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Abstract Buoyancy-driven free convection in a typical

solar air heating system is investigated numerically using

an indigenous code. Solar air heating (SAH) is reliable and

economic for harnessing solar energy for heating/ ventila-

tion of buildings. Design, as well as application of such

system/devices, needs in-depth knowledge of its transport

process. To address these issues, the present study explores

the fundamentals of fluid flow and heat transfer process by

modeling ‘H’ shape cavity packed with saturated porous

media, heated from bottom protruded body and cooled at

the sides of the top protruded body, respectively. Rests of

the walls are insulated. Two different working mediums

(air and copper–water nanofluid) are utilized for assessing

the overall thermal behavior. Evolved flow physics is

analyzed and visualized for a wide range of pertinent

parameters like Rayleigh number (Ra = 103–106), Darcy

number (Da = 10–7–10–3), porosity (e = 0.1–1), the con-

centration of nanoparticles (/ = 0–4%), and heater aspect

ratio (A = 0–2.5) for the clear domain as well as porous

domain. All the results have been visualized by streamli-

nes, isotherms, and heat lines. The heat transfer rate is

influenced significantly by the different parameters. It is

observed that usage of nanofluid ensures heightened heat

transfer compared to air even in the presence of the porous

medium. At higher Ra, an increasing trend of heat transfer

is noted for aspect ratio from 0 to 1.0 for nanofluid (0–0.5

in case of air), beyond this heat transfer decreases, and then

heat transfer increases.

Keywords Solar heating � Convection � Porous cavity �
Nanofluid � Heatline � Heat transfer

Abbreviations

A Aspect ratio of the protruded body

Da Darcy number

h Height of the protruded body, m

K Permeability of the porous medium, m2

L Length of the cavity/length scale, m

Nu Average Nusselt number

p Pressure, Pa

Pr Prandtl number

Ra Rayleigh number

T Temperature, K

u,v Velocity components, m/s

U,V Non-dimensional velocity components

w Width of the protruded body

x,y Cartesian coordinates, m

X,Y Dimensionless coordinates

Greek symbols

a Thermal diffusivity, m2/s

b Thermal expansion coefficient of fluid, K-1

h Dimensionless temperature

/ Nanoparticles concentrations

e Porosity

t Kinematic viscosity, m2/s

q Density, kg/m3

r Electrical conductivity (l�Scm-1)
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w Dimensionless stream function

P Dimensionless heat function

Subscripts

a Ambient

h Heating

f Pure fluid or base fluid (for nanofluid)

s Solids

Introduction

Continual depletion in fossil fuel storage along with

increment in environmental pollution, application of

renewable energy like solar heating has gained significant

attention in various domestic, agricultural as well as

industrial applications. In fact, solar energy is an indis-

pensable energy source, which can provide clean and eco-

friendly power for the sustainable development of society.

An effective and efficient means to feat this free and

cleaner energy is to convert solar radiation into solar

heating through a solar air heater (SAH). These SAH

devices are simple in construction, eco-friendly, and cost-

effective for converting solar radiation into thermal energy.

The common applications of these devices are for room

heating, ventilation, refrigeration, drying of food grains,

agricultural crops, solar water desalination, solar water

heater, drying of laundry, textile, and other industrial

applications [1–3]. Typical SAH consist of an absorber

plate and a heat exchanging medium. Heat exchanging

medium may be porous structure, phase-change material,

water, and others [4]. Several researchers are devoted to

improving the efficacy of these heating devices.

Xiao et al. [5] have investigated (both experimentally

and numerically) the invert V-shape cavity absorber fitting

with fins for converting solar energy into thermal energy

using heat transfer fluid (including air/ water) through a

parabolic trough collector (PTC) system. They have

reported the overall thermal performance of the different

heat transfer fluids in the cavity under various parametric

influences. Adopting the concept of a solar-assisted air

heating system, Goel et al. [6] examined various parametric

effects on flow dynamics and heightened thermal perfor-

mance of a hemispherical cavity. Considering an inverted

trapezoidal-shape cavity receiver in a solar reflector sys-

tem, Reddy and Kumar [7] scrutinized the convective and

radiative heat losses to maximize the solar radiation con-

version into thermal energy. In another class of work, solar

air-heaters are utilized for generating power through a solar

chimney system. Recently, Pradhan et al. [8] thoroughly

reviewed the design of a solar chimney power plant (SCPP)

toward achieving enhanced performance. Considering free

aspirated airflow, enhanced magnetohydrodynamic thermal

convection in a protruded heater cavity has been studied by

Biswas et al. [9]. In this study, they have reported heat

transfer augmentation * 46% with the aspirate flow.

From the knowledge of the above-mentioned back-

ground, in the present work, an attempt has been taken to

explore the fundamentals of solar heating systems in a

typical discrete heating and cooling system involving free

convection heat transfer through a fluid-saturated porous

substrate. A thorough literature review in the area of cur-

rent research is carried out. A detailed account of the

review on the discrete or distributed solar heating system is

reported by Das and Basak [10]. Several researchers

[11–14] studied the buoyancy-driven natural convection in

a protruded heater/ block cavity and analyzed the heat

transfer process under different parametric conditions.

Such a heat transfer process is affected significantly when

porous media is present. Thermal convection through

porous media has been analyzed by many researchers

under different thermal boundary conditions and reported

that the heat transfer process decreases in the presence of

porous media. Heat transfer through porous media is well

documented in refs. [15, 16]. Mohebbi et al. [17] have

reported about that convection is a partitioned porous

cavity, applicable in typical solar power plants. Very

recently, an energy-saving approach for enhancing heat

transfer in a typical porous thermal cavity has been

reported by Biswas et al. [18] adopting free aspiration.

Of course, the efficacy of any energy conversion system

is the primary concern during the designing of a device/

system pertaining to a thermal energy system. The selec-

tion of appropriate working fluid is the key parameter for

improving the thermal efficiency of a system. As air is a

poor conductor of heat, further improvement of thermal

efficacy with air as heat transfer fluid (HTF) is limited.

Thus, HTF having better thermophysical properties (like

water, oil, ethylene glycol) showed interest to the

researchers for enhancing thermal efficacy. Further to the

above a novel coolant, ‘nanofluid/ hybrid nanofluid has

been developed by the researchers with the suspension of

nano-sized particles (diameter * 100 nm) in a carrier

fluid. Due to the immersion of nanoparticles, the thermal

conductivity of the carrier fluid intensified markedly. As a

result, application of nanofluid/ hybrid nanofluid in dif-

ferent heat transfer devices/systems has been attracted.

Shah and Ali [19] reported the limitation and challenges of

hybrid nanofluids applications in diverse solar energy

systems. Using nanofluid/ hybrid nanofluid, thermal effi-

cacy is improved significantly even in the presence of heat

transfer dampening porous medium. A detailed review of

this topic can be found in [20–22].

Saleh et al. [23] numerically examined the U-shaped

cavity-filled hybrid nanoparticles suspended phase-change

material (PCM) immersed in water. They found that heat

123

208 J. Inst. Eng. India Ser. C (April 2022) 103(2):207–221



transfer improvement could be more than 9% with 1%

nano-capsules particles. Considering the U-shaped cavity

and hot obstacle, the thermo-fluid flow behavior of Al2O3–

Water or TiO2–water nanofluid a has been numerically

studied by Ma et al. [24]. They found an increasing trend of

heat transfer with the increasing cavity aspect ratio. Ther-

mal convection in an air-filled cavity with bilateral inclined

solid and porous fins has been numerically investigated by

Keramat et al. [25] and reported * 60% enhancement in

heat transfer. Further works that enhanced thermal con-

vection in cavities could be found in the literature [26–30].

The extensive review of literature illustrates the signif-

icance of thermo-fluid flow analysis in a confined space

involving thermal gradient, porous structure, and nano-

sized solid particles. Thus, the present study focuses to

investigate thermal convection in an ‘H’ shape cavity

packed with fluid-saturated porous media, heated from the

bottom protruded body utilizing the solar heating system

and cooled at the sides of the top protruded body, respec-

tively, varying Rayleigh number, Darcy number, porosity,

heater aspect ratio, etc. This study uses air as a working

fluid initially and further, the study is extended using Cu-

water nanofluid keeping in mind that the recent advance-

ment in the development of appliances uses the engineered

special fluids. Flow-through porous media is also con-

ducted to predict the variation of thermo-physics in the

cavity. Both clear and porous domains are analyzed and

compared. Overall thermal performance of the thermal

cavity has been compared to report better heat transfer fluid

for the fixed cooling length. The dynamics of energy (heat)

transportation are visualized using Bejan’s heatline [31].

The outcome from such a study can be applied to the

design of solar heating/ drying/ air conditioning/ thermal

storage systems.

Problem Description and Mathematical
Formulation

The typical solar heating system and its simplified enlarged

view of the computational geometry along with the

boundary conditions are illustrated in Fig. 1. The geometry

is of ‘H’ shape cavity having its side/length L. Heat is

accumulated by the cavity fluid through the protruded body

placed centrally at the middle of the cavity bottom wall (at

temperature Th, assuming isothermal condition); whereas

the cavity hot fluid is utilized for secondary system heating

by rejecting the heat (at temperature Ta) through the sides

of the top protruded body. The rest of the walls are insu-

lated. The cavity is packed with fluid (Pr = 0.71 and 6.93)

saturated porous medium. The width of the top and bottom

protrusion is taken fixed (w = 0.2L). Aspect ratio A (= h/

w) of the bottom protrusion varies from 0 and 2.5; how-

ever, in this study top protrusion aspect ratio is kept at

A = 1.

For analyzing the evolved flow physics, flow is two-

dimensional, laminar, steady, incompressible, Newtonian

within the limit of Boussinesq approximation is assumed.

Brinkman-Forchheimer-Darcy model (BFDM) and local

thermal equilibrium model (LTE) between the porous

material and fluid [15] are used for solving momentum and

energy equations, considering hydrodynamically and ther-

mally isotropic and homogeneous porous medium. The

non-dimensional governing equations for mass, momen-

tum, and energy [12, 29] can be written as:

For Air as Working Medium
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For Nanofluid as Working Medium

Fig. 1 Typical solar heating system and its simplified enlarged view
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where X and Y, U and V, P, h are the non-dimensional

coordinates, velocity components; pressure, and

temperature as mentioned below.

ðX; YÞ ¼ ðx; yÞ=L; ðU;VÞ ¼ ðu; vÞ=ðaf =LÞ;
P ¼ p=qfðaf=LÞ2;h ¼ ðT � TaÞ=ðTh � TaÞ

ð9Þ

The non-dimensional numbers: Prandtl, Rayleigh,

Hartmann, and Darcy number (Pr, Ra, Ha, and Da,

respectively) are defined as

Ra ¼ gbfðTh � TaÞL3=aftf ; Pr ¼ tf=af ;

Da ¼ K=L2, Fc ¼ 1:75=
ffiffiffiffiffiffiffiffi
150

p ð10Þ

The transportation of the heat energy from the heat

source to the heat sink is illustrated using Bejan’s heatlines,

which are generated after solving heat function equations

[31]. Boundary conditions specified for the computation of

the problem are:

at the hot wall U ¼ 0; V ¼ 0; h ¼ 1;
at the cold wall,U ¼ 0; V ¼ 0; h ¼ 0;

at the adiabatic walls, U ¼ V ¼ 0; oh=oY ¼ 0:

To compute the characteristics of heat transfer rate from

the heated surface is expressed in terms of the dimen-

sionless form of total heat inflow qi, total heat outflow qo,

and average Nusselt number ðNu). This quantity is calcu-

lated considering the local Nusselt number (Nu) of heating

walls of the protruded body as

Nul ¼ � oh
oX

����
leftwall

;Nur ¼ � oh
oX

����
rightwall

; and Nut

¼ � oh
oY

����
topwall

; ð11Þ

The heat inflow (qi) and average Nu are calculated using

dimensionless height ðH ¼ h=LÞ and width ðW ¼ w=LÞ of
the protruded body as

qi ¼
k

kf

� � ZH

0

NuldY þ
Z0:5ðLþWÞ

0:5ðL�WÞ

NutdX þ
ZH

0

NurdY

2
64

3
75

ð12Þ

The thermophysical properties of the host liquid water,

denoted by subscript ‘f’’ having Pr = 6.93 and Cu-

nanoparticle are listed in Table 1 [20]. Cu-water

nanofluid properties are calculated using the volumetric

concentration of nanoparticles (/) suspended in the base

fluid. Following relations are utilized for obtaining the

nanofluid density, specific heat, and thermal expansion

coefficient:

q ¼ ð1� /Þqf þ /qCu ð13Þ

ðqCpÞ ¼ ð1� /ÞðqCpÞf þ /ðqCpÞCu ð14Þ

ðqbÞ ¼ ð1� /Þ(qbÞf þ / (qbÞCu ð15Þ

The effective dynamic viscosity, thermal diffusivity a,
thermal conductivity (k), and effective electrical

conductivity (r) of nanofluid [20] are given by

l ¼
lf

ð1� /Þ2:5
ð16Þ

a ¼ k

ðqCpÞ
ð17Þ

k ¼ kf
ðks þ 2 kfÞ � 2/ ðkf � ksÞ
ðks þ 2 kfÞ þ / ðkf � ksÞ

� �
ð18Þ

r ¼ rf 1þ 3ðrs/rf � 1Þ/
ðrs/rf þ 2Þ � ðrs/rf � 1Þ/

� �
ð19Þ

A numerical simulation is carried out using a well-

validated in-house CFD code [11, 12, 27, 30]. FVM is

adopted to discretize the coupled transport equations using

the SIMPLE algorithm [32] and TDMA solver. The

iterative solutions of differential equations are achieved

by setting the upper limiting values of mass-defect and

residuals limit to\ 10–10 and 10–8, respectively. Before

Table 1 The thermodynamic properties of nanoparticles and base

fluid [20]

Properties Water Cu

q(kgm-3) 997.1 8933

l(kgm-1 s-1) 9.09 9 10–4 -

Cp(J kg
-1 K-1) 4179 385

K(W m-1 K-1) 0.613 401

b( K-1) 21 9 10–5 1.67 9 10–5
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conducting the extensive simulation, the mesh sensitivity

test (considering non-uniform grid distribution) is carried

out which is not incorporated here for brevity. Finally,

190 9 190 grid size is selected for the present

investigations.

Result and Discussion

Thermal behaviors of the studied problem of ‘H’ shape

cavity heated at the bottom through protruded body uti-

lizing solar heating approach and cooled at the top are

investigated numerically. The cavity is filled with porous

medium. Two different working fluids of air and Cu-water

nanofluid are considered for the investigation separately.

The study is conducted for wide ranges of parameters:

Rayleigh numbers (Ra = 103, 104, 105, 106), Darcy number

(Da = 10–7, 10–6, 10–5, 10–4, 10–3), and porosity (e = 0.1,

0.3, 0.5, 0.6, 0.8, 1.0) of the porous substance, heated

protruded body aspect ratio (A = 0, 0.5, 1, 1.5, 2 and 2.5),

nanofluid volume fraction, / = 0 to 4%. For the compar-

ison, a clear domain (in absence of porous medium) is also

simulated. Obtained results are presented through stream-

lines, isotherms, heatlines contours including average Nu,

and discussed systematically for different parametric con-

ditions below.

Assessment of Thermo-Fluid Phenomena Using Air
(Pr = 0.71) as a Working Medium

Effect of Rayleigh Number

The impact of varying fluid Rayleigh number (Ra) on the

thermal and fluid flow behavior is illustrated in terms of

combined streamlines and isotherms (in the top row) and

heatlines (in the bottom row) for the clear domain in

Fig. 2a and porous domain in Fig. 2b (at Da = 10–4,

e = 0.6), respectively, for A = 1. For the clear domain, heat

energy enters into the cavity through the bottom protrusion;

whereas the cavity is exchanging heat with the surround-

ings through the sides of the top protrusion (symmetrically

located in the cavity). As a result, fluid in the cavity being

hot at the lower part of the cavity flows upward and cooled

after releasing heat through the heat sink (as in Fig. 2a).

However, due to localized heating at the bottom and

cooling at the top of the ‘H’ shape cavity, four counter-

rotating symmetric circulations cells (mid horizontal plane)

appear in the cavity for Ra = 103. Thus, fluid circulation

forms because of temperature gradients and the weaker

buoyancy effect. Corresponding isotherms are distributed

from left-to-right between the bottom and top protrusion.

Isotherms are noted to be curve-shaped and symmetrical

about the middle vertical axis of the cavity. It became

horizontal at a distance vertically to attain the balance

condition of heating and cooling.

Isotherms depicted opposite-shaped curves near the

cooling zone and symmetrically about the same axis. The

direction and strength of streamlines are dictated by the

horizontal temperature gradient of the isotherms, thus the

formation of four circulations. Bottom circulations are for

heating and top are for cooling. The transport of heat

energy from the heat source to the heat sink is reflected by

the heatlines contour. At Ra = 103, due to conduction

dominancy heat transfer, heat energy transports through a

small corridor straightaway. However, as Ra increases to

Ra = 104, and 105, the strength and size of the lower fluid

circulation cells increases as reflected by the value of the

contours of streamlines. At Ra = 104, both conduction and

convection mode helps to transport heat energy. The iso-

therms are distributed similarly in between the heat source

and heat sink as observed previously, however, the iso-

therms curve deflects more in the heating zone and thereby

formation of large circulation. Interestingly, heat energy

transports from the heat source to heat sink through a long

corridor; as energy circulation cells form in the lower part

of the cavity closer to the side walls. However, at Ra = 105,

convection mode dominates the heat transfer process. As

convection increases, the maximum value stream function

increases as well. The strength of the energy circulation

cells rises at Ra = 105. The enhancing trend of heat transfer

from the bottom heated walls of the protruded body is

indicated by qi. Cooling circulation strength decreases as

the cooling area being fixed. Thermal and fluid flow

behavior modify significantly with the porous medium (as

in Fig. 2b). In the presence of the porous substance,

resistance to fluid flow increases, resulting in a substantial

decrease in maximum stream function and isotherms dis-

tributed between the heat source and heat sink. It is also

pertinent to mention that two pair of circulating cells

remain similar in shape, as convection force drops but the

strength of the circulation increases as usual with increas-

ing Ra. With the porous substance, energy circulation cells

disappear due to poor flow as noted at Ra of 104 and 105 for

the clear domain. Also, with porous medium heat transfer

from the heated walls qi (below the isotherm plots)

decreases significantly due to weaker thermal convection.

An increase in heat transfer like the case with clear water

may be expected further at higher Ra.

The overall trends of heat transfer from the heated

protruded body (qi) with increasing Ra are indicated in

Fig. 3 for both the clear and porous domains (at Da = 10–4,

e = 0.6) for A = 1. It indicates a consistent increment in qi
for the clear domain as Ra increases beyond Ra = 104.

However, with the porous domain, there is no significant

increment of heat transfer compared to the clear domain.
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Fig. 2 Effect of Rayleigh number (Ra) on the thermal and flow fields for (a) clear (in absence of porous medium) and (b) porous domains at

Da = 10–4, e = 0.6, A = 1
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Effect of Permeability and Porosity of the Porous
Medium

With the variation of Darcy number (Da) and porosity (e),
the influence of porous medium (resistance to fluid flow)

on thermal behavior by streamlines, isotherms, and heat

lines is investigated and presented in Fig. 4 at Ra = 106,

e = 0.6, A = 1 and Fig. 5 at Ra = 105, Da = 10–4, A = 1,

respectively. No significant change in streamlines, iso-

therms, and heatlines is noted when Da changes from 10–6

to 10–5. However, major changes of bottom circulations

(shape and strength) at Da = 10–3, increasing heating cor-

ridor with passive energy circulation are noticed. This

indicates a high heating value at a high Darcy number

whereas it affects less at the low value of Da. Furthermore,

isotherm lines are clustered with the bottom protruded

body at a higher Da value. However, the effect of

increasing porosity does not show major changes in the

flow structure, temperature distributions, and heatlines for

porosity e = 0.3, 0.5, and 1.0.

Effect of Da and e on heat transfer characteristics at

Ra = 106, A = 1 is illustrated in Fig. 6, it is observed that,

increase in Darcy number from 10–7 to 10–3 heat transfer

rate does not change (qi) for Da\ 10–5 for a fixed value of

e = 0.6, A = 1. Of course, a significant increment in qi is

noted, which indicates improved and more heat transfer

after Da of 10–5. The reason for such increment is due to

the decrement in resistance to fluid flow with increasing

Da. As flow resistance decreases, more flow circulation

establishes leading to the transportation of more amount of

heat from the heat source to the heat sink depicted in

streamlines, and thus, heat transfer increases. On the other

hand, as porosity increases from 0.1 to 1 for a fixed value

of Da = 10–4, and Ra = 106 and A = 1 almost no change in

heat transfer rate (qi) is observed. A similar finding is

already reported in the existing literature.

Fig. 3 Effect of Rayleigh number (Ra) on the heat transfer

characteristics at Da = 10–4, e = 0.6, A = 1
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Effect of Protruded Body Aspect Ratio (A)

The influence of heat transfer surface on the flow structure

and thermal behavior for different aspect ratios of the hot

protruded body (A = 0, 0.5, 2.5) is investigated and pre-

sented in Fig. 7 for Ra = 106, Da = 10–4, e = 0.6. An

increase in the aspect ratio of the protruded body increases

the height of the body (keeping fixed cooling length),

which in turn increases the heating surface area. As a

result, more amount of heat enters into the cavity, leading

to stronger fluid circulations within the cavity—as indi-

cated by the streamlines. Interestingly, at A = 0 (heat-ab-

sorbing wall flushed with the bottom wall) single

circulating cell (rotating in CCW direction) forms inside

the cavity. Isotherms are distributed in between the top and

bottom walls, its nature also supports the anticlockwise

circulation inflow structure. This single-cell circulation is

due to the localized heat at the bottom and discrete cooling

at the top guided by the insulated sidewalls of the cavity.

Heatline contours indicate that heat energy is transported

from the bottom heated wall to the cold wall through the

right portion of the cavity; whereas energy circulation cells

form on the left portion of the cavity following the fluid

circulation.

With a rise in aspect ratio to A = 0.5, the flow structure

shows a similar pattern, but qi is improved significantly as

the heating surface area increases. However, flow structure,

temperature distribution, and energy circulation patterns

modify markedly when A increases to 2.5. Two pairs of

symmetrical flow circulation were established about the

mid-vertical plane. Lower circulation cells become larger

and stronger due to higher heat energy input into the cavity

fluid and higher convective flow. Corresponding isotherms

are distributed in between the active walls maintain the

high-temperature line adjacent to the heated body, and low-
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temperature line close to the top cooling walls. Heatlines

contours also show the presence of two energy circulation

cells on each side of the heated protruded body. Of course,

qi increases with the increasing A. The reason for not

obtaining two bottom circulations despite A = 0.5 is due to

the small height of the protruded body which is insufficient

to generate the temperature gradient in the left and right

sides of the body.

Of course impact of the enhanced heating surface due to

increasing protruded body height can be understood by

plotting the total heat transfer (qi) with increasing A. The

trends of qi with increasing A are presented in Fig. 8 at

Da = 10–4, e = 0.6 for Ra = 105 and 106. Of course, the

heat transfer increases monotonously with the increasing

A as the heating surface area increases at Ra = 105. How-

ever, at Ra = 106 the trend of heat transfer rate shows an

unusual pattern of increment up to A\ 1; as qi markedly

when A increases from 0 to 0.5. Beyond this qi decreases

and then heat transfer increases monotonously following a

similar trend of the curve at Ra = 105. The reason for such

an unusual pattern is due to the formation of a single larger

circulation cell inside the cavity for A\ 1 at a higher value

of Ra = 106 and after which two pairs of circulation cells

forms. This influences temperature distribution inside the

cavity as well as energy transportation patterns. Further-

more, there is a mutual negotiation between the increasing

heating surface with the reduction in the effective working

fluid volume.
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Assessment of Thermo-Fluid Phenomena Using Cu-
Water Nanofluid (Pr = 6.93)

Effect of Rayleigh Number (Ra)

The use of water being higher conductivity changes the

fluid flow and heat transfer phenomena in the enclosure.

The addition of a small volume of nanoparticles in water

increases further the conductivity as well. Flow-through

porous media alters thermo-fluid flow physics. In this

section, Cu is added as a nanoparticle in water, and the

investigation is made considering with or without porous

media in this enclosure. In addition to the effect of

nanoparticles, the effect of Ra, Da, volume fraction (/),
and protruded body aspect ratio (A) are analyzed for the

clear domain (without porous media) and porous domain of

the enclosure.

Figure 9 is shown to observe the effect of Ra (103, 105,

106) at Da = 10–4, / = 0.02, e = 0.6, A = 1. It is usual to

note that the strength and size of the bottom streamlines

increase with Ra due to the rise in buoyancy force, for-

mation of isotherms similar to flow through the porous

domain (Fig. 2b) in the case of air as a working medium. A

major difference in the streamline contour with air and

nanofluid is the strength of the circulation that is much

more with nanofluid due to enhanced thermal convection.

Corresponding isotherm contours show marked changes as

Ra increases from 105 to 106. The heatline shows a large

corridor and heat flow with two heat energy circulations at

a higher Ra of 106. Furthermore, the width of the heat

energy transport passage increases as the magnitude of Ra

increases. This implies an intensity of heat energy increases

and its transport through the narrow passage.

As a results at higher Ra, two energy circulation cells

forms symmetrically about the mid-vertical plane. There is

no measurable change in the magnitude of heat transfer up

to Ra of 104 (observed no change in streamlines, though it

is not presented here). An increase in heat transfer is

noticed with Ra for both the considered cases of the clear

domain and porous domain as depicted in Fig. 10 when

Ra[ 104. The reason behind this may be attributed to that

the heat transfer at low Ra is mostly due to conduction

which is mostly convection at higher Ra (higher buoyancy

force). It is also revealed that heat transfer is more in the

case of the clear domain, this happens due to the reduction

of flow velocity caused by the porous domain.

In comparison to the earlier consideration with air (clear

as well as porous domain), it is evident that the rate of heat

transfer is much larger with the nanofluid, and this is

because of the presence of nanoparticles with its high

thermal conductivity. Ra shows a dominant effect after 104

in the air like the present study with nanofluid.
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Effect of Darcy Number (Da)

The effect of Da at Ra = 106, / = 0.02, e = 0.6, A = 1 is

illustrated in Fig. 11 by flow, temperature, and heatlines.

The increase of Da from 10–6 to 10–5 does not influence the

thermophysical phenomena inside the cavity too much

although the flow velocity increase is caused by a poor

flow. A significant change is noticed at Da of 10–3, flow

vortex increases its shape and strength by showing more

heat transfer corridors with two passive circulations in heat

lines. This analysis is carried out with a higher fluid Ray-

leigh number of 106. This high Ra (resulting in higher

buoyancy force) does not show a major impact as the flow

is restricted that reduces the convective forces. This is

supported by Fig. 12 which shows no change in the heat

transfer up to Da of 10–5 for Ra = 106, / = 0.02, A = 1. It

is usual to obtain higher heat transfer at a higher Ra of 106

but after Da of 10–5 whereas marginal increment in qi is

noted after Da = 10–4 with Ra = 105. This happens due to

the significantly higher convective flow velocity at

Ra = 106 compared to Ra = 105. At the higher Ra, fluid

velocity overcomes the losses through the porous structure.

The magnitude of heat transfer using nanofluid is high as

compared to air but the effect of Da is noticed after 10–5 as

compared to air as a working medium (in Fig. 6).

Effect of Nanoparticle Volume Fraction (/)

Impact of addition to nanoparticle on the thermal and flow

fields is shown by Fig. 13 at Ra = 106, e = 0.6, A = 1. No

remarkable change in streamlines, isotherms, heat lines is

observed with increases in volume fraction. This change in

heat transfer is presented separately in Fig. 14 for at

Ra = 106, A = 1, e = 0.6, and it shows that the there is a

marginal change in heat transfer, which is due to a rise in

Fig. 10 Effect of Rayleigh number (Ra) on the heat transfer

characteristics qi at Da = 10–4, / = 0.02, e = 0.6, A = 1
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viscosity that reduces the buoyancy force despite a high Ra

of 106. Further, it has been checked with a Ra of 105 and

presented in this Fig. 14. This shows increases in heat

transfer with volume fraction, this may be increased in

conductivity.

Effect of Protruded Body Aspect Ratio (A)

In the section, the effect of increasing protruded body

aspect ratio (A) is exercised and presented in Fig. 15 for

Ra = 106 and Da = 10–4, / = 0.02, e = 0.6. From Fig. 15,

a similar pattern is noted in the flow structure and heat

transport process as noted with air as a working medium (in

Fig. 7). However, an improvement in heat transfer is noted

here (compared to air as a working medium). This is due to

the enhanced thermal conductivity with nanofluid. To

Fig. 12 Effect of Da on the heat transfer characteristics qi at

Ra = 106, / = 0.02, A = 1

Fig. 13 Effect of nanoparticle volume fraction (/) on the thermal and flow fields at Ra = 106, e = 0.6, A = 1

Fig. 14 Effect of nanoparticle volume fraction (/) on the heat

transfer characteristics qi at Ra = 106, A = 1, e = 0.6
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understand the global heat transfer characteristics, the

effect of protruded body aspect ratio (A) on the heat

transfer characteristics qi is plotted in Fig. 16 for

Da = 10–4, / = 0.02, e = 0.6. The heat transfer rate

increases monotonously with the increasing aspect ratio at

Ra = 105 as observed earlier with air as the working

medium (in Fig. 8). At Ra = 106, the trend of heat transfer

rate shows a rising tendency when A increases from 0 to 1.0

(which is from 0 to 0.5 in the case of air). Beyond this qi
decreases till A = 1.5 and then heat transfer increases

monotonically similar Ra = 105. The reason behind this

fact is due to the change in the number of circulation from

single to multiples and its orientation as the aspect ratio

increases. Furthermore, as the thermal conductivity of the

nanofluid is superior compared to air, magnitude of heat

transfer is more with nanofluid. Thus, depending on the

requirement proper selection of geometric parameters as

well as flow-controlling parameters can effectively control

the thermal management in a typical solar thermal system.

Conclusions

Taking into consideration of solar thermal heating system,

in this work, the ‘H’ shape cavity packed with fluid-satu-

rated porous media, heated from the bottom protruded body

and cooled at the sides of the top protruded body is

investigated numerically under a wide range of parameters.

Both air and Cu-water nanofluid are used as working fluid

(separately) inside the cavity with or without porous media.

The results are illustrated using streamlines, isotherms, and

total heat transfer. Furthermore, the dynamics of heat

energy transport are well visualized using Bejan’s heat-

lines. The major observations are concluded as follows:

• The localized heating at the bottom and cooling at the

top form four counter-rotating symmetric circulations

A = 0 A = 0.5 A = 2.5

1 2

0.5

3

0

0.3

0.9

0.1

0.7

0.5

1 20.
5

3

0

0

0.7

0.50.3

0.1

0.9

-0.6

0.6
-0.2

-1

0.6

0

00.
2

1

0

0.2-0
.6

-0
.2

0.9
0.1

0.5

0.
9

0.5

0.
1

0.9

0.
6

-0
.601

-1

0.
6

0.
2

-0.6

1
1.2

0.4

0
-1

0.6

0.6

-1

0.4
0.6

0

1.
41

-1.4

-0
.6

-0.4

qi = 1.355 qi = 1.657 qi = 1.714

Fig. 15 Effect of protruded body aspect ratio (A) on the thermal and flow fields at Ra = 106, Da = 10–4, / = 0.02, e = 0.6

Fig. 16 Effect of protruded body aspect ratio (A) on the heat transfer

characteristics qi at Da = 10–4, / = 0.02, e = 0.6

123

J. Inst. Eng. India Ser. C (April 2022) 103(2):207–221 219



in the cavity. Heat energy is transported from the heat

source to sink through a long corridor as noted by the

heatlines. The width of the heat energy transport

corridors is dictated by the convection strength, which

is indicated by the Ra. Higher Ra (C 104) corresponds

to more convective flow and more heat transfer.

• The use of porous domain always reduces the buoyancy

force, increasing Rayleigh number (Ra C 104) causes

more heat transfer with a clear domain compared to the

porous domain for both cases of air and nanofluid. Low

Rayleigh number does not affect heat transfer (for both

the cases of air and nanofluid) whether the cavity with a

clear domain or porous. Nanofluid increases the heat

transfer as usual due to enhanced thermal conductivity

of the working fluid.

• The rate of heat transfer increases with the increase in

Da as the usual notion, this influences more after

Da = 10–5 both in air or nanofluid. The use of nanofluid

shows superior heat transfer through the porous

medium compared to air. Change in porosity has no

significant impact on the heat transfer rate. With the

porous domain, the effect of increasing Ra strongly

depends on the Da of the porous substance.

• As the protruded body aspect ratio (A) increases, the

heat transfer increases substantially. This depends on

Ra. The heat transfer increases monotonously with an

aspect ratio at Ra = 105 both air and nanofluid. At

Ra = 106, the heat transfer rate rises for aspect ratio

from 0 to 1.0 for nanofluid (0 to 0.5 in case of air),

beyond this heat transfer decreases till A = 1.5 (A = 1

for air), and then heat transfer increases monotonically.

• The addition of nanoparticles does not confirm always

heat transfer which depends on Ra. By the addition of

nanoparticles, heat transfer increases significantly with

Ra = 105, whereas the changes are marginal with

Ra = 106.
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