 𝜃	, 𝜒 : Dimensionless temperature and concentration 

𝐶%	: Air + water vapor concentration on the entrance to the wall [mol/m3] 𝜉, 𝜂	: Homotopic coordinates 

𝑈, 𝑉	: Components of dimensionless velocity 𝑢& , 𝑢' : U components in R(0,	𝑒&&&&⃗ ,𝑒'&&&&⃗ ) 

𝑢(	, 𝑢)	: U components in R(O, 𝚤	, 𝚥) 𝑒&&&&⃗ , 𝑒'&&&&⃗  : units vectors in homotopic basis 

𝚤	, 𝚥	: units vectors in Cartesian basis β*	: Thermal expansion coefficient [K+,] 

𝐿𝑣	: Latente heat of water’s vaporisation [J/Kg] β-	: Volume expansion coefficient [m+.] 

𝑋, 𝑌	: dimensionless variables ∆𝑥, ∆𝑦: x-step and y-step 

D	: Air molecular diffusion [m²/s] Dimensionless numbers 

g	: Gravity acceleration [m/s²] Sh	: Sherwood number 

q	: Heat flux density [W/m²] Re	: Reynolds number 

C/0	: Friction coefficient Pr	: Prandlt number 

L"	: Wavelength [m] Sc	: Schmidt number 

A"	: Ondulation amplitude [m] Ri	: Richardson number 

K	: Metric coefficient of homotopic transformation Nu	: Nusselt number 

F1,3 : Dimensionless quantity on i and j Gr*	: Thermal Grashof number 

L	: Plate length [m] Gr-	: Massic Grashof number 
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2. Problem Description 

We consider a wet corrugated plate inclined at an angle α relative to the horizontal, of finite length 𝐿, subject 
to a constant heat flux density	𝑞 and immersed in an ascending air flow assumed to be laminar, governed by 
the laws of natural and forced convection. 

Air, considered as an ideal fluid, is characterized by a temperature T∞, a velocity U∞, and a concentration of 
air and water vapor 𝐶! at the inlet of the heated part. For our study, we will consider only favorable mixed 
convection; in other words, the forced and natural flows occur in the same direction. The ripple is formed by 
periodic oscillations along the wall. It is U-shaped and is characterized by a wavelength 𝐿" and a wave 
amplitude 𝐴". Figure 1 shows the characteristic diagram of our problem. 

 
Figure 1. Characteristic scheme of the problem 

2.1. Mathematical Formulation of the Problem 

The equations of continuity, momentum, heat, and diffusion govern the phenomenon of evaporation by mixed 
convection. They are described by the system of (2.1) – (2.4). 

𝜕𝜌
𝜕𝑡
+ div-𝜌𝑈//⃗ 1 = 0 (2.1) 

𝜌
𝑑𝑈//⃗
𝑑𝑡

+ -𝑈//⃗ grad1𝑈//⃗ = −grad/////////⃗ 𝑃 + 𝜇∆𝑈 + A𝜁 +
𝜗
3E
grad/////////⃗ div𝑈//⃗ + 𝜌𝐹#////⃗  (2.2) 

𝜕𝑇
𝜕𝑡
+ -𝑈//⃗ . grad/////////⃗ 1𝑇 = 𝑎$∇%𝑇 (2.3) 

𝜕𝐶
𝜕𝑡
+ -𝑈//⃗ . grad/////////⃗ 1𝐶 = 𝑎&∇%𝐶 (2.4) 

2.2. Choice and Consequences of Assumptions 

For our study, we consider the following assumptions: 

i. A two-dimensional, laminar, and steady flow, 
ii. Uniform heat transfer and flow velocity, 

iii. A Newtonian and incompressible fluid, 
iv. The Soret and Dufour effects are neglected, 
v. The application of the Boussinesq approximation. 

The system of (2.1) – (2.4) becomes the system of (2.5) – (2.8). 
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𝜕𝑢'
𝜕𝑥

+
𝜕𝑢(
𝜕𝑦

= 0 (2.5) 

𝑢'
𝜕𝑢'
𝜕𝑥

+ 𝑢(
𝜕𝑢'
𝜕𝑦

= 𝑔 sin 𝛼𝛽$(𝑇 − 𝑇!) 	− 𝑔 sin 𝛼𝛽&(𝐶 − 𝐶!) + 𝜐
𝜕%𝑢'
𝜕𝑦%

 (2.6) 

𝑢'
𝜕𝑇
𝜕𝑥

+ 𝑢(
𝜕𝑇
𝜕𝑦

= 𝑎$
𝜕%𝑇
𝜕𝑦%

 (2.7) 

𝑢'
𝜕𝐶
𝜕𝑥

+ 𝑢(
𝜕𝐶
𝜕𝑦

= 𝑎&
𝜕%𝐶
𝜕𝑦%

	 (2.8) 

Boundary conditions are given below. At the wall y=0, we have 

𝑢' = 0 , 

𝑞 = −𝜆 )$
)(
Y
(*+

− 𝜌𝐿𝑣𝐷 )&
)(
Y
(*+

. 
(2.9) 

Far from the wall y → ∞, 

𝑢' → 𝑢!	, 

𝑇 → 𝑇! , 

and 

𝐶 → 𝑇! . 

3. Methodology 

3.1. Homotopic Transformation of the Equations 

Consider a corrugated plate whose corrugation profile obeys (3.1). 

𝑦 = 𝐴+ sin
2𝜋𝑥
𝐿+

 (3.1) 

The homotopic method allows us to transform the curve described by a wave into the equation of a straight 
line. To do this, we introduce the homotopic transformations of (3.2): 

a
𝑥 = 𝜉

𝑦 = 𝜂	𝑓(𝜉). (3.2) 

Here, 𝑓(𝜉) = 𝐴+ sin
%,-
.4

. For a vector quantity 𝑈, the homotopy invariance theorem allows us (3.3) [22]. 

𝑢'𝚤 + 𝑢(𝚥 = 𝑢-𝑒-///⃗ + 𝑢/𝑒/////⃗  (3.3) 
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Figure 2. Change of reference frame from the Cartesian system to the homotopic system 

In (3.3), we have the expressions for the terms of (3.4) – (3.6). 

𝑢' =
𝑢-
𝐾

 (3.4) 

𝑢( =
𝜂𝑓0(𝜉)
𝐾

𝑢- + 𝑢/ (3.5) 

𝐾 = [1 + (𝜂𝑓0(𝜉))%]1 %2  (3.6) 

(2.5) – (2.8) become (3.7) – (3.10), respectively. 

𝜕
𝜕𝜉
k
𝑢-
𝐾
l +

𝑓′(𝜉)
𝑓(𝜉)

𝑢-
𝐾
+ 𝜂

𝑓′(𝜉)
𝑓(𝜉)

𝜕
𝜕𝜂
k
𝑢-
𝐾
l +

𝜕
𝜕𝜂 A

𝑢/
𝑓(𝜉)E

= 0 	(3.7) 

𝜗
1

𝑓(𝜉)!
𝜕!

𝜕𝜂! )
𝑢"
𝐾, − .𝜂

𝑓#(𝜉)
𝑓(𝜉)

𝑢"
𝐾 +

𝑢$
𝑓(𝜉)0

𝜕
𝜕𝜂 )

𝑢"
𝐾, =

𝑢"
𝐾
𝜕
𝜕𝜉 )

𝑢"
𝐾, − 𝑔 sin𝛼𝛽%

(𝑇 − 𝑇&) − 𝑔 sin𝛼𝛽'(𝐶 − 𝐶&) (3.8) 

𝑎$
1

𝑓(𝜉)%
𝜕%𝑇
𝜕𝜂%

+ 𝑢/
1

𝑓(𝜉)
𝜕𝑇
𝜕𝜂

= −
𝑢-
𝐾
𝜕𝑇
𝜕𝜉

 (3.9) 

𝑎&
1

𝑓(𝜉)%
𝜕%𝐶
𝜕𝜂%

+ 𝑢/
1

𝑓(𝜉)
𝜕𝐶
𝜕𝜂

= −
𝑢-
𝐾
𝜕𝐶
𝜕𝜉

 (3.10) 

With boundary conditions are given below. At the wall 𝜂 = 0	: 

𝑢- = 0	, 
𝑇 = 𝑇+	, 

and 
𝐶 = 𝐶+ . 

Far from the wall 𝜂 → ∞	: 

𝑢- → 𝑢! , 
𝑇 → 𝑇! , 

and 
𝐶 → 𝐶! . 
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3.2. Adimensionalization of Equations 

Adimensionalization allows dimensionless quantities to appear in transfer equations. This method reduces the 
number of physical parameters in problems and allows for solutions that are no longer functions of 
measurement systems. 

Introduce the following dimensionless variables and numbers: 

𝑋 =
𝜉
𝐿
	, 𝑌 =

𝜂𝑓(𝜉)
𝐿

	, 𝑈 =
1
𝐾
𝑢-
𝑢!
	, 𝑉 =

1
𝑢!

r
𝜂𝑓0(𝜉)
𝐾

𝑢- + 𝑢/s, 

𝜃 =
𝑇 − 𝑇!
𝑇+ − 𝑇!

	, 𝜒 =
𝐶 − 𝐶!
𝐶+ − 𝐶!

	, 𝑅𝑒 =
𝑢!𝐿
𝜗
	, 𝑃𝑟 =

𝑎$
𝜗
	, 

𝑆𝑐 =
𝑎&
𝜗
	, 𝐺𝑟$ =

𝑔𝛽$𝐿3(𝑇+ − 𝑇!)
𝜗%

, 𝐺𝑟& =
𝑔𝛽&𝐿3(𝐶+ − 𝐶!)

𝜗%
, 𝑅𝑖 =

|𝐺𝑟|
𝑅𝑒%

. 

Thus, (3.7) – (3.10) become (3.11) – (3.14). 

𝜕𝑈
𝜕𝑋

+
𝜕𝑉
𝜕𝑌

= 0 (3.11) 

𝑈
𝜕𝑈
𝜕𝑋

+ 𝑉
𝜕𝑈
𝜕𝑌

= 𝑅𝑖(𝜃 − 𝜒) sin 𝛼 +
1
𝑅𝑒

r
𝜕%𝑈
𝜕𝑌%

s (3.12) 

𝑈𝑓
𝐾
𝜕𝜃
𝜕𝑋

+ r𝑉 − 𝑌𝐿
𝑓0

𝑓
𝑈s

𝜕𝜃
𝜕𝑌

=
1
𝑃𝑟

1
𝑅𝑒

1
𝐿
𝜕%𝜃
𝜕𝑌%

 (3.13) 

𝑈𝑓
𝐾
𝜕𝜒
𝜕𝑋

+ r𝑉 − 𝑌𝐿
𝑓0

𝑓
𝑈s

𝜕𝜒
𝜕𝑌

=
1
𝑆𝑐

1
𝑅𝑒

1
𝐿
𝜕%𝜒
𝜕𝑌%

 (3.14) 

Boundary conditions are given below if at the wall 𝑌 = 0, 

𝑈 = 0	, 

𝜃 = 1	, 

and 

𝜒 = 1.   

and if far from the wall 𝑌 → ∞, 

𝑈 → 1	, 

𝜃 → 0 , 

and 

	𝜒 → 0 . 

3.3. Discretization of the Equations Using the Implicit Finite Difference Method 

We have chosen the mesh shown in Figure 3 to apply the finite difference method to (3.11) – (3.14). 
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Figure 3. Mesh adopted for the numerical schemes 

We obtain (3.15) – (3.18). 

𝑉451,751 = 𝑉451,7 −
𝛥𝑦
𝛥𝑥

-𝑈451,751 − 𝑈4,7511 (3.15) 

𝑅𝑖-𝜃4,7 − 𝜒4,71 sin 𝛼 + 𝑈4,7
𝑈4,751
𝛥𝑥

= A−
1

𝑅𝑒𝛥𝑦%E
𝑈451,781 + A

2
𝑅𝑒𝛥𝑦%

−
𝑉4,7
𝛥𝑦E

𝑈451,7 

+A
𝑈4,7
𝛥𝑥

+
𝑉4,7
𝛥𝑦

−
1

𝑅𝑒𝛥𝑦%E
𝑈451,751 

(3.16) 

𝑓
𝐾
𝑈4,7
𝛥𝑥

𝜃4,751 = A−
1

𝑃𝑟𝑅𝑒𝐿𝛥𝑦%E
𝜃451,781 + r

2
𝑃𝑟𝑅𝑒𝐿𝛥𝑦%

−
𝑉4,7
𝛥𝑦

+ 𝑌𝐿
𝑓0

𝑓
𝑈4,7s𝜃451,7 

+~r
𝑓
𝐾
− 𝑌𝐿

𝑓0

𝑓
s
𝑈4,7
𝛥𝑥

+
𝑉4,7
𝛥𝑦

−
1

𝑃𝑟𝑅𝑒𝐿𝛥𝑦%
�𝜃451,751 

(3.17) 

𝑓
𝐾
𝑈4,7
𝛥𝑥

𝜒4,751 = A−
1

𝑆𝑐𝑅𝑒𝐿𝛥𝑦%E
𝜒451,781 + r

2
𝑆𝑐𝑅𝑒𝐿𝛥𝑦%

−
𝑉4,7
𝛥𝑦

+ 𝑌𝐿
𝑓0

𝑓
𝑈4,7s𝜒451,7

+ ~r
𝑓
𝐾
− 𝑌𝐿

𝑓0

𝑓
s
𝑈4,7
𝛥𝑥

+
𝑉4,7
𝛥𝑦

−
1

𝑆𝑐𝑅𝑒𝐿𝛥𝑦%
�𝜒451,751 

(3.18) 

Boundary conditions are given at the wall 𝜂 = 0 and 𝑗 = 1, 

𝑈451,1 = 0 , 

𝜃451,1 = 1 , 
and 

𝜒451,1 = 1 

and far from the wall 𝜂 → ∞ and 𝑗 → ∞, 
𝑈451,! → 1 , 
𝜃451,! → 0 , 

and 
𝜒451,! → 0 . 

To each numerical scheme of the discretized (3.15) – (3.18), we applied the consistency criterion of (3.19) and 
the stability criteria of relation (3.20), respectively, for the dimensionless velocity, temperature and 
concentration [23]. 

lim
∆'→+	
∆(→+

	𝜀$ = 0 (3.19) 



97 

 

  

Dimbiharizafy et al. / Two-Dimensional Numerical Study of Mixed Convection Evaporation from an Inclined Wet… 

�
max-𝐹4,751 − 𝐹4,71
max(𝐹4,751) 	

� ≤ 0.0001 (3.20) 

According to Lax's theorem [23], a consistent and stable numerical scheme is a convergent numerical scheme. 

3. 4. Exchange Coefficients 

For mixed convection, the exchange coefficients are the friction coefficient, the Nusselt number, and the 
Sherwood number. They characterize the quality of the flow velocity, the heat transfer velocity, and the mass 
transfer velocity, respectively, according to (3.21) – (3.23). 

𝐶<451,751 =
2

𝑅𝑒𝑈4,7 	
1
𝑓451

1
∆𝑦 A

𝑈451,751 − 𝑈451,7
𝐾 E

/*+
 	(3.21) 

𝑁𝑢451,751 = 𝑋
− 1
𝑓451

A
𝜃451,751 − 𝜃451,7

∆𝑦 E
/*+

𝑇+ − 𝑇!
 

(3.22) 

𝑆ℎ451,751 = 𝑋
− 1
𝑓451

k
𝜒451,751 − 𝜒451,7

∆𝑦 l
/*+

𝐶+ − 𝐶!
 (3.23) 

4. Results and Discussion 

The results of the MATLAB numerical simulations of the discretized equations are presented in this section. 
We varied the following parameters: plate inclination, wavelength, and wave amplitude. We will visualize the 
variation of the U, θ, and χ distributions along the plate, as well as the heat transfer coefficients: the friction 
coefficient, the Nusselt number, and the Sherwood number. 

We chose the value of Re	=	300 in order to preserve the laminar description of the flow. We obtain the fluid 
velocity at the inlet of the plate using the expression for the Reynolds number and therefore the fluid velocity 
at the inlet and away from the plate 𝑢! = 9.42	𝑚𝑚/𝑠. It is the same for the value of Ri =1 to remain in the 
phenomenon of mixed convection, without preponderance of natural convection or forced convection. The 
heat flux density is imposed q = 100𝑊/𝑚² as well as the temperature and concentration at the entrance and 
far from the plate 𝑇! = 293𝐾 and 𝐶! = 150𝑚𝑜𝑙/𝐿. The temperature and concentration at the wall are 
determined from formula 1.9 and the boundary conditions. For the steps, we chose Δx =	0.02 and Δy =0.02.  

4.1. Results on Mixed Convection Parameters 

For the figures in this section, one of the three parameters, α, 𝐿+, and 𝐴+, was varied to visualize its effects on 
the phenomenon. We began with α, for which the 𝐿+ and 𝐴+, were fixed. We began with the dimensionless 
velocity, then the dimensionless temperature, and finally the dimensionless concentration. 

4.1.1. Dimensionless Velocity Results 

Figures 4, 5, and 6 present the U distribution for different values of α, 𝐿+, and 𝐴+, respectively. The 
dimensionless variables X and Y are plotted on the x-axis and y-axis, respectively. 

In Figures 4 (a), (b), and (c), we fixed 𝐿+ at π/12 and 𝐴+ at 0.025. α value changes from π/6, π/12 and π/24 
respectively. Figure 4 (d) shows the percentages of the areas affected by the U distribution at different values 
of X and different values of α. 
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Figure 4. 𝑈 distribution for 𝐿+ = 𝜋/12, 𝐴+ = 0.025 and different values of α:(a) α =	π/6, (b) α	=	π/12, (c)      

α =	π/24, (d) different values of X and α 

In Figures 5 (a), (b), and (c), we set 𝐴+ to 0.025 and α to π/6. For the 𝐿+, we have π/3, π/6, π/12, respectively. 
Figure 5 (d) shows a comparison of the areas affected by the U distribution for different values of X and 𝐿+. 

In Figures 6 (a), (b), and (c), we fixed 𝐿+ at π/12, and the α at π/6, and we varied 𝐴+ by 0.015, 0.025, and 0.05. 
Figure 6 (d) shows the percentages of areas affected by the U distribution for different values of X and 𝐴+. 

4.1.2. Dimensionless Temperature Results 

As for the U distribution, we have the dimensionless variables X and Y, the x-axis and y-axis, respectively, 
for the θ distribution. To visualize the effect of α on θ distribution, we set 𝐿+ to π/12 and 𝐴+ to 0.025. α 
corresponds to π/6, π/12, and π/24, respectively, in Figures 7 (a), (b), and (c). Figure 7 (d) shows the evolution 
of the percentages of areas affected by the θ distribution for different values of X and α. 

 
Figure 5. 𝑈 distribution for 𝐴+ = 0.025, 𝛼 = 𝜋/6 and different values of 𝐿+: (a) 𝐿+ = 𝜋/3, (b)	𝐿+ = 𝜋/6, 

(c) 𝐿+ = 𝜋/12, (d) different values of X and 𝐿+ 



99 

 

  

Dimbiharizafy et al. / Two-Dimensional Numerical Study of Mixed Convection Evaporation from an Inclined Wet… 

 
Figure 6. U distribution for 𝐿+ = 𝜋/12, 𝛼 = 𝜋/6 and different values of 𝐴+:(a) 𝐴+ = 0.0125, (b) 𝐴+ =

0.025, (c) 𝐴+ = 0.05, and (d) different values of X and 𝐴+ 

𝐴+ is set to 0.025 and the α to π/12 to visualize the effect of 𝐿+ on θ distribution. This parameter changes from 
π/3, π/6, and π/12, respectively, in Figures 8 (a), (b), and (c). Figure 8 (d) shows the percentages of areas 
affected by the θ distribution for different values of X and 𝐿+. 

 
Figure 7. θ distribution for 𝐿+ = 𝜋/12, 𝐴+ = 0.025 and different values of α:(a) α =	π/6, (b) α =	π/12, (c)  α 

=	π/24, (d) different values of X and α 
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Figure 8. θ distribution for 𝐴+ = 0.025, 𝛼 = 𝜋/12 and different values of 𝐿+:(a) 𝐿+ = 𝜋/3, (b)	𝐿+ = 𝜋/6, 

(c) 𝐿+ = 𝜋/12, (d) different values of X and 𝐿+ 

We varied 𝐴+ to 0.0125, 0.025, 0.05, and 0.1 in Figures 9 (a), (b), and (c). On the other hand, 𝐿+	is fixed at π/6 
and the α at π/12. Figure 9 (d) summarizes the percentage of areas affected by the θ distribution for different 
values of X and 𝐴+. 

 
Figure 9. θ distribution for 𝐿+ = 𝜋/6, 𝛼 = 𝜋/12 and different values of 𝐴+:(a) 𝐴+ = 0.0125, (b) 𝐴+ =

0.025, (c) 𝐴+ = 0.05, and (d) different values of X and 𝐴+ 

4.1.3. Dimensionless Concentration Results 

Here we present the results on the dimensionless concentration by varying the following parameters 
individually: α, 𝐿+, and 𝐴+. On the x-axis, we have the dimensionless variables X and Y for the y-axis in 
Figures 10, 11, and 12. 
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In Figures 10 (a), (b), and (c), we have the χ distribution for αvalues: π/3, π/6, π/12, and π/24, respectively. 𝐿+ 
is fixed at π/12 and 𝐴+ at 0.025. Figure 10 (d) illustrates the percentage of χ distribution for different values of 
X and α. 

 

Figure 10. χ distribution for 𝐿+ = 𝜋/12, 𝐴+ = 0.025 and different values of α:(a) α =	π/6, (b) α =	π/12, (c) 
α =	π/24, (d) different values of X and α 

To highlight the effects of 𝐿+ on χ distribution, we fixed the values of 𝐴+ at 0.025 and α at π/12. We varied 𝐿+ 
by π/12, π/8, and π/6 in Figures 11 (a), (b), and (c). Figure 11 (d) highlights the variation of the areas affected 
by the χ distribution for different values of X and 𝐿+. 

 

Figure 11. χ distribution for 𝐴+ = 0.025, 𝛼 = 𝜋/12 and different values of 𝐿+: (a) 𝐿+ = 𝜋/3, (b)	𝐿+ = 𝜋/6, 
(c) 𝐿+ = 𝜋/12, (d) different values of X, and 𝐿+ 

The effect of 𝐴+ is highlighted in Figures 12 (a), (b), and (c), where its values change from 0.025, 0.05, 0.1, 
and 0.2 respectively. 𝐿+ is fixed at π/6 and α at π/24. Figure 12 (d) shows the evolution of the areas concerned 
by the χ distribution for different values of X and 𝐴+. 



102 

 

  

Dimbiharizafy et al. / Two-Dimensional Numerical Study of Mixed Convection Evaporation from an Inclined Wet… 

 
Figure 12. χ distribution for 𝐿+ = 𝜋/6, 𝛼 = 𝜋/24, and different values of 𝐴+:(a) 𝐴+ = 0.0125, (b) 𝐴+ =

0.025, (c) 𝐴+ = 0.05, and (d) different values of X, and 𝐴+ 

4.2. Exchange Coefficients Results 

The heat exchange coefficients are the friction coefficient, the Nusselt number, and the Sherwood number. 
They characterize the quality of the flow velocity, the heat transfer velocity, and the mass transfer velocity, 
respectively. As with the mixed convection parameters, we varied the wavelength, wave amplitude, and plate 
inclination individually to determine their influence on the heat exchange coefficients. 

4.2.1. Friction Coefficient Results 

Cfx results are presented in Figures 13 (a), (b), and (c). They correspond to Cfx variations for different values 
of α, L0, and A0, respectively. We have the dimensionless variable Y on the x-axis and Cfx on the y-axis. 

         
(a)                                                        (b)                                                        (c) 

Figure 13. Cfx variation for different values of (a) α, (b) 𝐿+, and (c) 𝐴+ 

4.2.2. Nusselt Number Results 

Figures 14 (a), (b), and (c) show the Nu variations as a function of α, 𝐿+, and 𝐴+, respectively. Nu represents 
the y-axis, and the dimensionless variable X represents the x-axis. In Figure 14 (a), we have Nu variations as 
a function of α, which changes from α = π/24, π/12, π/6, and π/4, respectively. In Figure 14 (b), Nu varies 
according to L0 =	π/3, L0 =	π/4, L0=	π/6, and L0 =		π/12. In Figure 14 (c), we varied A0 =	0.0125, A0 =	0.025, 
A0 =	0.05, and A0 =	0.1 to visualize the effects on Nu. 



103 

 

  

Dimbiharizafy et al. / Two-Dimensional Numerical Study of Mixed Convection Evaporation from an Inclined Wet… 

            
(a)                                                     (b)                                                     (c) 

Figure 14. Nu variation for different values  of (a) α, (b) 𝐿+, and (c) 𝐴+ 

4.2.3. Sherwood Number Results 

Sh variations are presented in Figures 15 (a), (b), and (c). Sh changes along the y-axis and varies with the 
dimensionless variable Y on the x-axis. Figures 15 show the effects of α, 𝐿+, and 𝐴+ on Sh, respectively. The 
value of α varies from π/24, π/12, π/6, and π/4. We varied the 𝐿+ from π/3, π/4, π/6, and π/12. For 𝐴+, its value 
changes from 0.0125, 0.025, 0.50, and 0.1. 

     
(a)                                                    (b)                                                    (c)   

Figure 15. Sh variation for different values  of (a) α, (b) 𝐿+, and (c) 𝐴+ 

4.2.4. Unstable results on the dimensionless velocity distribution  

Figures 16 to 19 present examples of unstable U distribution. We only change one parameter among Re, Ri, 
Δx, and Δy according to Table 5. For example, for Figure 16, we chose Δx = 0.4 instead of 0.02, and the 
stability of the discretized equations was called into question. In Figure 17, we chose Δy = 0.2 instead of 0.02. 
In Figure 18, we chose Re=3000 instead of 300. In Figure 19, we chose Ri	= 0.1 instead of 1. For α, 𝐿+ and 
𝐴+, we stayed respectively in the intervals [π/24 ; π/3], [π/24 ; π/3], and [0.0125 ; 0.1]. 

 
Figure 16. Unstable U distribution for Δx =	0.4, Re =	300, Ri =	1 and Δy =	0.02 
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Figure 17. Unstable U distribution for Δy	=	0.2, Δx =	0.02, Re =	300, and Ri = 1 

 
Figure 18. Unstable U distribution for Re =30000, Δx	= 0.02, Δy = 0.02, and Ri =	1 

 
Figure 19. Unstable U distribution for Ri =	0.1, Re =	300, Δx =	0.02 at Δy =	0.02 

4.3. Discussion 

4.3.1. Discussion on Mixed Convection Parameters 
We have chosen the wavelength values π/24, π/12, π/6, π/4, and π/3, which are particular angles expressed in 
radians. In order to simplify the radian dimension in the sine function that describes the plate undulation, we 
have opted for these wavelength values. For the wave amplitude values, they are expressed in meters and are 
chosen so as not to have deep undulations that are characterized as sources of fluid recirculation zone. We 
chose the intervals [0;0.4] for the dimensionless variables because they are sufficient to illustrate the variations 
of the dimensionless quantities: U, θ, and χ for different values of α, 𝐿+, and 𝐴+. We narrowed the Y axis 
relative to the X axis for better visibility of the three types of boundary layers: dynamic, thermal, and mass. 

Figure 4 indicates that decreasing α leads to an increase in U distribution. We see that there are more areas 
affected by U distribution as α increases. For example, for X = 0.22, we see the area affected by U distribution 
increase by 43%, 58%, and 70%, respectively, for α = π/6, α = π/12, and α = π/24. These percentages are 
measured relative to the value of 0.4 for Y. When X=0.4, the percentage of areas affected by U distribution 
reaches 96% for α	=	π/24. In Figure 4 (a) for α =	π/6, the value of U reaches 3.4 at the core of the boundary 
layer, compared to 3.1 for α =	π /12 and 2.3 for α = π /24. Figures 4 (a), (b), and (c) also show that decreasing 
α accelerates the flow. Figures 4 reflect the results of our previous study [24] that decreasing α causes the 
increase in U distribution, on an inclined flat plate. The same effects are also recorded on the variations of θ 
and χ for different values of α. 
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In Figures 5, we notice that the decrease in 𝐿+ causes the decrease in U distribution. Figure 5 (d) clearly shows 
that there are fewer areas affected by U distribution when 𝐿+ decreases. For example, for X =	0.30, the 
percentages of these areas increase from 90%, 81%, 76% for 𝐿+ =	π/3, π/6, and π/12, respectively. Figures 5 
(a), (b), and (c) show that the decrease in 𝐿+ slows down the flow. In Figure 5 (a) for L_0 =	π /3, the value of 
U reaches 6 at the heart of the boundary layer, drops to 4.3 for 𝐿+ = 𝜋/6 and to 3.5 for 𝐿+ = 𝜋/12. In Figure 
6, the effect of increasing 𝐴+ is the decrease in the U distribution. The percentage of areas affected by this 
distribution varies from 92%, 81%, 63% when 𝐴+ going from 0.0125, 0.025, and 0.05. In Figures 6 (a), (b), 
and (c), increasing 𝐴+ tends to slow down the flow. We have a maximum value of U of 4.4 for 𝐴+ = 0.0125. 
It drops to 3.4 for 𝐴+ = 0.025 and to 2.2 for 𝐴+ = 0.05. Figures 4-6 allow us to conclude that increasing α 
and 𝐴+ tend to disadvantage U distribution. On the other hand, increasing 𝐿+causes the opposite effect. 

In Figures 4 (d) and 6 (d), the increase in the percentages of areas affected by U distribution can be associated 
with the thickening of the dynamic boundary layer. This results in the promotion of fluid movement on the 
wall. In Figure 5 (d), we see the opposite phenomenon: the thinning of the dynamic boundary layer by the 
decrease in 𝐿+. The results of G. Brillant et al. [25] allow us to validate our results on the U distribution, which 
are summarized in Table 2. 

Table 2. Cross-study effects on dimensionless velocity distribution comparison 

Study Variables Effects Software used 

Present study 𝛼, 𝐿(, 𝐴( Increasing α and 𝐴( adversely 
affects the speed distribution, 
increasing 𝐿( causes the opposite 
effect 

MATLAB 

[25] F : injected fluid rate  Increasing F leads to increasing 
the velocity distribution 

ANSYS FLUENT 

Figures 7 (a), (b), and (c) show that there are more areas affected by θ distribution when α decreases. This 
results in better heat exchange between the fluid and the wall. Figure 7 (d) quantifies this phenomenon more 
precisely. For example, we observe a percentage of θ distribution areas that increases from 24%, 33% to 52% 
respectively for α = π/6, α = π/12, and α = π/24. Analysis of Figures 8 (a), (b), and (c) allows us to say that 
the decrease in leads to a decrease in θ distribution. In Figure 8 (d), 𝐿+ = π/3, the percentage of areas affected 
by the distribution increases from 45%, 59% to 69% respectively for X = 0.22, X = 0.30, and X = 0.40. 

The effects of varying 𝐴+ on θ distribution are shown in Figures 9 (a), (b), and (c). As we increase 𝐴+, the 
areas affected by θ distribution become thinner. Figure 9 (d) shows that for 𝐴+ increasing from 0.0125, 0.025 
to 0.05, the percentage affected by θ distribution decreases from 82%, 61% to 39% for X =	0.30. We can say 
that increasing 𝐴+ reduces the thickness of the thermal boundary layer, and therefore the quality of heat 
exchange between the fluid and the wall. 

The work of G. Brillant et al [25], illustrated in Figures 20 and 21, validates our results on the θ distribution. 
These researchers visualized the effect of the fluid injection rate on θ distribution on Ansys Fluent. The increase 
in this injection rate is accompanied by the thickening of the thermal boundary layer. 

Figures 10 (a), (b), and (c) show that we have a better χ distribution when we decrease α. We see a wider mass 
boundary layer and therefore a favored mass transfer. Figure 12 (d) reinforces this observation as for X = 0.22, 
we see the percentage of areas affected by χ distribution increase from 13%, 18% to 24% when we vary α 
respectively from π/6, π/12 to π/24. Figures 11 (a), (b), and (c) indicate that decreasing the disadvantages of 
the χ distribution. For X = 0.40, the areas affected by χ distribution are 33%, 48% and 67% respectively for 
𝐿+ equal to π/3, π/6 to π/12. Therefore, the mass boundary layer thickens with the decrease of 𝐿+. Figures 12 
(a), (b), and (c) show that decreasing 𝐴+ also leads to a thickening of the mass boundary layer. For X = 0.22, 
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only 11% of Y is affected by the χ distribution for 𝐴+ =	0.05, compared to 20% for 𝐴+ = 0.025 and 33% for 
𝐴+ = 0.0125. Increasing 𝐴+ thus tends to reduce the thickness of the mass boundary layer. Consequently, mass 
transfer is hindered by increasing 𝐴+. 

 
Figure 20. Distributions of the mean longitudinal velocity Um for different values of F [25] 

 
Figure 21. Dimensionless temperature variation for different values of the fluid injection rate F [25] 
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4.3.2. Discussion on Exchange Coefficients 

Figure 13 (a) shows that increasing α leads to increasing Cfx. There is therefore more friction between the 
fluid and the wall, which tends to slow down the flow in the dynamic boundary layer as α increases. The ripples 
are closer together as we decrease 𝐿+. This causes the Cfx values to increase, as the obstacles to flow are larger. 
The curve shapes in Figure 13 (b) indicate this phenomenon. As we increase 𝐴+, the Cfx value also increases. 
There are more obstacles for the fluid to overcome, which results in flow resistance when the ripples are deeper. 
The curve profiles for 𝐴+ =	0.0125, 0.025, 0.05, and 0.1 in Figure 13 (c) reinforce this effect. 

We also see that the wavy shape of the wall influences the profiles of Cfx, those of Nu, and Sh. The friction 
between the fluid and the wall reaches lower values when 𝐿+ is higher and 𝐴+ is lower. The results of H. 
Guittoun [26] also confirm this phenomenon. In Figure 22, they compared the Cfx between a flat wall and a 
wavy wall at the 54th undulation, showing the tendency of the Cfx values to follow the wavy shape. Table 3 
illustrates a comparison with this cross-analysis. 

Table 3. Cross-study methodology comparison 

Study Geometry  Methodology Tool 

Present study Inclined corrugated wall Homotopic Transformation 

Adimensionalization 

Implicit Finite Difference Method 

MATLAB 

[26] Lower corrugated wall 
channel 

Finite Volume Method 

Computational Fluid Dynamics 

Meshing with GAMBIT 

Simulation with ANSYS Fluent 

 
Figure 22. Variation of the friction coefficient by H. Guittoun and al [26] 

Figures 14 and 15 are also validated by the results of H. Guittoun and al [26] in Figure 23 and those of M.S. 
Abdallah [27] in Figure 24. In Figures 14 (a) and 14 (c), respectively, the values of Nu decrease with the 
decrease of α and 𝐴+. On the other hand, the increase of 𝐿+ presents the same effect on Nu as in Figure 14 (b). 
In Figure 14 (a) α =	π/4 displays higher values of Nu than for α =	π/6, and this one is higher than those for α 
=	π/12. We thus have a better quality of heat exchange between the fluid and the wall when we increase α or 
𝐴+. In Figure 14 (b), we have higher Nu values for 𝐿+ =	π/12 than for 𝐿+ =	π/6, which also has higher Nu 
values than for 𝐿+ =	π/3. The increase in 𝐿+ is thus associated with the reduction in the quality of heat exchange 
between the fluid and the wall. It is the same for Figure 14 (c) where the increase in 𝐴+ leads to the reduction 
of Nu values. For example, 𝐴+=0.0125 offers better heat exchange than 𝐴+ =	0.025. The latter offers higher 
Nu values than 𝐴+ =	0.05. 

In Figure 15 (a), the values of Sh increase with those of α. It is the same in Figure 16 (c) where the values of 
Sh increase with those of 𝐴+. This results in the improvement of the quality of mass exchange within the flow 
when α goes from π/24, π/12, π/6 to π/4 or when 𝐴+ goes from 0.0125, 0.025, 0.050 to 0.1. The opposite effect 
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is caused by the increase of 𝐿+ as shown in Figure 16 (b). By going from 𝐿+ =	π/3, π/4, π/6 to π/12, there will 
be a decrease in the quality of mass exchange within the flow. 

 
Figure 23. Variation of the Nusselt number for H. Guittoun and al [26] 

By analogy in (2.22) and (2.23), the patterns of Nu and Sh variations are similar. Like Figures 14 and 15 are 
thus validated by Figures 23 [25]. M.S. Abdallah's results also highlight the effects of ripple on the Cfx and 
Nu exchange parameters in Figures 20–21 [27]. Table 4 summarizes the comparison with this study and ours. 

Table 4. Cross-study effect of increasing wave amplitude comparison 

Study Geometry Variable Effect of increasing the 
variable 

Present study Inclined corrugated plate 𝐴( Decrease of Cfx, Nu and Sh 

[27] Frustum of a cone with a sinusoidal wall Wave amplitude Decrease of Cfx and Nu 

 

Figure 24. Evolution of the friction coefficient along the sinusoidal conical surface [27] 

 
Figure 25. Evolution of the Nusselt number as a function of the amplitude along the sinusoidal conical surface 

[27] 

The procedure: homotopic transformation, adimensionalization, implicit finite difference method to deal with 
the geometry problem in the presence of undulation has already been used before. The difference lies in the 
geometric form. Table 5 shows a comparison between the present study and that of  [27]. 
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Table 5. Cross-study homotopic transformation and the convergence criterion of the discretized equations 
comparison 

Study Geometric configuration Homotopic 
transformation 

Convergence criterion for 
discretized equations 

Present study Inclined corrugated plate 𝑥 = 𝜉
	𝑦 = 𝜂	𝑓(𝜉) @

𝑚𝑎𝑥C𝐹),+,- − 𝐹),+E
𝑚𝑎𝑥	(𝐹),+,-)

@ ≤ 0.0001 

[27] Sinusoidal cone truncated 𝜉 = 𝑋 

𝜂 =
𝑌 − 𝑓(𝑋)

𝑔(𝑋) − 𝑓(𝑋) 

∑L𝜙./,- − 𝜙./L
∑L𝜙./,-L

≤ 1001 

In all cases, the dynamic, thermal, and mass boundary layers thicken with increasing X. This verifies the theory 
that the thickness of the boundary layer thickens as one moves away from the leading edge [28]. This validates 
our programs on MATLAB for solving discretized equations. The boundary layer is the region near the wall 
in which a parameter varies significantly. The temperature varies significantly, for example, in the thermal 
boundary layer. The thicker it is, the greater the heat exchange between the fluid and the wall. This allows us 
to conclude on the improvement of exchanges within the fluid by analyzing the effects of increasing or 
decreasing the parameters α, 𝐿+ and 𝐴+. 

4.3.3. Discussion on unstable results of dimensionless velocity distribution 

Changing the value of one or more parameters in the computer program can lead to non-compliance with 
conditions 2.19 and 2.20. The choice of steps Δx and Δy, in the implicit finite difference method, has a 
significant impact on the consistency and stability of the equations, and therefore their convergence. 
Categorizing the values for which the results are unstable requires testing all possible values. This requires 
more time because the values are random up to this point. We propose that the flow tends toward a turbulent 
regime due to this unpredictable nature of the instability of the equations for certain values. 

In Figure 18, we chose Re =	30000 to visualize the U distribution with 𝐿+ =	π/12, 𝐴+ =	0.025, and α π/12. 
When Y→∞, U no longer tends towards 1. We also note that the value of U can reach 10 in certain regions. 
We observe U variations outside the dynamic boundary layer. These variations are even randomly localized. 
Figure 17 is another case of an unstable numerical scheme result for the U distribution when we changed the 
step size Δy =	0.2, even though we have the values of Re, Ri, and Δx according to Table 6. We note the 
disappearance of the boundary layer at the wall in Figures 16, 17, and 19. U values reach 5000 in some regions. 

Table 6. Examples of parameter values for stable and unstable numerical schemes for U distribution 

Parameters Δx Δy Re Ri 

Stable 0.02 0.02 300 1 

Unstable 0.4 0.02 300 1 

Unstable 0.02 0.2 300 1 

Unstable 0.02 0.02 30000 1 

Unstable 0.02 0.02 300 0.1 
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Figure 19 presents an unstable result for U distribution when we chose Ri =	0.01, but the values of Re, Δx, 
and Δy are preserved. The objective of this choice is to visualize the result of the U distribution if forced 
convection were dominant over natural convection. 

Δx, Δy, Re and Ri are dimensionless parameters, and are found in the discretized system of (2.15-2.18). 
Knowing from which values of Re or Δx for example, is not the objective of our study. Moreover, it would 
require more time and calculations. In any case, we can deduce that the increase of Re leads to the instability 
of the discretized schemes, hence the appearance of turbulence. It is the same concerning the increase in Δx or 
Δy, as well as the decrease in Ri. On the other hand, the decrease of Re, Δx or Δy tends to stabilize the 
numerical schemes. Indeed, the points for the calculations in the mesh are closer respecting the formula 2.20. 
As for the increase of Ri, this corresponds to the preponderance of natural convection, and this reinforces the 
stability of the luminary flow.  

5. Conclusion 

A two-dimensional study of mixed convection evaporation from an inclined corrugated plate was undertaken. 
We selected hypotheses and methods, and presented results that we were able to compare with other studies. 
Our results demonstrated the effects of plate inclination, wavelength, and wave amplitude on the parameters 
and heat exchange coefficients of mixed convection. Depending on the quantity studied, the three variables 
can generate the same effect, or two variables can have an inverse effect on the third variable. Increasing the 
wavelength leads to an increase in the U distribution within the flow. In contrast, increasing the wave amplitude 
and plate inclination causes the opposite effect. Reducing the plate inclination, lowering the wave amplitude, 
and increasing the wavelength promote heat transfer between the fluid and the wall, and within the fluid itself. 
These same effects are recorded for mass transfer between the wet wall and the fluid for the same variations 
of the three parameters. The variation of the friction coefficient as a function of the plate's undulation and 
inclination supports the phenomena recorded for the dimensionless velocity distribution. Furthermore, the 
Nusselt and Sherwood numbers concern the quality of the dimensionless temperature and concentration 
distributions. The choice of assumptions such as laminar flow regime or constant heat flux density is only a 
simplifying assumption for an inclined corrugated wall. For good reason, such geometry presents more 
complex realities, namely the appearance of turbulence even for low Reynolds number values. Finally, we 
presented results for which our system of discretized equations exhibits a dimensionless velocity distribution 
that is unstable. This is caused either by increasing the Reynolds number, x-step or y-step, or by decreasing 
the Richardson number. 
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