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Entropy Generation during Cellular
Magnetoconvection
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Abstract—The entropy generated during the laminar natural ~ parallel and perpendicular to the direction of gravity to the
convection of fluid under the effect of an external magnetic yniformly heated vertical plate. It was seen that the velocity
field is studied in this paper. The numerical simulation for i, the flyid decreased with the increase in the magnetic field,
total entropy generation has been carried out for nonlinear o .
magnetoconvection. The entropy generation for laminar flow in and the temperatqre distribution approached the SOIU,“O_” for
the transient state due to fluid friction, magnetic effect as well Pure heat conduction. He also found that the magnetic fields
as heat and mass transfer, have been determined for stress-effects decreased the rate of heat transfer from the wall.
free boundary conditions. The entropy generation rates play The effects of an externally applied magnetic force on heat
an important role in the overall thermal mixing of the fluid transfer, fluid flow and entropy generation of liquid gallium

within the cavity. An analysis of total entropy generation (Sjex) - - .
is carried out for increasing values of thermal buoyancy and and air were analyzed in the rectangular cavity by El Jery

magnetic field using local entropy maps for the Prandtl number €t al [8]. Their results showed that entropy generation and
(Pry of liquid metals ranging from 0.001 to 0.03. It is found heat transfer rate are reduced inside the rectangular cavity

that Syen is @ monotonically increasing function with Ra. It py increasing the applied magnetic field.
is observed that the magnetic field has a diminishing effect on

heat transfer in the convective system, which in turn, leads to During th t th d d t fi Vi
retarding effect on total entropy generation. It is also shown that uring the past three decades, enlropy generation analysis

the kinetic energy of the fluid is reduced due to the application has become a powerful tool to optimize various complicated
of a vertical magnetic field. systems. Entropy generation is a common phenomenon
Index Terms—Entropy generation, Liquid metals, Thermal related to thermodynamics irreversibility, in all types of heat
convection, kinetic energy, Magnetic field. transfer processes. The entropy generation is responsible
for various sources of irreversibility, such as characteristics
of convective heat transfer, heat transfer across a finite
temperature gradient, viscous dissipation effect, magnetic
The magnetic diffusivity of liquid metals is higher infield effect, etc. For instance, multiple studies predicted
comparison to their thermal diffusivity. The density, thermahe irreversibility phenomenon within confined cavities.
conductivity, viscosity and specific heat are the basithe entropy generation has great importance in many
properties to be considered during heat transfer for liquighgineering fields such as cooling of nuclear reactors, heat
metals. Liquid metals are unique among fluids becauggchangers, geophysical fluid dynamics, energy storage
of their high thermal conductivity and consequently lowystems, MHD power generators, cooling of electronic
Prandtl number. The experimental studies of convecti@vices, etc. The optimal design of thermal systems can

in liquid metal are also made difficult by the complexitppe accomplished by reducing the entropy generation in the
of the thermal and dynamical measurements. Convectigystems.

is an important phenomenon in crystal growth from the

melt under the influence magnetic field. Thus experimentsBejan [9]-[10], spent much effort to determine the gap
involving liquid metals are of great value in assessing thgmong thermodynamics, heat transfer, and fluid mechanics.
effects of high electrical and thermal conductivity. There ange applied the second law of thermodynamics to determine
few experimental works on convective flows, made on liquighe entropy generations due to heat and flow transport and
metals such as mercury or sodium [1]-[5]. In a horizontaJonsequently to minimize the entropy generation. Saravanan
layer of liquid metal, thermal convection flow is inhibitedgnd Kandaswamy [11] studied the convection driven by the
according to the magnitude of an external magnetic fieldombined mechanism of surface tension and buoyancy in
Saunders [6] was the first to perform the measurementSow Prandtl number fluid in the presence of a uniform
of natural convection in liquid metal, with a uniform heatertical magnetic field. They showed that in the presence of
flux surface condition, using a vertical plate in mercuny vertical magnetic field the heat transfer decreases from the
The Experimental results of Saunders and his analysist wall to the cold wall as thermal conductivity diminishes.
were in agreement to a fair degree. Fumizawa [7] studied

experimentally the effect of the magnetic field upon laminar |n this paper, numerical investigations are performed to
natural convection of liquid metals using Mercury andtudy the effect of vertical magnetic field on Rayleigh-
NaK as working liquids. He imposed the magnetic field iBenard convection for electrically conducting liquid metals

. . . _ using entropy generation approach. The governing equations
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The methodology to solve the perturbed basic governing

2 |||
) ! 7' =d equations (1-4) along with the boundary condition (5) is
AT = similar to the numerical simulation approach adopted by

Rameshwar et al. [13].

Fig. 1. Schematic diagram of the physical model. I1l. ENTROPY GENERATION

In the quest for effective utilization of energy resources,

the perturbation analysis method for stress-free bounddf Process of natural convection must be proficient while
conditions. This numerical study is conducted for variouansferring heat with minimum entropy generation. The
governing parameters of magnetoconvection, whose effeBf§Sent work analyzes the effects of entropy generation in
on entropy generation are discussed and analyzed. TR@gnetoconvection, which depends on the viscous effects
methodology adopted to study entropy generation for tiydthin the ﬂmd a_nd the irreversible nature of heat t_ransfer.
physical parameters of liquid metals is similar to the nuthe non-dimensional form of local entropy generation rate
merical simulation of Rameshwar et al. [13]. The resul{g’scn) 1S given by the addition of fluid friction irreversibility

of variation of the kinetic energy of the fluid flow unde{Srr1) and heat transfer irreversibilitySerr).

influence of applied \(erti_cal magnetic field are also studied. Syen = Surr + Sprr (6)

It is shown that the kinetic energy of the fluid is reduced by

applying a vertical magnetic field. The increase in vertical 2 2

magnetic field suppresses the velocity fluctuation of fluid Surr = (ﬁ) + <%) (7
flow in a convective system. 90X 0z

du \? ow\? [Oou  ow\?
Il. M ATHEMATICAL MODEL SFF1¢[2 <a_)1é> +2<8_1ZU) N <5_;+a_;0() ®
An electrically conducting fluid is considered between

the two infinite horizontal planes as shown in Fig.1, Withyherey andw are the non-dimensional velocities i and

adverse tempgrature gra_dieft\ﬂ“’., It is /assumed that an directions, respectively) = (uTpx?)/(kK(AT)?) is the
externally applied magnetic field],, = 11,&, acts along the jreyersibility distribution ratio which is assumed ag—*
vertical direction. The perturbed basic governing equatiogs ihe present study.

in non-dimensional quantities in Boussinesq approximation,

are given by
V. RESULT AND DISCUSSION

The process of heat transfer for all real systems of

V.V=0,VH=0, (1) engineering is studied as an irreversible process. Which

is effectively associated with entropy generation. The
1 [0V Pry - generated entropy has an immense influence on the efficacy
Pry {E +(V.V) V] a QP—rl(H'V)H N of the system. It abolishes the existing work and consumes
2 QPry .y the available energy of the system. It can also further

-V Pr H[" + QH: | + add up to wastage of energy and causes a diminution

| 2Pr P g 9y

oH in the performance of the whole system. Due to this,
+Q8—Z+Ra9éz+V2V, (2) entropy generation becomes the principal criterion to

evaluate the efficacy of all engineering machinery. The

9 ) present model is described by a set of nonlinear partial
<§ -V ) 0=w—(V.V)0, (3) differential equations involving energy equation, momentum
equation and magnetic equation. The characteristics of

energy distributions in the convective system are analyzed

(ﬂé - Vg) H=Vx(V xé&,)+ by outlaying the entropy maps of total entropy generation.
Pry ot From the physical point of view, the impact of several
+ EV x (V x H), (4) values of specified parameters on heat transfer, such
1 as Rayleigh Number, thermal and magnetic Prandtl
where Ra = agBd*/kv, Q = pmH2d?/Amp,vn, Pri = numbers, Chandrashekar number are explored and presented

v/k and Pry = v/n. In Egs. (1)-(4)0(= T — T,), V and graphically in Figs. 2-6.

H denote the perturbed unknowns for temperature, velocity

and magnetic field, respectively. The stress-free boundarylhe total entropy generation maps for different values
conditions [14] are assumed in this study which are givédf Ra in the absence of a magnetic field (= 0) with

by, Pry = 0.025 are depicted in Figs. 2(a-c). At the onset,
92 SH due to weak fluid velocities, the frictional irreversibility
w= G—ZUQ) =0=0,Hx = Hy =0 and c’)—ZZ =0 is low. It is observed that, at the onset of convection i.e.

for Ra ~ Ra,, in Fig. (2a) the entropy maps are smooth

a z=0,1 (9 semi-cylindrical and dense near the boundaries. The entropy
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maps of higher values are located near the upper a
lower boundaries. The local maximum and minimum value
of Sg., are 0.00631 and O, respectively. The maximur
value of the total entropy generated is very small at tr
onset. The middle region is covered with smooth concentt
cylindrical entropy maps with a minimum value of 0 al
the center. This is because at the onset, the viscous fo
dominates and the heat transfer is mainly due to conductic
In the case ofkRa = 1.1Ra,, due to a higher rate of heat
transfer and enhanced fluid velocities, some of the entro
maps near the lower and upper boundaries extend up
the central region, influencing nearly the half-area of th
cavity as shown in Fig. 2(b). The entropy maps of th
mid-region of the bottom plane and right corner of the to
plane are expanded due to the higher buoyancy force. Tl
causes the deformation of central concentric cylindrici
entropy maps. The local maximum and minimum values ¢
Sgen, are 0.7337 and 0.0023, respectively. The maximu
value of Sy, is increased from 0.00661 to 0.7337 as th
buoyancy force increased from onset 1ol Rai,. High
thermal gradients are concentrated near the upper and lo\
boundaries and hence the total entropy generated due
heat transfer irreversibility and fluid friction irreversibility
is found to be high. It may be noted that the entropy may
are highly dense with high entropy gradients at lower ar
upper boundaries compared to the central zone with Ic
entropy gradients. This is due to low thermal gradients i
the middle region.
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The entropy maps foiS,., are exhibited forRa; =
1.3Ra, in Fig. 2(c). The entropy maps near the left botton
boundary and top right boundary extend up to the oppos
side due to the enhanced rate of heat transfer and fl
velocity, as shown in Fig. 2(c). The corresponding max
mum and minimum values o, are 7.7771 and 0.0039,
respectively. The maximum value 6f.,, is increased from
0.7337 to 7.7771. Which corresponds to a higher degree
irreversibility for heat transfer and fluid flow.

In Figs. 3(a-d) the entropy maps are depicted fc
@ = 1000, Pry = 0.017 and Pro = 0.001 for increasing
values of thermal buoyanci@). The buoyancy force
and magnetic effect act simultaneously along with th
gravitational buoyancy and change the energy distributic
are revealed by the entropy maps in Fig. 3(a-d). Tt
entropy maps near the onset are presented in Fig, 3'98.)2 Total entropy generation maps due to heat transfer aitiffiction
under the influence of the magnetic field. The number gj?'irréversibi”ty digiguﬁon ratioy :p10_4 Pri = 0.025 and Q — 0,
cellular patterns of entropy maps is almost doubled to th@j Ra = 1.001 x Rac (b) Ra = 1.1 X Rac (¢) Ra = 1.3 x Rac
of entropy maps without the magnetic field (Fig. 2(a)),
at the onset of convection in the presence of a magnetic
field. The corresponding maximum and minimum value®(c)), convection increases due to higher buoyancy force
of Seen, are 0.0061 and O, respectively. The magnetind consequently, the rate of heat transfer is also enhanced
susceptibility squeezes the energy distribution within tha the system. The local maximum and minimum values of
system and hence dampens the heat flow. The entrafiy, are 3.3225 and 0.0444, respectively. It is interesting
maps for the higher value oRs = 1.3Ra, are depicted to note that as thermal buoyancy is increased, the middle
in Fig. 3(b). The primary concentric cellular roll mapblique entropy maps extend towards the boundary regions
of entropy are deformed as oblique entropy maps. Tlieie to the high frictional irreversibility of the middle region
local maximum and minimum values &y, are 1.3782 of the cavity. The entropy generation due to fluid friction is
and 0.0324, respectively. The change in entropy mapsnfined to a small regime near the boundaries and at the
depicts the influence of higher thermal buoyancy on energgntral upper and lower regions.
distribution. AsRa is incremented byRa = 1.6 x Ra,(Fig.
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Fig. 3. Total entropy generation maps due to heat transfeflaittfriction
for irreversibility distribution ratiop = 10~% Pr; = 0.025, Q = 1000
and Pry = 0.001, (@) Ra = 1.001 X Rac (b) Ra = 1.3 X Rac (C)

Ra =1.6 X Rac (d) Ra =3 X Ra,

A further reorganization of entropy maps, due to enhanced
thermal buoyancyRa = 3 x Ra, is shown in Fig. 3(d).
The maximum value ofS,e, is increased from 3.3225
to 456.115, resulting in rapid heat transfer. The enhanced
frictional irreversibility due to high thermal buoyancy
generates multiple small entropy maps in the middle region.
These multiple small entropy maps represent the dominance
of the thermal field over magnetic field energy distribution.
It is deduced from figs. 3(a - d) that the kinetic energy is
strengthened by enhancing the paraméter which in turn
increases the rate of heat transfer in the system. It is also
evident that the increment iRRa increases the boundary
layer thickness. It is observed from Fig. 3(a-d) that an
increase in the Rayleigh number tends to enhance the heat
transfer. This phenomenon happens only in the presence of
a higher Buoyancy force.

The effect of the magnetic field on entropy maps is
presented in Fig. 4. The entropy maps in Figs. 4(a-c)
are plotted for different values of) with Ra = 2700,

Pry = 0.021 and Pro = 0.001. The dynamic viscosity of
the fluid is increased by enhancing the applied magnetic
field, which resulted in the decrease of yield stress. The
presence of a magnetic field in an electrically conducting
fluid creates a resistive force called Lorentz force. It resists
fluid motion, and as a result, the velocity of the fluid
reduces due to an increase in magnetic paramgtefrhe
significant effect of the magnetic field is an increase in
energy loss of the convective system, which in turn reduces
the entropy generation due to fluid friction. Figure 4(a)
represents energy distribution in the system €pr= 100.

The entropy maps are smooth closed loops in the middle
region while the semi-closed loops are restricted near
boundaries. This represents the net influence of magnetic
susceptibility (¢ = 100) which is balanced by thermal
buoyancy Ra = 2700) on the fluid flow in the system. The
local maximum and minimum values 6f,.,, are 0.0911 and
0.0003, respectively. The viscous force is comparable with
the Lorentz force and the rate of heat transfer across the
system stabilizes. Therefore the total entropy generation is
low. The reason for the almost horizontal profile of the total
entropy values is that the convection process transforms to
conduction. This is due to the decline in kinetic energy when
the high-intensity magnetic field is enhanced. So, the internal
viscous and thermal waves are eliminated by Lorentz force.
The total entropy generation map f@r= 50 is depicted in

" Fig. 4(b). As magnetic susceptibility is reduced, the thermal
* buoyancy dominates the energy distribution of the fluid

flow across the system, the reorganization in total entropy
maps is observed as shown in Fig. 4(b). The maximum
value of Sg., is increased from 0.0911 to 300.328, as
the applied magnetic field diminishes. It is interesting to
observe that entropy maps with low energy values almost
disappeared across both boundaries, as the magnetic field
reduced from@ = 100(Fig. 4(a)) toQ = 50(Fig 4(b)). It

can also be observed that multiple small local entropy maps
are generated in the middle region, and entropy maps near
boundaries extend up to the middle region due to dominant
viscous force compared to the Lorentz force.

In Fig. 4(c), the total entropy maps are presented for
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Fig. 5. Total entropy generation maps due to heat transfer aintiffiction
for irreversibility distribution ratiop = 10=4, Ra = 1.2 X Rao, Q = 500,
Pry = 0.001, (@) Pr1 = 0.025 (b) Pr1 = 0.005
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caused by diminishing the magnetic field intensity. Thus
as the Lorentz force decays, the more intermittent energy
distribution is observed across the system.
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Figure 5 illustrates the effect of thermal Prandtl number,
Pry on total entropy generation with the fixed values
of Ra = 1.2 x Ra,, @ = 500 and Pry = 0.001. The
entropy maps forPr; = 0.025 are depicted in Fig. 5(a).
Entropy maps for total entropy generation that are uniformly
distributed across the system represent the dominance
Fig. 4. Total entropy generation maps due to heat transfer aitffiction of the _C(_)nductlve mode of heat transfer. The maximum
for irréversibility distribution ratiop = 10=4, Pr; = 0.021, Ra = 2700, and m'_mmum values Of_Sgen are 1.0678 anq _0'02_08'_
Pra = 0.001, (a) Q = 100 (b) Q =50 (c) Q = 10 respectively. The convective mode of energy distribution is

observed as the value dPr; is decreased from 0.025 to

0.005, as shown in Fig. 5(b). Upon decreasing the value of
@ = 10. The buoyancy force becomes dominant over ther;, to 0.005, the entropy maps show highly intermittent
Lorentz force by decreasing. As a result, the heat transferenergy distribution, as shown in Fig. 5(b). The maximum
occurs rapidly. This phenomenon is observed from entropglue of S,.,, is increased from 1.0678 to 66.8127 as the
maps depicted in Fig. 4(c). It is observed that the maximuwalue of Pro decreased from 0.025 to 0.005. Multiple small
value of S, is increased from 300.328 to 4195.3, as thcal entropy maps are generated near both lower and upper
applied magnetic field drops fro® = 50(Fig. 4(b)) to boundaries and centrally located entropy maps extend up
@ = 10(Fig. 4(c)). The entropy map distribution shows thai boundaries due to an increase in thermal diffusivity over
with the enhancement of thermal buoyancy, the existencekifiematic viscosity. The thermal diffusivity and kinematic
high-temperature gradient and also due to the high-velocitiscosity differ in opposite directions, d%r; variates. Thus
level that causes stronger fluid friction. This is can bthe rise in thePr; stabilizes the convection and the energy
explained by the increase of velocity flow magnituddistribution across the system also gets stabilized, as similar
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Fig. 7. Variation of kinetic with respect t& /R for Pr; = 0.025 and
Pro = 0.15 x 106 (a) for different values ofy, (b) for different values
of Pro
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Fig. 6. Total entropy generation maps due to heat transfer aitffiction
for irreversibility distribution ratiop = 10~%, Ra = 2 x Ra,, Q = 500,
Pry =0.025, (@) Pra = 0.001 (b) Pra = 0.02

field has a damping effect on the kinetic energy of the
to Q. system. The corresponding power law equationsijot 0,
Q=1210andQ = 5 x 10® are K.E = 0.993(R/Ro)*%4,

The effect of Pro on energy distribution is studied K.E = 0.781(R/R)*°%® and K.E = 1.232(R/Ry)**',
from total entropy generation maps depicted in Fig. 6, foespectively. It can be noted that by increasipgalues, the
Ra = 2 x Ra,, @ = 500 and Pry = 0.025. Figure 6(a) is power law of the exponent decreases as well. In the absence
plotted for Pr, = 0.001 and the corresponding maximumof the magnetic field @ = 0), the power law exponent
and minimum values ofS,., are 7.4915 and 0.00905,of kinetic energy is 5 times with respect to normalised
respectively. The high-energy entropy maps are visibtemperature R/Ry). In comparison with nonmagnetic
very close to boundaries. In Fig. 7(b), fétr, = 0.02, the field (Q = 0), the kinetic energy is reduced approximately
maximum and minimum values of,., are 8.4393 and to three fold i.e., the power law exponent is 3.006 for
0.0179, respectively. A®r, is incremented the maximum@ = 1210. Considering the fact of suppression of velocity
value of entropy also increases. The entropy maps of hifibctuations by an imposed magnetic field, one would expect
energy values are visible close to boundaries as well aseduction of the kinetic energy of the fluid. The results of
in the middle region. Upon increasing the value Bf2, kinetic energy are in accordance with the results of entropy
the energy distribution in the system enhances. This is dgenerated in the system. Similarly, the effect of magnetic
to the attenuation of magnetic diffusivity and increase iRrandtl number on kinetic energy is presented in Fig. 7(b).
thermal diffusivity. Thus convective system destabilizes &he variation of kinetic energy with respect ®/R, is
Pry increases, which is similar tRa. analyzed forPry = 1.5 x 1076 and Pry = 1.5 x 1072, The

corresponding power law equations f&r, = 1.5 x 1076

The effect of applied vertical magnetic field on the kinetiand Pro = 1.5 x 1072 are K.E = 1.063(R/Ro)*°!* and
energy of the fluid flow is presented in Fig. 7(a) for théd.E = 0.730(R/R)>7", respectively. The kinetic energy
values of Pr; = 0.025 and Pry = 0.15 x 1076 [15]. The shows a damping effect with an increase Mr,, for a
variation of kinetic energy with respect ®/R, is studied given value of R. Similar to the vertical magnetic field,
for the values ofp = 0, Q = 1210 and@ = 5x 10® [16]. At the magnetic Prandtl number also stabilizes the convective
a constantk, amplifying @ always causes a decrease in thgystem and hence heat transfer diminishes.
kinetic energy. Thus, it can be stated that a vertical magnetic
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V. CONCLUSION

The problem of energy distribution in laminar natural
convection under an externally applied vertical magnetic field
is evaluated numerically by using the entropy generation
principle. Entropy generation rates play an important role
in the overall thermal mixing of fluid within the cauvity.
The effect of Chandrasekhar numht@y thermal ¢r,), and
magnetic Pr2) Prandtl numbers on total entropy generation
is considered simultaneously. Entropy generation due to a
magnetic effect, fluid friction as well as heat and mass
transfer has been evaluated for laminar flow in the transient
state for stress-free boundary conditions. The total entropy
enhances as thermal buoyancy generated increases due to a
higher degree of irreversibility associated with heat transfer
and fluid flow. It is well known that under the influence of
an externally applied vertical magnetic field, the convective
currents are diminished. It is observed that under uniform
thermal buoyancy the total entropy generated enhances with
a decrease of the magnetic field. &%, gets incremented,
the total entropy generation in the fluid across the layer
increases, and the flow is accentuated®as increases. It is
also shown that the kinetic energy of the fluid is reduced by
the application of a vertical magnetic field, thereby reducing
the velocity fluctuation. The results of entropy generated
in the system and kinetic energy of the fluid flow are in
reasonable agreement with the results of Rameshwar et al.
[13].
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