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ABSTRACT 

The stratosphere has very little convection and tends to trap any dust and gases 

that enter this region from the atmosphere. This study suggests how dust and 

particles can be filtered from the stratosphere by a 2-plated parallel-walled 

infinite rotatable, levitating vertical/horizontal channel (preferably) perforated 

with holes which have pockets on the cooler upper wall for collecting particles. A 

movement of particles by light called photophoresis, is caused by the radiative 

warming layer of a sandwich structure. Collisions of gases with surface of 

structure and thermal gradients between the two thin plates will also deflect 

particles. Equations of momentum and energy are solved using an implicit finite 

difference scheme while exact solutions are presented for steady state 

dimensionless velocity, concentration and temperature for a fully developed flow. 

Heat and mass transfer characteristics of parameters like time are displayed 

graphically. Combined photophoretic and thermophoretic effect on water particles 

(𝑆𝑐 = 0.6) is negligible when compared to soot or dust particles (𝑆𝑐 = 600). 

INTRODUCTION 

The stratosphere, located above troposphere, is derived 

from the Greek word ‘stratum’ meaning ‘layer’ – 

referring to the layer’s stratified is non-convective 

nature. Gases and dust form volcanic eruptions, ballons, 

space crafts, meteorological interplanetary particles 

remain trapped there for months or longer, (NASA, 

2024). Temperature increases with height from c. –60OC 

(lower stratosphere) to c.0°C at c.50 km ASL 

(stratopause), It contains small amounts of ozone 

(Ozone Layer) – absorbs ultraviolet (UV) solar 

radiation, causing warming of stratosphere and has 

extremely dry layer with no weather (stable conditions 

due to cold air below), very little convection takes place, 

traps any and all gases from atmosphere. Most 

meteorites entering the atmosphere burn out above the 

stratosphere (National Weather Service Shreveport, 

2024).  

Submicron aerosol particles are also released upon 

combustion of fuels and in food and chemical industries 

and found in dust. Aerosols are suspensions of tiny, 

sometimes spherical particles in air or gaseous 

mediums. They can be suspended in the atmosphere, 

factories, human lungs, buildings and confined spaces 

which makes their motion, deposition and settling 

important to Health, hazard control, pollution control, 

engineering and safety research.   

A levitating alumina filtration device deployed in the 

stratosphere is proposed. The Turbulent forces make 

deployment of this photophoretic two-panel device from 

aircraft implausible. Deployment might be achieved 

using weather balloon technology that can easily lift 1 

kg to the stratosphere. Devices could be fabricated and 

transported while attached to a carrying frame with 

piezoelectrically controlled latches or fusible wax joints. 

In heat transfer, free and forced convection exists when 

we have buoyancy forces and a pressure force 

respectively, when the two forces exist together, this 

situation is known as mixed convection. Rahman & 

Carey (1986) examined a horizontal mixed convective 

flow in the region of a hot vertical plate. Bouhdjar and 

Harhad (2002) presented a computational study of a 

mixed convection in a fluid tank considering effects of 

parameters on stratification. Ngyuyen et al. (2004) 

presented a study of unsteady mixed convection flow in 

a pipe of vertical length. Popa et al. (2014) analysed 

transient vertical duct flow with mixed convection 

involving nanofluids. Xu and Pop (2012) studied mixed 

convection flow in a vertical conduit of nanofluids. 

Barletta et al. (2005) analysed two flows in a vertical 

channel having mixed convection. They discussed the 

classical problem of the fully developed mixed 

convection flow with frictional heat generation in a 

vertical channel bounded by isothermal plane walls 
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having the same temperature. Saleh et al. (2013) studied 

a chemically reacting mixed convection flow in an 

upright channel. Sun et al. (2012) and Al-Amri (2021) 

studied mixed convection flows in upright channels in a 

chemically reactive flow and an aiding flow of a 

nanofluid respectively. Singh et al. (1996), Paul et al. 

(1996), Jha and Ajibade (2010), Jha (2001) and Das et 

al. (2016) considered vertical natural convective flows 

in transient states. 

In the event of the mixing of a couple or more of 

particles of dust and a geothermal gradient (direction 

showing rate of temperature change), we observe 

grey/black gases of particles moving away from the hot 

plate. When particles are heated, they gain kinetic 

energy and push the large slow particles towards the 

cold plate with a force referred to as the thermophoretic 

force, leaving an empty region free of particles. 

Messerer et al. (2003) experimentally observed 

thermophoresis in soot deposition from diesel engine 

exhaust systems. Sasse et al. (1994) developed a particle 

filter that uses thermophoresis and natural flow for 

transportation, analyzing this migration in concentric 

pipes and between parallel walls. Mensch and Cleary 

(2019) provided calculations of estimations predicting 

deposition of soot deposition. Tsai and Lu (1995) gave 

an illustration and evaluation of a parallel-plated 

precipitator using thermophoresis. Effects of natural 

convection in a thermophoretic flow have been 

investigated by Epstein et.al. (1985) and Postelnicu 

(2007), Wang and  Jayarag (1999). Grosan et al. (2009) 

presented a theoretical and numerical analysis of the 

transport of submicron particles in thermophoretic 

mixed convection flows bounded by two vertical walls. 

In the paper of Magyari (2009), a detailed analytic 

approach to the study of Grosan et al. (2009) was 

presented. A transient analysis of thermophoretic 

particle movement and deposition under nanofluid-pool 

boiling conditions has been presented by Karthikeyan et 

al. (2020). Jha and Sani (2021) investigated unsteady 

and steady states of thermophoretic natural convection 

in a Couette fluid flow in a vertical channel of two 

parallel vertical plates. 

The aim of this study is to suggest how dust and 

particles can be filtered from the stratosphere by a 2-

plated parallel-walled infinite rotatable, levitating 

vertical/horizontal channel (preferably) perforated with 

holes which have pockets on the cooler upper wall for 

collecting particles.  A mathematical model is derived 

from Navier-Stokes equations of Momentum and energy 

and Concentration of species equation and numerical 

and analytical methods are suggested. This type of 

modelling can be cost-effective. 

 

 
Figure 1a. The three photophoretic mechanisms which produce an upward lofting force on an object when a 

characteristic length scale 𝐿 is less than the MFP (a-c) and physical and model structures that may produce a lofting 

force via thermal transpiration (d and e). a ∆𝛼 photophoresis produced by a difference in 𝛼 between the top and 

bottom surfaces of an isothermal structure that is warmer than the surrounding gas. b ∆𝑇 photophoresis produced by 

a difference in temperature between the top and bottom surfaces. c Thermal transpiration caused by the difference in 
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air temperature above and below the structure. In a and b, 𝐿 is the minimum horizontal dimension of the structure, 

whereas in c 𝐿 is the horizontal dimension of the hole or channel. d SEM image of an example structure made of 

100 nm thick alumina, showing the structure height 𝐻 = 100 µm, wall filling fractions 𝑤 = 0.006 in the region with 

walls and 𝑤 = 0 elsewhere, and hole filling fraction 𝑓 = 0.4. Holes were not etched in bottom layer of the structure 

for clarity. The region with walls varies from our model structure because the walls are concentric with the holes, 

which reduces the local temperature gradient 𝑇𝑏 − 𝑇𝑡 and the resulting thermal transpiration flow at each hole. e 

Generalized heat resistivity diagram for the 1D models. Each resistor represents a heat transfer term in the models. 

Source: Schafer, Kim, Vlassak and Keith (2023) 

 

Description of Mathematical Problem 

A typical model would be a one-dimensional analytical 

model representing a horizontally/vertically uniform 

bilayer structure with two infinitely thin, isothermal, 

perforated layers separated by a height L. The 

perforations have an area filling fraction, f, and the 

structural walls separating the layers have an area filling 

fraction 𝑤. The flow through the holes assumes they 

have dimensions much smaller than. At a distance from 

the structure equal to the thermal boundary layer 

thickness 𝑑, we assume the air has ambient temperature 

𝑇′. The distance 𝑑 is many orders of magnitude larger 

than 𝜆 in the quiescent stratosphere. Temperature at 

outer hot wall and outer cold wall are 

𝑇ℎ,𝑎𝑖𝑟 =  𝑇ℎ − 𝜆
𝑇ℎ−𝑇′

𝑑
           (1) 

𝑇𝑐,𝑎𝑖𝑟 =  𝑇𝑐 − 𝜆
𝑇𝑐−𝑇′

𝑑
        (2) 

 

 
Figure 2: Systemic diagram of channel 

 

We assume uniform pressure in channel, for simplicity 

we ignore holes and effects from holes and the boundary 

layer. 

For a flow of a gaseous medium with particles in an 

alumina sandwich vertical/horizontal structure 

extremely long rectangular channel (two porous plates 

embedded in a porous medium)   and shown 

schematically in Fig. 1b, where 𝑥′-axis pointing 

upwards along a channel of length ∞, in parallel with 

vectors of velocity and acceleration due to gravity in the 

other direction  𝐯(𝑢′, 𝑣′) and −𝒈, this is necessary if all 

but the vector 𝑢′ is required to disappear. The 𝑦′-axis is 

hence orthogonal to walls positioned at 𝑦′ = 0 and 𝑦′ =
𝐿 meaning they are distance 𝐿 apart.  If the flow is fully 

developed in the horizontal axis, we assume𝑣′ = 0, 

meaning there are no changes in velocity and dynamic 

pressure across channel while concentration and 

temperature are constant along the channel walls. At 

𝑡′ ≤ 0, the two channel walls are expected to be resting 

and have the same temperature as the fluid which is 𝑇0. 

At time 𝑡′ > 0, channel wall temperature at 𝑦′ = 0 rises 

to 𝑇ℎ leaving one hot and one cold wall 𝑇𝑐 with a 

temperature difference defined by ∆𝑇 = 𝑇ℎ − 𝑇𝑐 . The 

presence of particles in the fluid with this temperature 

difference causes a free convective thermophoretic flow.  

Under the usual Boussinesq approximation, we take the 

characteristic density 𝜌0 and 𝜐 ≔ 𝜇 𝜌0⁄   is   kinematic 

viscosity. Taking  

 𝛽 = −(1 𝜌0⁄ )(𝜌 − 𝜌0 𝑇 − 𝑇0⁄ )𝐶,𝑝=𝐶𝑜𝑛𝑠𝑡. and  𝛽∗ =

−(1 𝜌0⁄ )(𝜌 − 𝜌0 𝐶 − 𝐶0⁄ )𝑇,𝑝=𝐶𝑜𝑛𝑠𝑡.     (3) 
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The transport equations are: 
𝜕𝑢′

𝜕𝑡′ = 𝑔𝛽(𝑇′ − 𝑇0) + 𝑔𝛽∗(𝐶′ − 𝐶0) + 𝜐0
∂𝑢′

∂𝑦′ +

υ (
∂2𝑢′

∂𝑦′2 −
𝑢′

𝐾𝑝
) −

1

ρ0

∂p

∂x
    (4)    

𝜕𝑇′

𝜕𝑡′ =
𝑘𝑓

𝑐𝑝𝜌

𝜕2𝑇′

𝜕𝑦′2 +
16𝜎1𝑇0

3

3𝑐𝑝𝜌𝜒

𝜕2𝑇′

𝜕𝑦′2 + 𝜐0
∂𝑇′

∂𝑦′     (5) 

𝜕𝐶′

𝜕𝑡′ = 𝐷
𝜕2𝐶′

𝜕𝑦′2 −
𝜕

𝜕𝑦′
(𝑣𝑇 + 𝑣𝑃𝐻)𝐶′ + 𝜐0

∂𝐶′

∂𝑦′       (6)   

  

The initial and no slip boundary conditions in 

dimensionless form are:  

𝑡′ ≤ 0 ∶  𝑢′ = 0,  𝑇′ = 𝑇0, 𝐶′ =  𝐶0  for   0 ≤ 𝑦′ ≤ 𝐿 
𝑡′ > 0 ∶

 {

𝑢′ = 0; −𝑘𝑓
𝜕𝑇′

𝜕𝑦′
|

𝑦′=0
= ℎ1[𝑇ℎ − 𝑇′(0)] ,  𝐶′ =  𝐶ℎ   𝑎𝑡 𝑦′ = 0 

𝑢′ = 0; −𝑘𝑓  
𝜕𝑇′

𝜕𝑦′
|

𝑦′=𝐿
= ℎ2[𝑇′(𝐿) − 𝑇𝑐]  ,  𝐶′ =  𝐶𝑐     𝑎𝑡 𝑦′ = 𝐿

  

     (7) 

The first, second, third, fourth and terms on the RHS of 

the equation (4) denote the convection term related to 

temperature, convection term related to concentration, 

plate suction, porosity and pressure gradient. 𝛽, 𝛽∗ are 

thermal and concentration volumetric expansion 

coefficients and 𝑐𝑝 is specific heat at constant pressure. 

𝑘𝑓 denotes thermal conductivity coefficient while ℎ1and 

ℎ2 are  

If 𝜌 is the fluid density, 𝜎1 is the Stefan-Boltzmann 

constant, 𝜒 is the mean absorption coefficient, 𝐾𝑝 is the 

porous medium, 𝜐0 is plate surface suction velocity, 

thermophoresis velocity 𝑣𝑇 is directly proportional to 

temperature gradient and inversely proportional to 

kinematic viscosity of fluid.   

The Talbot-Cheng-Schefer-Willis thermophoretic 

deposition velocity in the 𝑦-direction given has the 

form: 

 𝑣𝑇 = −𝑘
υ

𝑇′

𝑑𝑇′

𝑑𝑦
        (8)  

The Loesche-Husmann photophoretic velocity is: 

𝑣𝑃𝐻 = −
2

3
𝜅𝑠

𝜂𝑑𝑦𝑛

𝜌�̅�𝑟0

𝐼𝐽1

𝑘

𝑟0
+2

𝑘𝑔

𝑟0
+4𝜎𝑆𝐵𝜀𝑇𝑏𝑏

3
𝒆𝑧    (9)  

𝑟0, 𝜅𝑠, 𝜂𝑑𝑦𝑛, 𝐽1, 𝑇𝑏𝑏 ,�̅�, 𝑘, 𝑘𝑔, 𝜎𝑆𝐵, 𝜀 and 𝒆𝑧 are radius of 

particle, thermal creep coefficient, dynamic viscosity of 

gas, asymmetry factor and the additional radiative term 

4𝜎𝑆𝐵𝜀𝑇𝑏𝑏
3and velocity coefficient 𝒆𝑧. 

Describing the volumetric flow rate which is equal to 

the bulk velocity is needed to obtain the pressure 

gradient 

𝑄 = ∫ 𝑢′𝑑𝑦
𝐿

0
        (10) 

for simplicity we ignore holes and effects from holes, 

porosity, the boundary layer and unsteadiness. The 

transport equations then are: 

𝑔𝛽(𝑇′ − 𝑇0) + 𝑔𝛽∗(𝐶′ − 𝐶0) + υ (
∂2𝑢′

∂𝑦′2) −
1

ρ0

∂p

∂x
= 0     

     (11)  
𝑘𝑓

𝑐𝑝𝜌

𝜕2𝑇′

𝜕𝑦′2 +
16𝜎1𝑇0

3

3𝑐𝑝𝜌𝜒

𝜕2𝑇′

𝜕𝑦′2 = 0       (12) 

𝐷
𝜕2𝐶′

𝜕𝑦′2 −
𝜕

𝜕𝑦′
(𝑣𝑇 + 𝑣𝑃𝐻)𝐶′ = 0          (13)   

for the following dimensionless quantities in equation 

𝑦 =
𝑦′

𝐿
 , 𝑢 =

𝑢′

𝑢0
, 𝑢0 =

𝑄

𝐿
 ,   𝜃 =

𝑇′−𝑇0

𝑇ℎ−𝑇𝑐
,   𝜙 =

𝐶′−𝐶0

𝐶ℎ−𝐶𝑐
,  

𝑁𝑡 =
𝑇0

𝑇ℎ−𝑇𝑐
, 𝑁𝑐 =

𝐶0

𝐶ℎ−𝐶𝑐
 , 𝑇0 = (𝑇ℎ + 𝑇𝑐)/2 ,  

𝐶0 = (𝐶ℎ + 𝐶𝑐)/2,   𝐵𝑖1 =
ℎ1𝐿

𝑘𝑓
,   𝐵𝑖2 =

ℎ2𝐿

𝑘𝑓
        (14)     

and            

𝑃𝑟 =
𝑐𝑝𝜇

𝑘
  , 𝑆𝑐 =

υ

𝐷
  ,  𝛼 =

𝐿2

μ𝑢0

∂p

∂x
 ,    𝐺𝑟 =

𝑔𝛽𝐿3(𝑇ℎ−𝑇𝑐)

υ2   , 

 𝑅𝑒 =
𝑢0𝐿

υ
 ,  𝑡 =

𝑡′υ

𝐿2  , 𝑉𝑇 =
𝐿

υ
𝑣𝑇  𝑁𝑟 =  

16𝜎1𝑇0
3

3𝑐𝑝𝜌𝜒

𝜕2𝑇′

𝜕𝑦′2   , 

𝜆 =
𝐺𝑟

𝑅𝑒
=

𝑔𝛽𝐿2(𝑇ℎ−𝑇𝑐)

υ𝑢0
  , 𝑏 =

𝛽∗(𝐶ℎ−𝐶𝑐)

𝛽(𝑇ℎ−𝑇𝑐)
,    

𝐶𝑝ℎ = 𝜅𝑠
𝜂𝑑𝑦𝑛

𝜌�̅�𝑟0

𝐼𝐽1

𝑘

𝑟0
+2

𝑘𝑔

𝑟0
+4𝜎𝑆𝐵𝜀𝑇𝑏𝑏

3
𝒆𝑧       (15) 

If 𝑘𝜐 here represents the thermophoretic diffusivity then 

equation (8) and (9) can be written in the dimensionless 

form as: 

𝑉𝑡 = −
𝑘

(𝜃+𝑁𝑡)

𝑑𝜃

𝑑𝑦
  and     ∫ 𝑢𝑑𝑦

1

0
= 1    (16) 

𝑉𝑝ℎ = −
2

3
𝑐𝑝ℎ               (17) 

Closed form solutions 

The equations (4) – (6) simplified, nondimensionalized 

can be rewritten in the following closed form: 
∂2𝑢

∂𝑦2 + λ(𝜃 + 𝑏𝜙) − α = 0        (18)    

𝜕2𝜃

𝜕𝑦2 (
1

𝑃𝑟
+ 𝑁𝑟) = 0       (19) 

𝜕2𝜙

𝜕𝑦2 + 𝑆𝑐 (𝑘 +
2

3
𝑐𝑝ℎ)

𝜕

𝜕𝑦
[

𝜙+𝑁𝑐 

𝜃+𝑁𝑡

𝜕𝜃

𝜕𝑦
] = 0       (20) 

The boundary conditions are 

𝑡 ≤ 0 ∶  𝑢 = 0, 𝜃 = 0, 𝜙 = 0 for 0 ≤ 𝑦 ≤ 1 
𝑡 > 0 ∶

 {

𝑢 = 0 ,
𝑑𝜃

𝑑𝑦
|

𝑦=0
= 𝐵𝑖1 [𝜃(0) −

1

2
]        , 𝜙 =

1

2
 𝑎𝑡 𝑦 = 0 

𝑢 = 0 ,
𝑑𝜃

𝑑𝑦
|

𝑦=1
= −𝐵𝑖2 [𝜃(1) +

1

2
]  , 𝜙 = −

1

2
 𝑎𝑡 𝑦 = 1

     

     (21)    

by letting 𝑎 = (𝑘 +
2

3
𝑐𝑝ℎ) 𝑆𝑐 and 𝑧 = 𝑁𝑡 +

1

2
− 𝑦 (See 

Magyari [24]). The solutions for the energy, 

concentration and momentum equations are given as we 

uniform pressure in channel,  

With pressure gradient obtained from dimensionless 

volumetric flow rate ∫ 𝑢𝑑𝑦
1

0
= 1  

𝜃(𝑦) =  𝑑1𝑦 + 𝑑2   (22)   

𝜙(𝑦) = 𝐾2(𝑑1𝑦 + 𝑑2 + 𝑁𝑡)−𝑎 − 𝑁𝑐 −
𝐾1

𝑑1

(𝑑1𝑦+𝑑2+𝑁𝑡)

(𝑎+1)
     

     (23)   

𝑢(𝑦) =
1

𝑑1
2 [𝐾4 + 𝐾3(𝑑1𝑦 +  𝑑2 + 𝑁𝑡) −

𝐾2𝑏
(𝑑1𝑦 + 𝑑2+𝑁𝑡)2−𝑎

(1−𝑎)(2−𝑎)
+ (𝑁𝑡 + 𝑏𝑁𝑐)

(𝑑1𝑦 + 𝑑2+𝑁𝑡)2

2
−

(1 +
𝐾1𝑏

𝑑1(𝑎+1)
)

(𝑑1𝑦 + 𝑑2+𝑁𝑡)3

6
]       (24)  

K1...K4 are all constants given in the Appendix 
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𝛼 = −12 + 𝜆 [12𝑏4 +

3𝑏1(4𝑁𝑡2−1)+2𝑏2𝑁𝑡(1−4𝑁𝑡2)−𝑏2(12𝑁𝑡2+1)+24(𝑏3𝑏5−𝑏3𝑏6+𝑏1𝑁𝑡2)

2
]      

     (25) 

is the pressure gradient in the channel         

If  𝑧0 = 𝑁𝑡 +
1

2
 and 𝑧1 = 𝑁𝑡 −

1

2
 , then 𝑏1..., 𝑏6 are given 

in the Appendix      

 

Numerical Solutions 

We use a standard finite approach proposed by 

Langtangen [30] with the THOMAS algorithm for 

tridiagonal systems to discretize the term 𝐷𝑦𝐶𝐷𝑦𝜃 in 

(20) and the equations (11) - (13) in the second order 

approximations centred-at-space to our spatial 

derivatives, using the backwards difference 

approximations for time derivatives of the second order 

hence ensuring that ∆𝑡 ≈ (∆𝑦)2 on FORTRAN 95. 

We call on the Thomas algorithm to invert the 

tridiagonal matrices. These processes continue until a 

steady state value is reached that observes the 

convergence criterion  
∑|𝐴𝑖,𝑗+1−𝐴𝑖,𝑗|

(𝐼−1)|𝐴|𝑚𝑎𝑥
< 10−5  

 

RESULTS AND DISCUSSION 

The values of 𝑆𝑐 = 0.6 (fog) and 𝑆𝑐 = 100 (soot) was 

used in the study as approximated for values of 

diffusions of water vapor and dust particles respectively 

in air, Grosan et al (2009). Excluding when varying 𝑆𝑐 

and 𝑃𝑟. The effects of thermophoretic coefficient 𝑘 are 

considered varying dimensionless time in steady and 

unsteady states. The value 𝑘 = 0 suggests an absence of 

thermophoresis. 𝜆 is taken as −100 (or 100) which 

represents a opposing or aiding flow respectively. 

Through all the various profiles, 𝑐𝑝ℎ = 0, 𝐵𝑖1 = 𝐵𝑖2 =

∞, 𝑁𝑐 = 2.0, 𝑁𝑡 = 8.0 are constant.  𝑏 = 1.0 occurs 

when 𝛽(𝑇′ − 𝑇0) = 𝛽∗(𝐶′ − 𝐶0) that is when the 

thermal buoyancy and the buoyancy effect due to 

concentration gradients are both equal and aid each 

other (positive).  

Velocity Profiles 

We firstly consider two practical situations: Figure 3(a) 

depicts the absence of thermophoretic effects on 

transient and steady state velocity profile (at 𝑆𝑐 = 0.6) 

for an opposing flow (𝜆 = −100) with normal 

concentration of particles at normal room temperature. 

3(b) displays effect of thermophoresis on velocity when 

𝑘 = 2.0 with the above conditions. When time increases 

so does velocity but thermophoretic effect is negligible 

in the transient state velocity of water vapor particles 

(𝑆𝑐 = 0.6), with diameter 1 < 𝐷𝑝 ≤ 10𝜇𝑚. We 

Secondly consider two similar situations: 3(c) In the 

absence of thermophoretic effects (and 𝑆𝑐 = 0.6) for an 

aiding flow (𝜆 = 100) and 3(d) In the presence of 

thermophoresis (𝑘 = 2.0) when time is varied in the 

velocity profiles. These Figures reveal, as time passes, 

the fluid velocity continues to improve and aims for a 

steady state. Which can be explained by the effect 

temperature has on convection currents and hence on 

kinetic energy and therefore velocity of fluid. These 

figures also display reversed direction of flows in aiding 

and opposing flows when buoyancy effects are 

dominant as in Sasse et al (1994). Figure 3(e) exhibits 

the effects of buoyancy ratio on velocity profile at 𝑘 =
1.2, 𝑆𝑐 = 100 and 𝑡 = 0.05 taking the buoyancy ratio 

at 𝑏 = −1,0, 5,10 consistent with Postelnicu (2007) . At 

𝑏 = −1, we observe a drop in velocity in the vicinity of 

the cold plate is much lower than the increment in 

velocity at the hot boundary, profile exhibits a case 

when the two buoyant mechanisms of thermal buoyancy 

and concentration gradients oppose each other. The 

velocity profile at 𝑏 = 5 and 𝑏 = 10 shows a drastic 

rise of velocity at the hot boundary and a fall of velocity 

in the vicinity of the cold plate, this is due to increase in 

surface heat at the hot plate and mass transfer rates. 

Figure 3(f) illustrates the velocity profiles for different 

values of the Schmidt number. Obviously, the maximum 

value of velocity profiles at the hot plate is greater than 

the absolute minimum value of the velocity profiles at 

the cold plate. Increase in Schmidt number drops the 

velocity. Figures 3(g), 3(h), 3(i) display effects of 

Prandtl number, mixed convection parameter and 

thermophoretic coefficient on velocity profile across the 

channel. 
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Figure 3a: Velocity profile in absence of thermophoresis 

 (𝑘 = 0, 𝑐𝑝ℎ = 0, 𝑃𝑟 = 0.71, 𝑆𝑐 = 0.6, 𝑏 = 1.0, 𝑁𝑐 = 2.0, 𝑁𝑡 =

8.0, 𝛼 = 1.0, 𝜆 = −100 , 𝐵𝑖1 = 𝐵𝑖2 = ∞, )   

 

 
Figure 3b: Velocity profile in the presence of thermophoresis 

  (𝑘 = 2.0, 𝑐𝑝ℎ = 0, 𝑃𝑟 = 0.71, 𝑆𝑐 = 0.6, 𝑏 = 1.0, 𝑁𝑐 = 2.0,

𝑁𝑡 = 8.0, 𝛼 = 1.0, 𝜆 = −100, 𝐵𝑖1 = 𝐵𝑖2 = ∞,   ) 
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Figure 3c: Velocity profile for  (𝑘 = 0, 𝑐𝑝ℎ = 0, 𝑃𝑟 = 0.71, 𝑆𝑐 =

0.6, 𝑏 = 1.0, 𝑁𝑐 = 2.0, 𝑁𝑡 = 8.0, 𝛼 = 1.0, 𝜆 = 100 , 𝐵𝑖1 =

𝐵𝑖2 = ∞, )   

 

 
Figure 3d: Velocity profile for (𝑘 = 2.0, 𝑐𝑝ℎ = 0, 𝑃𝑟 = 0.71, 𝑆𝑐 =

0.6, 𝑏 = 1.0, 𝑁𝑐 = 2.0, 𝑁𝑡 = 8.0, 𝛼 = 1.0, 𝜆 = 100, 𝐵𝑖1 = 𝐵𝑖2 =

∞,   )   
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Figure 3e: Velocity profile for (𝑘 = 1.2, 𝑐𝑝ℎ = 0, 𝛼 = 10, 𝑡 = 0.05, 𝑃𝑟 =

0.71, 𝑆𝑐 = 100, 𝑁𝑐 = 2.0, 𝑁𝑡 = 8.0, 𝜆 = 100, 𝐵𝑖1 = 𝐵𝑖2 = ∞,   )   

 

 
Figure 3f: Velocity profile for (𝑘 = 1.2, 𝑐𝑝ℎ = 0, 𝛼 = 10, 𝑡 =

0.05, 𝑃𝑟 = 0.71, 𝑏 = 1.0, 𝑁𝑐 = 2.0, 𝑁𝑡 = 8.0, 𝜆 = 100 , 𝐵𝑖1 =

𝐵𝑖2 = ∞, )   
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Figure 3g: Velocity profile for (𝑘 = 1.2, 𝑐𝑝ℎ = 0, 𝛼 = 10, 𝑡 =

0.05, 𝑆𝑐 = 100, 𝑏 = 1.0, 𝑁𝑐 = 2.0, 𝑁𝑡 = 8.0, 𝜆 = 100, 𝐵𝑖1 = 𝐵𝑖2 =

∞,   ) 

 

 
Figure 3h: Velocity profile for various values of the mixed convection (or buoyancy) 

parameter 

 (𝑘 = 1.2, 𝑐𝑝ℎ = 0, 𝑡 = 0.05, 𝑆𝑐 = 100, 𝑃𝑟 = 0.71, 𝑏 = 1.0, 𝑁𝑐 = 2.0, 𝑁𝑡 = 8.0, 𝛼 =

10, 𝐵𝑖1 = 𝐵𝑖2 = ∞,   ) 
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Figure 3i: Steady state velocity profile for various values of the thermophoretic 

coefficient 

 (𝛼 = 10, 𝑐𝑝ℎ = 0, 𝑆𝑐 = 100, 𝑃𝑟 = 0.71, 𝑏 = 1.0, 𝑁𝑐 = 2.0, 𝑁𝑡 = 8.0, 𝜆 =

100, 𝐵𝑖1 = 𝐵𝑖2 = ∞,   ) 

 

Particle Concentration Profiles 

Figure 4(a) depicts the absence of thermophoretic 

effects on transient 𝑡 = 0.002, 0.004, 0.006 and steady 

state concentration profile (at 𝑆𝑐 = 0.6) with normal 

concentration of particles at normal room temperature. 

4(b) shows the effect of thermophoresis on transient and 

steady state concentration (𝑘 = 2.0) with the same 

above conditions. Thermophoresis has no significant 

effect on concentration of water vapor particles (𝑆𝑐 =
0.6). Figure 4(c) considers a concentration profile of 

particles with thermophoretic effects (at 𝑘 = 1.2) 

varying the Schmidt number (𝑡 = 0.05). We observe a 

symmetric graph with midchannel 𝑎𝑡 𝑦 = 0.5. Schmidt 

number is shown to decrease concentration. 4(d) 

displays an enhancement in concentration as 𝑃𝑟 

increases (at time 0.05). This graph depicts an 

additional rise in concentration in the vicinity of the hot 

plate for dust particles (𝑆𝑐 = 100) suspended in water 

(𝑃𝑟 = 0.71) and a drop at the cold plate. In addition, it 

can be seen that particles suspended in water have 

𝜙(𝑦) = 0 at 0.3 < 𝑦 < 0.7 while those suspended in a 

gaseous medium (𝑃𝑟 = 0.71, 2.0, 3.0) have 𝜙(𝑦) = 0 

at the channel midcentre. Figure 4(e) shows that in 

steady state, the thermophoretic coefficient 𝑘 enhances 

concentration for (𝑆𝑐 = 100) at steady state. These 

results are consistent with Tsai & Lu (1995) 
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Figure 4a: Concentration profile for  (𝑘 = 0, 𝑐𝑝ℎ = 0, 𝑃𝑟 =

0.71, 𝑆𝑐 = 0.6, 𝑁𝑐 = 2.0, 𝑁𝑡 = 8.0, 𝐵𝑖1 = 𝐵𝑖2 = ∞, )  

 

 
Figure 4b: Concentration profile for (𝑘 = 2.0, 𝑐𝑝ℎ = 0, 𝑃𝑟 =

0.71, 𝑆𝑐 = 0.6, 𝑁𝑐 = 2.0, 𝑁𝑡 = 8.0, 𝐵𝑖1 = 𝐵𝑖2 = ∞,   )  
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Figure 4c: Concentration profile for different values of the schmidt 

number (𝑘 = 1.2, 𝑃𝑟 = 0.71, 𝑐𝑝ℎ = 0, 𝑡 = 0.05, 𝑁𝑐 = 2.0, 𝑁𝑡 =

8.0, 𝐵𝑖1 = 𝐵𝑖2 = ∞,   ) 

 

 
Figure 4d: Concentration profile for different values of Prandtl number 

(𝑘 = 1.2, 𝑐𝑝ℎ = 0, 𝑆𝑐 = 100, 𝑡 = 0.05, 𝑁𝑐 = 2.0, 𝑁𝑡 = 8.0, 𝐵𝑖1 = 𝐵𝑖2 =

∞,   ) 
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Figure 4e: Concentration profile for different values of thermophoretic 

coefficient  (𝑆𝑐 = 100, 𝑁𝑐 = 2.0, 𝑁𝑡 = 8.0, 𝐵𝑖1 = 𝐵𝑖2 = ∞,   ) 

 

Table 1 displays the values for velocity at time 𝑡 = 0.8 

across the channel for different values of 𝑦. Table 2 

displays values for concentration at time 𝑡 = 0.4. For 

two values of 𝑘, 𝑘 = 0 and 𝑘 = 2.0 comparing values 

with two methods. Table 1 also shows that exact values 

are slightly higher than those obtained from Finite 

Difference Scheme for 𝑦 = 0.2 only. Table 2 shows that 

this is also true for Concentration when there is 

thermophoresis. Table 1 and 2 show that Velocity and 

concentration reduces across the channel.   

 

Table 1: Comparison of numerical value of the transient state velocity obtained using the implicit finite 

difference at 𝒕 = 𝟎. 𝟖 and the steady state velocity obtained analytically when λ=100, 𝒄𝒑𝒉 = 𝟎, α =10.0, Pr = 

0.71, b=1.0, Sc = 0.6, 𝑩𝒊𝟏 = 𝑩𝒊𝟐 = ∞,   𝑵𝒄= 2.0 and 𝑵𝒕= 8.0 

 𝒌 = 𝟎 𝒌 = 𝟐. 𝟎 

y Implicit finite 

difference  

Analytical method Implicit finite 

difference 

Analytical method 

0.2 0.800007 0.80028 0.886163 0.886373 

0.4 -0.40000 -0.39956 -0.26097 -0.26063 

0.6 -2.00000 -1.99957 -1.85995 -1.85961 

0.8 -2.40001 -2.39974 -2.31208 -2.31187 

 

Table 2: Comparison of numerical value of the transient state concentration obtained using the implicit finite 

difference at 𝒕 = 𝟎. 𝟒 and the steady state concentration obtained analytically when 𝒄𝒑𝒉 = 𝟎, Pr = 0.71, Sc = 

0.6, 𝑩𝒊𝟏 = 𝑩𝒊𝟐 = ∞,  𝑵𝒄= 2.0 and 𝑵𝒕= 8.0 

 𝒌 = 𝟎 𝒌 = 𝟐. 𝟎 

y Implicit finite 

difference  

Analytical method Implicit finite 

difference 

Analytical method 

0.2 0.300002 0.300002 0.308646 0.308652 

0.4 0.100001 0.100001 0.113307 0.113317 

0.6 -0.100000 -0.100000 -0.08634 -0.08633 

0.8 -0.300000 -0.300000 -0.29064 -0.29063 

 

CONCLUSION 

The important findings from graphical results show 

comparisons between pairs of different practical 

situations: (i) without thermophoresis and with 

thermophoresis (ii) for 𝑆𝑐 = 0.6 (water vapor) and 𝑆𝑐 =

100 (dust particles) (iii) for aiding and opposing flows. 

These findings reveal that thermophoresis has no 

appreciable effect on velocity and concentration for  

𝑆𝑐 = 0.6, hence water vapor particles do not need 

thermophoretic effect to move; fluid velocity is 

y
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improved with increments in time until steady 

conditions are achieved. With aiding and opposing 

flows, the direction of flows is reversed; Schmidt 

number and Prandtl number drops thermophoretic 

velocity and finally thermophoresis has appreciable 

increase on steady state velocity for 𝑆𝑐 = 100.  
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APPENDIX A 

𝐾1 =
𝑑1

2
(𝑎 + 1) [

(𝑑2+𝑁𝑡)𝑎(1+2𝑁𝑐)−(𝑑1+𝑑2+𝑁𝑡)𝑎(2𝑁𝑐−1)

(𝑑2+𝑁𝑡)𝑎+1−(𝑑1+𝑑2+𝑁𝑡)𝑎+1 ]  

𝐾2 =
(𝑑2+𝑁𝑡)𝑎(𝑑1+𝑑2+𝑁𝑡)𝑎(𝑁𝑡−𝑁𝑐)

(𝑑1+𝑑2+𝑁𝑡)𝑎+1−(𝑑2+𝑁𝑡)𝑎+1   

𝐾3 =
1

𝑑1
[𝑁𝑡(𝑁𝑡 + 𝑏𝑁𝑐) +

𝐾2𝑏[(𝑁𝑡−
1

2
)

2−𝑎
−(𝑁𝑡+

1

2
)

2−𝑎
]

(1−𝑎)(2−𝑎)
−

(12𝑁𝑡2+1)

24
(1 +

𝐾1𝑏

𝑑1(𝑎+1)
)]  

𝐾4 =
1

𝑑1
[

𝑁𝑡(4𝑁𝑡2−1)

12
(1 +

𝐾1𝑏

𝑑1(𝑎+1)
) +

(1−4𝑁𝑡2)(𝑁𝑡+𝑏𝑁𝑐)

8
+

𝐾2𝑏(
1
4− 𝑁𝑡2)[(𝑁𝑡−

1

2
)

1−𝑎
−(𝑁𝑡+

1

2
)

1−𝑎
]

(1−𝑎)(2−𝑎)
]  

𝑑1 = −
𝐵𝑖1𝐵𝑖2

[𝐵𝑖1(1+𝐵𝑖2)+𝐵𝑖2]
  

𝑑2 =
1

2

[𝐵𝑖1(1+𝐵𝑖2)−𝐵𝑖2]

[𝐵𝑖1(1+𝐵𝑖2)+𝐵𝑖2]
  

 

 


