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Abstract. The study investigates generation of entropy in an unsteady, incompressible nanofluid flow occurring within
a fluidized bed dryer used in tea processing industries. The study considered the presence of variable magnetic field,
influence of viscous dissipation, thermal radiation and chemical reaction. The nonlinear partial differential equations
of momentum, energy and concentration were derived. A finite difference numerical scheme was employed to obtain
an approximate solution for the nonlinear partial differential equations governing the flow. Entropy generation is
then determined from velocity, concentration and temperature profiles obtained from solution of momentum, mass
and energy equations. The study illustrated the impact of various flow parameters on entropy generation and Bejan
number through graphical presentations while numerical values for skin friction coefficient, heat and mass transfer
rates were provided in tabular form. Study of entropy generation allows one identify factors which contribute to energy
inefficiencies in a thermal system and allows different stakeholders or designers of bed dryers in tea factories identify
ways of improving the dryer or designing more effective dryers. Bejan number is used in thermodynamics to evaluate
efficiency of thermal systems such as fluidized bed dryers. It helps one design heat exchangers which maximizes
heat transfer while minimizing energy losses. The findings of this study are essential in improving the performance,

efficiency and the design of a fluidized bed dryer involving heat and mass transfer as well as fluid flow.

List or SymBOLS

o (v, v;) - Velocity components e Fj - Buoyancy force (N)
o To - Free stream temperature (K) e ¢ -acceleration due to gravity (ms=2)
o Tj, - Temperature at the dryer’s bed (K) ® ks - Solid fraction thermal conductivity (W/m.K)

Cp - Concentration at the dryer’s bed (Mol m=3)
Hy - Applied magnetic field (Wbm™2)

e P -Pressure (Nm™2) e g, - gravitational force along z direction(ms~2)

k, f— Nanofluid thermal conductivity (W/m.K)
D, - Diffusion coefficient (m?s~!)
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e Fppp - Lorentz force (N) o M Hartmann number

e (J*- Heat source (]) e Pr-Prandtl number

o k; - Chemical reaction parameter e Sc - Schmidt number

e U, V- Dimensionless velocity ® lyf - Dynamic viscosity of nanofluid (kgm1s71)
e Re - Reynolds number ¢ pus- Nanofluid density (kg’3)

o Grr - Thermal Grashof number ® (pCp),f- Nanofluid heat capacitance (J/K)

e Grc- Concentration Grashof number e 0,¢- Electrical conductivity (w tm™1)

e Ec - Eckert number

1. INTRODUCTION

The process of tea production involves the following stages: harvesting, withering, rolling,
oxidation, drying and sorting. Tea drying is one of the energy intensive processes in tea manu-
facturing and many tea processing industries in most countries in the world depend on different
methods to dry their tea. Use of fluidized bed dryers is one of the most efficient methods utilized
in this process. The primary method of heat transfer in a fluidized bed dryer is convection.

Entropy generation is a thermodynamic quantity which represents unavailability of system’s
thermal energy or conversion into mechanical work. Entropy is the level of randomness or disorder
in the system as the amount of available energy for use is lost. In relation to fluidized bed dryer,
entropy generation occurs due to heat transfer inefficiencies and other dissipative processes. The
concept of entropy was introduced by Clausius [1] from 1850-1864 on the theory of heat and its
applications related to engines. Bejan [2, 3, 4] introduced several factors responsible for entropy
generation in thermal systems. These include heat transfer, mass transfer, viscous dissipation,
chemical reaction and electrical conduction. Bejan [5], studied entropy generation minimization
in a thermodynamic system so as to improve its thermal efficiency.

High production of entropy can lead to energy inefficiencies, longer drying time and reduced tea
quality. Therefore, efforts need to be put in place to minimize production of entropy by adopting
energy efficient methods, industry operational practices as well as improving dryers’ design so as
to optimize the drying process in the tea manufacturing. Efficiency and sustainability in energy
systems are becoming increasingly important, and this requires taking into account the limitations
set by the second law of thermodynamics. One method for achieving this is by using entropy
generation analysis, which is more effective than traditional energy balance approaches. It can
identify the sources of inefficiency and aid in designing more efficient systems. Additionally,
because it is based on basic thermodynamic principles, it can be used for any type of energy
conversion system. This has made entropy generation analysis a widely used method in the
design and optimization of sustainable energy systems. Many researchers have investigated
entropy generation in flows, which is crucial in engineering systems, by examining different fluid
flow scenarios, boundary conditions, and geometric configurations.

Bulgakov et al.[6] designed an efficient dryer with an aim of optimizing the drying process
by introducing the concept of vibro-boiling conditions. These conditions were achieved through

vertical oscillations of the dryer’s body. Vibro boiling conditions led to better heat transfer and
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reduced temperature gradients which lead to lower entropy production. With the use of a mathe-
matical model, they were able to predict and optimize parameters such as heat transfer area and
heat transfer coefficient which ensured that the drying process was as efficient as possible. Inaba
et al. [7] explored entropy reduction by optimizing heat and mass transfer in fluidized bed dryer
by considering influence of parameters such as moisture content, air temperature and Reynolds
number. The research noted that energy and exergy efficiencies decreased as moisture content;
thus low moisture content reduced entropy production. It was also found that low Reynolds num-
ber enhanced the drying process i.e. reducing the fluid’s motion contributed to entropy reduction.
Increase in fluid’s temperature contributed to reduced entropy, however, high temperatures was
noted to damage the material. Deymi-Dashtebayaz [8] examined a fluidized bed dryer at Jovein
citric acid Production Company in Iran to study its energy and exergy performance. To improve
exergy and energy efficiencies within the dryer, they adopted several strategies. These include
lowering the air flow rate and air temperature which led to decrease of energy required during the
drying process. This resulted in reduced energy loss hence low entropy production. Others include
reducing moisture content of the final product and reducing heat losses from the dryer. The study
carried out by Razavikia et al. [9] emphasized the importance of thermodynamic analysis as a tool
used for analyzing and designing optimal thermal systems including the fluidized bed dryers.
The study noted that fluidized bed dryers are used in various industrial applications although it
is associated with high energy consumption. By developing a thermodynamic model for drying
processes, they applied the simultaneous equations for mass and heat transfer processes to analyse
the thermodynamic processes in a fluidized bed dryer. The study took into consideration various
parameters such as inlet air temperature, air humidity, difference input and output of products
and air humidity ratio. The researchers noted that model developed could be used to optimize the
drying process as well as assist researchers and engineers assess the thermal efficiency and losses
during the energy conversion processes.

Nanoparticles were first initiated by Choi et al. [10] to investigate thermal conductivity and
thermophysical property effectiveness of base fluids (water, ethylene glycol and oil) by adding
nanoparticles. Hence addition of nanoparticles to base fluid has been found to enhance thermal
conductivity, a parameter responsible for heat transfer. Fluid flow in presence of magnetic field
is known as hydromagnetic. Jery et al. [11] showed that heat transfer with nanoparticles in
hydromagnetic flow affects entropy generation .

Tea drying being an irreversible process, involves chemical and physical changes which can
affect quality of the final product. During fluidization some energy which could have been fully
transformed to useful work is lost through dissipation or thermal radiation. Given importance
of energy costs, fuel availability and environmental impact, studying of entropy generation is
important to enable tea processing factories not only save energy but also use it efficiently.

The primary motivation for this research stems from the limited available literature on entropy

generation of fluidized bed dryers which takes into consideration nanoparticles and the influence



4 Int. J. Anal. Appl. (2024), 22:40

of variable magnetic field during the heat and mass transfer processes. Thus the aim of this
study is to explore entropy generation within a FBD of an incompressible nanofluid flow. The
research takes into account the effects of viscous dissipation and thermal radiation. To achieve
this, numerical computations are carried out by use of finite difference method, including various
values of pertinent parameters. This paper therefore, explores entropy generation of a nanofluid
flow within a fluidized bed dryer as well as the dynamics of heat and mass transfer processes. The

findings are presented through a combination of tabular and graphical representations.

2. MataHemATicAL FORMULATION

Consider a two dimensional nanofluid flow within a fluidized bed dryer. In this configuration,
the z-axis aligns with the dryers” axis while r-axis is along the radial direction as shown in figure
1. A uniform magnetic field of strength By is applied in the radial direction leading to generation
of induced magnetic field B = (B,,0, B;) in axial direction. The lower part of the dryer is heated

by convection from hot air at temperature T;, while ambient temperature is T, Where T}, > Teo.
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FiGure 1. Geometry of the problem

The nonlinear partial differential equations that describe the fluid flow within the fluidized bed
dryer in presence of variable magnetic field are expressed as follows:
19(rv,)  dv,
v o Tzl —
dvu, vy dvu, JoP v, 1dv, J*v, v,
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Referring to Das et al. [12], Mehta et al. [13], the expressions for thermophysical properties of
nanofluid dynamic viscosity, density, thermal expansion coefficient, heat capacitance, effective

thermal conductivity and electrical conductivity are given by

u
P‘nf:ﬁ

puf = (1=)ps + ¢ps
Pt = (1= )Br + ¢Ps
(0Gy),; = (1=9) (pCy), + b (pCy),

b (5426)-20(0 &)
ki (ke +2k5) + @ (k- k)
Onf = (1- (P)O-f + ¢os

The following transformational variables are used to convert equations (2.2), (2.3), (2.4) and (2.5)

in dimensionless form.
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In non-dimensionalized form, equations (2.2), (2.3), (2.4) and (2.5) result in the following set of

equations

—_ () _r [0) — — — r
ot * " ort + Z 9z ort e\dr?2  rorr r?2 o9z?2

dui  dv,  ,Jvl oP* P (827): 10v; v 820;)

M X * % X *
+¢2R_e(vz (Hz(Hr + 1)) - Uerz)

v} v v, P (o”zvz 19v;  J*v;

o e T TRe\or? Tror oz ) PG = paCrc

M X * * * %, *
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to to 7 or ar* 022

or O T 11[19 (.91 PT
ot " or* Zoz* Papy Pr Re

av* n av; n v, n v, 2
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Pe PrRe + 92
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Ot Ors dz  ScRel\or2 ' 922

with dimensionless initial and boundary conditions as
t>0:7"=0: v;=1, vy=1, T"=0, C"'=0 H;=0 H; =1
Foan =1: 0,=0, ;=0T =1, C=1H; =0, H;=0
z=0: T"=1, C=1v,=0, H,=0, H, =0
Z=Zmax: 1'=0, C"=0, v7=0, H,=0, H, =0

where
H2u%0R? R Tp—Teo .
Re—URLL, - DT g, RSP TTe) P Q@
bf vp u pU U(pCp)s
Lout ., oz T-Te RgBcf(Cp— Coo)
t=—, 2=, T'= , Gre= ,
R R Ty — Teo u?
* C - COO * HZ * HV u2
C = ’ H, = e H = _—, Ec = _
Cb —Cw z Ho r Ho ¢ Cpf(Tb - Too)

3. NusseLt NUMBER, SHERWOOD NUMBER AND LocaL SKIN FricTioN COEFFICIENT

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

Nusselt and Sherwood numbers are used to determine the rate of heat and mass transfer from

the temperature and concentration profiles respectively. Nusselt number is given by

Rg

Ny=—
k(Ty = Too)

(3.1)
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where
160*, 5\ (JT
o = =k (14 25 Tm)(—) (3:2)
v f 3k o). _r
In non-dimensional form,
kg 160" 5\ Ty — Teo (OT*
Nu=-Ry- (1 = °°) R (ar* )H (3:3)
Since 16 pu
_ 160" 5 JT
T3k To or (34)
equation (3.3) simplifies to
kn f aT”
Nu = _E(l +qr>(8r*) (3.5)

Space discretization for Nusselt number given in equation (3.5) is done based on backward finite

difference at r = 1 to r = 0. Therefore, the Nusselt is written as

kg Ti—Tja
Nu = —E(l —I—E]n‘) (T) (36)
gri is the heat flux at point i.
The Sherwood number is given by
Rqm
Sh = 3.7
D¢ (Cp — Coo) G7)
where
dC
gm = D (——) (3.8)
m nf or R
Sherwood can be further written as
aC R
Sh=-Dyf| = | =————
nf(&}’) an(Cb—Coo)r:R (39)
_ <
81’* re=1
Similarly, backward finite difference for equation (3.9) is expressed as follows:
Ci-Cia
= ==
Sh = A (3.10)

It is a dimensionless parameter used to describe frictional resistance by a fluid on a solid surface
as it flows over it.This quantity provides a measure of the resistance to the fluid caused by its flow
and interaction with the surface. Skin friction coefficient is dependent on factors such as fluid
properties, fluid flow velocity, viscosity, roughness or smoothness of the surface and diameter of

the FBD. Skin friction coefficient is given by

Rty
Cr=— (3.11)
T Uy
where T, is the wall shear stress and for newtonian fluid
v,

Tw = [unfy =R (3.12)
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Thus
R Hn f o"vz
Cr=——— (3.13)
In dimensionless form
Ynf 80;
Cr=—-7 =1
py o= (3.14)
__ 1 o |
T - or
Using backward finite difference method, the skin friction is evaluated at r = 1 and r = 0 as follows
1 Uj—-Uj-
Cr= A=) A (3.15)

4. ENTROPY GENERATION

One of the major concerns for engineers and scientists is to adopt ways which can minimize
energy waste in thermal systems. Energy losses causes disorder which is measured in form of
energy. Entropy generation indicate wastage of useful energy and is an effective mechanism
for identifying thermal inefficiencies in a system. Study of entropy generation is important in
explaining the irreversibilities of thermal energy in FBD and needs to be minimized so as to improve
its energy efficiency. Entropy generation provides ways which can be used to improve the design
of thermal system such as FBD. Entropy generation is calculated from velocity , concentration and
temperature profiles obtained from solution of momentum, mass and energy equations.In heat
transfer analysis, equations (2.2), (2.3), (2.4) and (2.5). as expressed by Ullah et al. [14] and Riaz et

al. [15] are mathematically used to express the reduction in energy losses as follows

k, . 2 2 : 2
st ) s

gem 12 3k or dz T \ 0z = Or
st nd
y o - (1)
Pur ((9CY, (2€Y | . Dor (9C 2T | 9CIT) | nrBo
Ce |\ 07 0z Tew \Or dr  dz 0z Too
————
3rd 4th

Entropy generation in equation (4.1) is stated in four different parts. The first and second part is
entropy generation due heat transfer and viscous dissipation irreversibility respectively. The third
part is entropy generation due to diffusive irreversibility and lastly is entropy generation due the

effects of magnetic field. The dimensionless form of entropy generation N is obtained by letting

S/

N, = 32 (4.2)
Sgen
where
kf(Tb - Tm)2

St = 43)

R2TZ
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In non-dimensional form, volumetric rate of entropy generation is expressed as follows
knf 160" 4 \(JT* T\’ UlunfTe (dv; ot
N; = —|(1 T3) — —_—
Tk [( e (ar ) +(8z*) T -To2 | T | T
Dyif T2,(Cp — Coo)? [{ 9C+ 2 L (oc 2
kf Coo(Tp—Teo)? |\ 1+ dz*

an Ch_coo &% n %& an [.leH2V2R2T
kf CTy—Teo \Orx Irs  zx Jzx kf (Ty — Teo)?

n (4.4)

Expressing the above equation in terms of non-dimensional parameters, it can be simplified as

follows:
N (1 160" T3) oT* 2+ ary L1 EcPr(dy  dv; 2+
T kg 3k ar Jz* (1-¢)2> Ay |dzr I 45)
Tha[(9C) | (9C\] , (2CHaTx , 9C+9T2| | dsEcPrM
or+ 0z* ors dr+  Odzx dz# A
where ¢g = (1—-¢)o £+ ¢os, A1 and A; are parameters for temperature and concentration

differences respectively while I gives a ratio of concentration to temperature differences. They are

given by the following formulas

_ Dy ( : ) (4.6
kif \Tp—Teo
Ty — Teo
M=—— 4.7
1= 47)
C - COO
Ay = bc—w (4.8)
In finite difference form, equation of entropy generation is expressed as
; 2
N :]ﬂ (1+160*T3) Tox~ T; | T;k+1 T;kl N
T kg 3k 2Ar 27z
1 EcPr u;‘,kJrl _u},k—l n V;+1k V; 1k n
(1-9)%>° M 2Az 2Ar
. 2 -
T |(Ciig ™ Cl] 1k C; k+1 C; k1 C;k 1 (4.9)
M 2Ar * 2Az *
1
r C;+1k C; 1k T;+1k T; 1k n C;’,k+1 _C},k—l T;',k+1 T;k 1 n
2Ar 2Ar 2Az 2Az
¢sEcPrM

M
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The entropy generation number N; can be represented as the sum of the entropy generated by
thermal radiation Nj, viscous dissipation N>, concentration diffusion N3 and magnetic field Nj.
That is

N; =N;+ N>+ N3+ Ny (4.10)

5. BEjaN NUMBER

Bejan number (Be) is used to determine whether entropy generated by heat transfer is greater
than that generated by viscous dissipation, concentration diffusion and magnetic field, or vice
versa. Itis defined as the ratio of entropy generated by heat transfer to the total entropy generation
in FBD. Bejan number is important because it helps to identify which irreversibility mechanism is
dominant in a system. If the Bejan number is large, then heat transfer irreversibilities are dominant
and the system is said to be heat transfer controlled. On the other hand, if the Bejan number is small,
then fluid flow irreversibilities are dominant and the system is said to be fluid flow controlled.
By using the Bejan number, engineers and researchers can design systems that minimize entropy
generation and improve overall system efficiency. They can also use the Bejan number to identify

the source of irreversibilities in a system and develop strategies to reduce them. Be is given by

Ni 1
Be= — = —— 51
N =TTy (5.1)
where ¢ = %?H\M gives the ratio due to irreversibilities.

Bejan number Be varies between 0 and 1. A value of Be — 1 indicates that irreversibility due
to heat transfer is dominant over the irreversibility due to fluid friction. Conversely, a value of
Be — 0, means that the fluid friction is more significant than irreversibility due to heat transfer.
Moreover, a value of Be = % indicates irreversibilities due to heat transfer and fluid friction are of

same magnitude.

6. ResuLts aAND DiscussioN

The Table below depicts how the Nusselt number (Nu), Sherwood number (Sh) and the Skin
Friction Coefficient (Cf) vary with various fluid flow parameters.
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M |Pr |Ec |[Re|Phi|qr |Grc|GrT |Sc |K|Nu Sh Ct

2007102 |2 |02 (052 |02 |022]2|-0.0951 |1.08810 |-2.0251
4007102 |2 |02 ]05(2 |02 |[022|2 |-0.0953 |1.08806 |-2.0691
60071102 |2 |02]05]2 02 |022|2 |-0.0955 |1.08812 | -2.1137
80(071/02 |2 |02]05]2 0.2 |022|2 |-0.0982 |1.10460 | -2.5397
200710252 |02 |05|2 |02 |022]|2 -0.1076 |1.08786 |-2.5063
20(071/04 |2 |02 |05|2 |02 |022]|2 -0.3064 |2.72000 |-0.5053
20/071(04 |2 |02 ]05(2 |02 |[022|2 |-0.0286 |3.3600 |-0.4581
20[071104 |4 (02 |05]|2 02 |022|2 -0.0181 |3.5733 |-0.4426
2 1071102 |6 (02 |05]|2 02 ]022|2 |0.0311 |3.6800 |-0.4349
2 (071102 |2 |02 ]05|2 02 ]022|2 |-0.0962 |2.7213 |-0.8868
2 |071/02 |2 |03 |05|2 |02 [022|2|-0.0975 |27192 |-0.7461
2 107102 |2 |04 052 |02 [022|2|-0.2930 |27185 |-0.6094
2 1071102 |2 |02 (052 |02 |022|2|-02615 |1.1746 |-0.5063
2 1071102 |2 (02 |10]|2 02 ]022|2 |-0.2252 |0.8721 |-2.7020
2 071102 |2 |02 (054 02 |022|2 |-0.0618 | 0.8345 |-1.8251
2 |071/02 |2 |02 ]05]|6 |02 |022|2|-0.0668 |1.0881 |-0.8691
2 |071/02 |2 |02 (052 |04 |022|2|-0.06181|1.1233 |-2.1251
2 107102 |2 |02 (052 |06 |[022|2 |-0.0619 |1.2312 |-2.5251
2 |071/02 |2 |02 (052 |02 [0.23|2 |-1.9801 |1.9487 |-0.3906
2 1071102 |2 102 |05]|2 02 |024|2 |-35904 |6.1631 |-0.9479
2 (071102 |2 |02]05|2 02 10.22|3 |-1.5504 |1.7622 |-0.0593
2 (07102 |2 |02 ]05|2 |02 |022|4 -3.0817 |7.4487 |-4.1740

TasLE 1. Variation of Coefficients of friction, Sherwood and Nusselt numbers with

various parameters.

Table 1 shows the effects of magnetic parameter, Eckert number, Reynolds number, nanoparticle
volume fraction coefficient, heat and mass transfer Grashof number, Schmidt number and chemical
reaction parameter on Nusselt number, Sherwood number and skin friction coefficient.

Increase in Hartmann number (M) led to an increase in Sherwood number (Sh) and decrease in
both Nusselt number (Nu) and Skin friction coefficient (Sh). Increase in magnetic field strength
signifies stronger Lorentz forces which retards the motion of the fluid flow within the dryer.
This inhibits convective heat transfer hence the decrease in Nusselt number. Also, increased
magnetic field strength results in thinner concentration boundary layer which means that the
concentration gradient is greater. Higher concentration gradient enhances mass transfer hence

increase in Sherwood number. Moreover, stronger magnetic field strength reduces the fluid’s
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velocity due to presence of Lorentz force which opposes the flow. The decrease in fluid flow velocity
results in decreased frictional forces and shear stresses hence reduced skin friction coefficient.

Increase in Eckert number (Ec) results in increase in Sherwood number and skin friction coeffi-
cientbut a decrease in Nusselt number. High Eckert number implies high kinetic energy in the flow
compared to thermal energy. Increased kinetic energy increases the fluid’s velocity which reduces
the convective heat transfer. This then leads to reduced Nusselt number. Moreover, increased
Sherwood number as Eckert is increased means more efficient and improved convective mass
transfer. Increase in Eckert number leads to a thinner boundary layer near the dryer’s surface.
Thinner boundary layer enhances mass transfer rate hence increased Sherwood number.

As Reynolds number increases Nusselt number, Sherwood number and skin friction coefficient
also increases. High Reynolds number indicates increased fluid flow velocity. High velocity leads
to increase in convective heat transfer rate and mass transfer rates which raises the Nusselt number
and Sherwood number respectively. High Reynolds number denotes dominance of inertial forces
which results in high fluid flow velocity. Increase in Reynolds number increases the thickness of
the surface boundary layer. This creates more contact between the fluid and the dryer’s surface
hence increased skin friction coefficient.

Increase in nanoparticle volume fraction led to decrease in Nusselt number and Sherwood
number. The silver nanoparticles have high thermal conductivity. When added to fluid in the
dryer, it increases the thermal conductivity hence affecting the convective heat transfer which
result in decrease in Nusselt number. Moreover, increase in fluid’s viscosity as a result of increased
nanoparticle volume fraction hampers the mass transfer rate which in turn reduces the Sherwood
number. However, increase in nanoparticles lead to increased skin friction coefficient. Increase of
nanoparticle volume fraction raises the fluid’s viscosity resulting in high frictional resistance. This
effect leads to increased skin friction coefficient.

Increase in radiation parameter led to increase in Nusselt number and skin friction coefficient but
a decrease in Sherwood number. Nusselt number represents the ratio of convective heat transfer
to conductive heat transfer. An increase in radiation parameter signifies an increase in radiative
heat transfer relative to conductive heat transfer. This thus enhances the overall heat transfer
rate in the dryer leading to higher Nusselt number. The Skin friction coefficient is associated
with drag force experienced by a fluid moving over a surface. Increase in radiation parameter
alters temperature distribution on the dryer’s surface which in turn affects fluid’s velocity and
flow pattern. These changes thus affect the skin friction coefficient. Increased radiation affects
the concentration distribution of species in the fluid. It reduces concentration gradient which
lowers convective mas transfer rates compared to diffusive mass transfer rates. This then leads to
a decrease in Sherwood number.

As concentration Grashof number increased, Nusselt number decreased while both Sherwood
number and Skin friction coefficient increased. Increase in concentration Grashof number indicates

that the buoyancy driven mass transfer due to concentration gradient is significant in the fluid flow.
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Stronger buoyancy driven flow caused by concentration differences result in thinner boundary
layer and reduced convective heat transfer. This then leads to decrease in Nusselt number. On
the other hand, increase in concentration Grashof number indicates high convective mass transfer
which corresponds to increase in Sherwood number. This indicates more efficient mass transfer
within the dryer. Skin friction coefficient is associated with shear stress which measures frictional
forces between the fluid and the surface. Thus an increase in shear stress caused by stronger
buoyancy driven flow as a result of high concentration Grashof number leads to increase in skin
friction coefficient.

Increase in local thermal Grashof number lead to increase in Sherwood number but a decrease
in Nusselt number and skin friction coefficient. Increase in thermal Grashof number indicates
stronger buoyancy driven natural convection flow due to larger temperature differences rather
than viscous forces. Increased buoyancy forces leads to increased fluid velocity. Increase in
fluid’s velocity leads to thinner boundary layer within the dryer’s surface where mass transfer
occurs hence increase in Sherwood number. Enhanced natural convection decreases thickness
of boundary layer due to increased fluid’s motion within the dryer’s surface thus reducing the
convective heat transfer. This results in decrease in Nusselt number. Moreover, thinner boundary
layers lead to decreased shear stress within the dryer’s surface. This means that there is decreased
fluid contact with the surface which exerts frictional forces. This contributes to decrease in skin
friction coefficient.

Increasing Schmidt number results in decrease in Nusselt number and Skin friction coefficient
with an increase in Sherwood number. Schmidt number is the ratio of momentum diffusivity
to mass diffusivity. It represents the relative importance of momentum to mass transport. High
Schmidt number indicates that the fluid has reduced ability to transport mass. Limited mass
transfer lead to reduced fluidization and lower convective heat transfer which results in lower
Nusselt number. Increase in Schmidt number decreases the concentration boundary layer thickness
which reduces velocity gradient within the dryer. This consequently decreases the skin friction
coefficient. Sherwood number represents ratio of convective to diffusive mass transfer. When
both convective and molecular diffusion contribute to overall mass transfer rate, convective mass
transfer becomes more dominant due to inefficient mass diffusion associated with higher Schmidt
number. This thus leads to increase in Sherwood number.

It is also observed that increase in chemical reaction parameter increased Sherwood number
but led to a decrease in Nusselt number and skin friction coefficient. Increase in chemical reaction
parameter indicates enhanced reaction rates which enhances mass transfer within the dryer. As
a result, the Sherwood number increases. Reduction in Nusselt number as chemical reaction
parameter increases is attributed to cooling of the fluid within the dryer’s surface. This reduces
the temperature gradient which decreases the buoyancy driven convection flow leading to lower
Nusselt number. Increase in chemical reaction parameter is associated with increased fluid’s

motion and momentum transfer within the boundary layer. This disrupts formation of boundary
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layer and as a result leads to reduction of shear stress at the dryer’s wall. This then lowers the skin

friction coefficient.

ErrecTs oF FLuip FLow PARAMETERS ON ENTROPY GENERATION
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Ficure 2. Influence of Temperature and Concentration ratio parameter on Entropy Generation

The effect of temperature difference parameter A; on entropy generation is displayed in figure 2a.
From the second law of thermodynamics, heat flows naturally from higher to lower temperature
regions. When temperature difference between two regions in the dryer increases, heat transfer
also increases leading to higher thermal efficiency. Consequently, improved efficiency or reduction
in energy losses result in low entropy production. Figure 2b depicts the effect of concentration ratio
parameter on entropy generation. An increase in concentration ratio parameter A, raises entropy
production. An increase in concentration ratio parameter shows a difference in concentration
between two regions of the dryer. The concentration difference causes diffusion where particles
move from higher to lower concentration regions. The movements of particles within the dryer

cause a disorder within the dryer leading to an increase in entropy generation.
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Ficure 3. Effects of Hartmann number on Entropy Generation

It is observed from figure 3 that Entropy production decreases for increasing values of Hartmann
number. Increase in Hartmann number signifies stronger magnetic forces compared to viscous
forces in the flow. Increase in Hartman number suppresses the motion of the fluid perpendicular
to the magnetic fields. When the fluid’s motion is suppressed, it reduces the velocity gradients
in the fluid lowering the viscous dissipation. Viscous dissipation describes irreversible process
where work is transformed by fluid on adjacent layers as a result of shear forces into thermal
energy. Reduction in viscous dissipation therefore, is a source of energy loss which contributes
to entropy production. The minimization of fluid friction and energy losses leads to reduction of

entropy production.
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Ficure 4. Effects of Eckert number on Entropy Generation
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Figure 4 demonstrates the impact of Eckert number (Ec) on entropy generation. As Ec increases,
entropy generation is enhanced. This means that as the value of the Eckert number rises, the
entropy production within the system intensifies. Viscous dissipation results from the friction
between fluid layers moving at different velocities and it converts mechanical energy into thermal
energy. As the Eckert number increases, the kinetic energy of the flow becomes more dominant
relative to the thermal energy. Consequently, the viscous forces become stronger, causing more
resistance to flow, and leading to an increase in entropy generation. This aligns with the physical
observation that a higher Ec value strengthens the viscous force, increasing flow resistance and

consequently, causing more entropy production.
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Ficure 5. Effects of Nanoparticle volume fraction on Entropy Generation

Increase in nanoparticle volume fraction led to an increase in entropy production as observed in
figure 5. Silver nanoparticles are good thermal conductors and can alter the thermal conductivity
of the fluid. This leads to changes in heat transfer potentially causing temperature gradients
within the flow. This raises entropy production since heat is transferred along the gradients.
Also, increase in nanoparticle volume fraction increases the fluid’s viscosity. Viscosity is measure
of a fluid’s resistance to flow. When fluid flows, it experiences internal friction which causes
lose of kinetic energy, which in turn is converted to thermal energy. According to second law
of thermodynamics, any irreversible process leads to increase in entropy hence the conversion of

kinetic energy to thermal energy results in increased entropy production.

Errects oF FLuiD FLow PARAMETERS ON BEjaN NUMBER

Investigating Bejan number serves the purpose of understanding the balance between heat
transfer entropy generation and other factors such as magnetic field, fluid friction and thermal
radiation entropy generation. Bejan number gives insights on the dominant mechanisms which

govern the heat transfer and fluid flow in a fluidized bed dryer.
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FiGure 6. Influence of Temperature and Concentration ratio parameter on Bejan number

Enhancing the temperature ratio parameter A; increases the Bejan number Be as presented in figure
6a. Increase in temperature ratio indicates larger temperature differences between regions within
the dryer. Larger temperature differences results in high transfer rates which can lead to increased
thermal losses. This then contributes to overall irreversibility related to heat transfer hence in-
crease in Bejan number. This indicates that irreversibilities in the dryer is majorly contributed by
heat transfer inefficiencies and thus thermal irreversibility dominates over other irreversibilities.
The concentration ratio parameter A, relates to the concentration difference within the dryer be-
tween different regions. Increase in concentration ratio parameter indicates larger concentration
differences between regions in the dryer. Concentration gradients drive mass transfer processes
from higher to lower concentration regions. As concentration parameter increases, concentration
gradient becomes more evident hence increase in mass transfer and subsequently leading to irre-
versibilities related to mass transfer. This leads to decreased Bejan number as depicted in figure
6b. This indicates that mass transfer related inefficiencies contribute to the dryers’ irreversibilities

compared to heat transfer processes.
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Ficure 7. Effects of Eckert number on Bejan number

Figure 7 illustrates the effects of Eckert number Ec on the Bejan number Be for nanofluid flow.
Eckert number quantifies the ratio of kinetic energy to heat transfer in the fluid flow while Bejan
number gives the ratio of irreversibility due to heat transfer to total irreversibilities in the dryer.
Increase in Ec indicates kinetic energy change in the fluid flow is more significant compared to heat
transfer. This is due to increased kinetic energy of the nanofluid flow within the dryer, indicating
greater manifestation of irreversibility due to fluid friction. Therefore, Eckert number Ec, gives a
more pronounced effects of fluid motion relative to heat transfer which subsequently contributes to
irreversibility to fluid friction compared to the total irreversibility hence raising the Bejan number.
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Ficure 8. Effects of Hartmann number on Bejan number
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Figure 8 illustrates the effects of Hartmann number M on the Bejan number Be. Hartmann number
gives the relative strength of magnetic forces to viscous forces in the fluid flow within the dryer.
Increase in Hartmann number signifies substantial influence of magnetic field strength compared
to viscous effects within the fluid. When increase in Hartmann number leads to an increase in Bejan
number, it indicates relative importance of viscous dissipation as source of entropy production

compared to heat transfer.
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Ficure 9. Effects of Nanoparticle volume fraction on Bejan number

Itis seen from figure 9 that Bejan number increases with increase in nanoparticle volume fraction ¢.
Increasing nanoparticle volume fraction affects the fluid’s heat transfer characteristics. Nanopar-
ticles have high thermal conductivity compared to the base fluid and when dispersed in the fluid
they increase the overall thermal conductivity of the nanofluid. Increase in Bejan number can be
attributed to high thermal conductivity associated with silver nanoparticles. This enhances the
overall heat transfer in the dryer. The increase in heat transfer leads to a more pronounced heat

transfer related irreversibilities leading to increased Bejan number.

7. VALIDATION

The results of our study were compared with those of Inaba et al. [7] who conducted com-
prehensive investigation into efficiency of fluidized bed dryer by developing exergy models with
the aim of predicting drying efficiency. Although our model considered nanoparticle enhanced
and magnetic field assisted drying conditions, there was significant agreement with findings of
our study. This highlights our findings as practical and could improve the way various materials
are dried in fluidized beds. Comparison was also made between the findings of this study and
those of Motevali et al. [16] who acknowledged the significance of energy efficiency as primary

criteria for assessing the dryers used in tea processing industries. According to their findings, low
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entropy production in drying process was attributed to faster air flows and higher temperatures.
This highlights our findings as practical and could improve the way various materials are dried in
fluidized beds.

8. CoNCLUSION

Entropy generation distribution due to heat and mass transfer in a fluidized bed dryer used in
tea processing industry has been studied. By taking into account the variable magnetic field and
nanoparticles, expressions for entropy generation and Bejan number are obtained and presented in
plots. Results for skin friction coefficient, heat and mass transfer are computed in tabular form.The

following conclusions are drawn from this work.

e The parameters M Ec GrT, GrC Sc enhanced the rate of mass transfer but had an opposing
effect on the rate of heat transfer.

e The parameters Re and q increased the skin friction coefficient and the Nusselt number.

e Addition of nanoparticles in the fluid flow within the dryer improved the rate of mass
transfer and the skin friction coefficient but decreased the Nusselt number.

e The Sherwood number and skin friction coefficient increased with rise in Re and Ec, GrC
while it decreased with increase in radiation parameter and M, GrT, Sc, K respectively.

e The parameters Re and q decreases the rate of heat transfer while M, Ec, GrT, GrC, Sc, K
and ¢ tend to increase its effect. On the other hand, the rate of mass transfer is enhanced
with increasing values of M, EC, Grt,Grc, Sc, K and Re while ¢ and q have a negative effect
on it. The skin friction coefficient gets increased with increased values of Ec, Re, q, GrC
and ¢ however M, Grt, Sc and K have an opposing impact on it.

e Entropy generation increases with increase in concentration difference however it has
opposing effect on Bejan number.

¢ Entropy generation reduces with increased temperature within the dryer and increased
magnetic field strength however the opposite observation is made on Bejan number which
increases for increasing values of temperature and magnetic field strength.

¢ Entropy generation and Bejan number increases for increased values of Eckert number and

nanoparticle volume fraction.
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