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Abstract
Natural convection was studied by discrete ordinates approach within a radiation enclosure in which nanoparticles

absorption and scattering were taken into consideration. Nanofluid was prepared in deionized water as the base fluid and

Al2O3 nanoparticles. In order to reach a semitransparent medium suspension, nanofluid was prepared by adding small

amount of Al2O3 nanoparticles volume concentration. In addition, the Navier–Stokes equations were solved based on

SIMPLE algorithm of finite volume method to simulate the natural convection and then coupling to radiation by discrete

ordinates approach. Two-dimensional inclined rectangular enclosure was assumed, while the inner emissive walls were

found to be diffuse-gray. The various values of Ra number and volume concentration of nanoparticles at different

wavelengths were studied. The results declared that the wavelength had positive impact on the radiation heat flux. More

accurate results were obtained in comparison with the previous researches used Roseland approximation, due to using the

discrete ordinates method to consider the adsorption and scattering coefficients. With increasing nanoparticles volume

concentration, the scattering coefficient increased; hence, the heat transfer of radiation declined. On the other hand, it

enhanced the natural convective heat transfer. By coupling these two conclusions, it was observed that more volume

concentration corresponded to less total heat transfer which implied the main outcome of present work and made it

different from the present works used nanofluid.

Keywords Volumetric radiation � Semitransparent � Discrete ordinates � Nanofluid � Participating media

List of symbols
AR = 3 Enclosure aspect ratio

B Emissive power in non-dimensional form

H Enclosure height (m)

I Intensity

Ka, Ke and

Ks

Absorption, extinction and scattering

coefficients

L Enclosure length (m)

P Pressure (Pa)

Pl Planck number

qR Heat flux of radiation (W m-2)

Qe, Qa and

Qs

Extinction, absorption and scattering

efficiency

T Temperature (K)

Greek symbols
e Emissivity

c Inclination angle

r Stefan Boltzmann constant

(= 5.67 9 10-8 W m-2 K-4)

k Wave length (nm)

x Scattering albedo

s Optical thickness

Subscripts
Con Convection

f Fluid

Introduction

One of the methods was used in previous effort for

increasing the heat transfer efficiency was concentrated on

application of particles in micro- or nano-scales. The

results of experimentations exhibit that by decreasing the

size of particles more heat transfer efficiency can be
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obtained, and this is due to the fact that by decreasing the

particles size more solid surface is obtained [1–5]. Thus,

implementation of nanoparticles can enhance the heat

transfer within the fluid due to the smaller size of

nanoparticles and more available solid–liquid interface.

Nanoparticles are made in nanometer dimension that their

mean diameters are at the range of 10–100 nm. There are

wide ranges of studies through the literature on the effect of

nanoparticles on heat transfer efficiency within the base

fluid [6–10].

Das et al. [11] studied numerically transient natural

convection within a vertical channel containing nanofluid

in the presence of heat radiation. According to their find-

ings, the nanofluid velocity in PST was much higher than

PHF and by increasing the nanoparticle volume concen-

tration, the velocity and nanofluid temperature decreased.

Moreover, their results showed that heat radiation had

major impact on nanofluid velocity and temperature.

Ho et al. [12] studied the natural convective heat transfer

within a square-shaped enclosure containing water/Al2O3

nanofluid by means of finite element method. In their

simulation, upper and lower walls were chosen to be

insulated and different temperatures were chosen for two

other walls. According to their findings, different models

for viscosity estimated different Nu numbers during solv-

ing partial differential equations numerically.

Bourantas et al. [13] studied numerically natural convec-

tive heat transfer in nanofluid with constant physical

properties within a square enclosure with high porosity. In

their experimentation, the lower wall was chosen for pro-

ducing constant heat flux and other walls were kept at low

temperature. Their results showed that at constant

nanoparticle volume fraction, with the increase in Ra

number, the averaged Nu number increased significantly.

Oztop et al. [14] presented a research in order to investigate

the natural convective heat transfer within a highly porous

square-shaped enclosure. Their results declared that by

increasing Darcy number at constant Ra number, the

averaged Nu number increased significantly. There are

wide range of studies concerned heat transfer and fluid flow

within the porous media inside the micro- or macrochan-

nels [15–21].

In previous efforts, it is mentioned that by adding

nanoparticles to base fluid, the heat transfer efficiency

increases which is due to the thermal conductivity of

nanoparticles. Adding nanoparticles to the base fluid, the

overall thermal conductivity of nanofluid increases and

leads to higher heat transfer rate through the fluid. Several

other works can be addressed to predict the nanofluid

thermo-physical properties [22–27]. Karimipour et al.

[28, 29] studied heat transfer within a microchannel, and

they concluded that heat transfer in nanofluid is much

higher than heat transfer in the base fluid. Also other

numerical and experimental results can be referred in order

to prove the more Nusselt number because of the higher

values of nanoparticles concentration [30–40]. Some of the

researchers have investigated heat radiation and convective

natural heat transfer together. They found that increasing

radiation on the boundaries led to much higher impact on

radiation equations as well as the emission and absorption

coefficients. The significant effects of radiation on natural

convective heat transfer were reported in the several works

[41–52]. Alvarado et al. [53] studied the effect of natural

convection and surficial radiation and showed by increas-

ing the inclination angle, and the total heat transfer rate

increased. Sheikholeslami et al. [54] studied numerically

the effect of heat radiation on heat transfer enhancement

within a square enclosure in which water/Al2O3 was used

as the nanofluid. According to their results, the heat

transfer enhancement had direct relation to Ha number, but

it had reverse relation with Ra number. Ghalambaz et al.

[55] investigated the impact of viscous dissipation and

radiation on natural convection heat transfer within a por-

ous square enclosure containing nanofluid. Their experi-

mentation declared that the values of Nu number were not

the same as the condition near to the hot and cold walls due

to the dissipation viscous impacts. In addition, they con-

cluded that by increasing Ec number, Nu number decreased

near to the hot wall and increased near to the cold wall.

Naghib et al. [56] investigated experimentally the induced

natural convective heat transfer produced by means of

direct radiation to the square-shaped enclosure containing

pure water. Akbar et al. [57] studied numerically the

impact of various thermal conductivity and heat radiation

on carbon nanotubes flow with slippery boundary condi-

tions. Based on their results, velocity profiles and boundary

layer thickness increased for single-wall carbon nanotubes

as well as multiwall carbon nanotubes at constant Gr

number. Several other works reported the nanofluid appli-

cations at various conditions [58–60].

It was seen that the most of the previous researches

reported their results while they all used Roseland

approximation to obtain the heat radiation. However, the

Roseland method did not take the scattering of particles

into account through a radiation beam. The comparison

between the experimental method and the Roseland

approach showed that the results were slightly different.

Thus, in order to present the more accurate numerical

results in this study, discrete ordinates (DO) approach was

used to simulate the natural convection and heat radiation

in a cavity filled with nanofluid to consider the scattering

and absorption of nanoparticles.
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Problem statement

In this study, natural convection together with thermal

radiation was studied numerically in an enclosure by using

commercial software of FLUENT 6.3.2. The nanofluid

used in this research was water/Al2O3 which was in heat

equilibrium and velocity with water. Table 1 implies the

properties of Al2O3 and water. Small amount of nanopar-

ticles was dispersed within the base fluid to generate a

semitransparent environment. In this research, the shape of

the enclosure was like a solar collector panel which was

located with inclination angle of 45�, (c = 45�). According
to Fig. 1, the enclosure was made of two cold (TC) and hot

(TH) walls and two insulated vertical walls. The cavity

aspect was chosen as AR = L/H = 3. Navier–Stokes

equations were solved by using SIMPLE algorithm with

finite volume method coupled by DO model. Discrete

ordinates approach was used due to the fact that the

absorption and scattering coefficients of nanoparticles in

the nanofluid could be taken into consideration. In order to

take into account the floating forces, Boussinesq approxi-

mation was implemented.

The inner side of walls was chosen to be gray with

emissivity of e = 0.5. The effects of different values of

Rayleigh number (Ra = 104 and Ra = 105) and nanoparti-

cles volume concentration (u = 0.1% and u = 0.3%) were

investigated at various amounts of radiation wavelengths

(k = 200 nm, k = 300 nm and k = 600 nm). It was well

known that the radiation effects were more important at the

large values of surfaces temperatures. However, the

dimensionless approach was used at present work to show

the effects of surfaces radiations according to the non-di-

mensional physical conditions of the supposed problem.

Governing equations

Optical properties

One of the important issues for simulating thermal radia-

tion in a cavity was obtaining the absorption coefficient,

scattering coefficient and refractive index of nanofluid.

Therefore, by using Mie theory, the coefficients of scat-

tering, extinction and refractive index of nanofluid were

estimated by lowest deviation.

m ¼ np þ iKp

nm
ð1Þ

where m, np, kp and nm were the relative refractive index,

the actual refractive index of the nanoparticle, the virtual

refractive index of the nanoparticles, and the refractive

index of the medium, respectively. Also, the size factor

was calculated by following equation:

v ¼ pd
k

ð2Þ

Also, the scattering and extinction coefficients of the

nanoparticles were obtained as follows:

Qs;k ¼
2

X2

X1

n¼1

2nþ 1ð ÞRe anj j2þ bnj j2
� �

Qe;k ¼
2

X2

X1

n¼1

2nþ 1ð ÞReðan þ bnÞ
ð3Þ

an and bn showed the Mie scattering coefficients [50, 51].

The coefficients of absorption, scattering and extinction

were related to each other by the following relationship:

Qe;k ¼ Qa;k þ Qs;k ð4Þ

Equation 3 indicates the extinction coefficient of

medium:

Table 1 Properties of Al2O3

and water [35]
cp/J Kg

-1 K-1 q/Kg m-3 k/W m-1 K-1 l/Pa s b ð1=KÞ

Water 4179 997.1 0.613 8.91 9 10-4 21 9 10-5

Al2O3 765 3970 40 – 0.85 9 10-5

L

g

TH

TC

H

Na
no
flu
id

y x
γ

Fig. 1 The geometric configuration of the enclosure
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Ke;k ¼
1:5uQe;k

d
þ 1� uð Þ 4pKbf

k
ð5Þ

Kbf was the extinction coefficient of base fluid that could be

calculated by following relation:

Ke;k ¼ Ka;k þ Ks;k ð6Þ

Ks;k and Ka;k were absorption and scattering coefficient of

medium which could be calculated by the following rela-

tion by means of physical properties of water/Al2O3

nanofluid (Table 2).

Ks;k ¼
k2

2p

X1

n¼0

2nþ 1ð Þ anj j2þ bnj j2
� �

Ke;k ¼
k2

2p

X1

n¼0

2nþ 1ð ÞRe an þ bnf g
ð7Þ

More details can be found in Refs. [50, 51].

Natural convection

The Navier–Stokes equation was presented as follows for a

two-dimensional radiant enclosure [52]:Continuity:

ou

ox
þ ov

oy
¼ 0 ð8Þ

x-momentum:

u
ov

ox
þ v

ou

oy
¼ � 1

q
op

ox
þ l
q

o2u

ox2
þ o2u

oy2

� �
þ bg T � T0ð Þ sin c

ð9Þ

y-momentum:

u
ov

ox
þ v

ou

oy
¼ � 1

q
op

oy
þ l
q

o2v

ox2
þ o2v

oy2

� �
þ bg T � T0ð Þ cos c

ð10Þ

Energy:

u
oT

ox
þ v

oT

oy
¼ a

o2T

ox2
þ o2T

oy2

� �
� 1

qc
r � qR ð11Þ

The density, viscosity, heat capacity, thermal conduc-

tivity and thermal expansion coefficient were calculated

according to the following equations [61]:

qnf ¼ uqs þ 1� uð Þqf ð12Þ

lnf ¼ lf= 1� uð Þ2:5 ð13Þ

qcp
� �

nf
¼ 1� uð Þ qcp

� �
f
þu qcp

� �
s

ð14Þ

knf ¼ kf
ks þ 2kfð Þ � 2u kf � ksð Þ
ks þ 2kfð Þ þ u kf � ksð Þ

� 	
ð15Þ

qbð Þnf¼ 1� uð Þ qbð Þfþu qbð Þs ð16Þ

Equations (13, 15) were used according to Ref. [61] by

Aminossadati and Ghasemi who investigated the natural

convection cooling of a localized heat source at the bottom

of an enclosure filled by a nanofluid composed of Al2O3/

water. That article has been considered as a one of

benchmarks studies of nanofluid in the cavities. However,

more new experimental and theoretical correlations have

been presented for the thermo-physical properties of that

nanofluid. It should be mentioned that noticeable differ-

ences were not observed between the values of nanofluid’s

thermal conductivity and viscosity from Eqs. (13, 15) of

Ref. [61] with those of other available articles. In this

equations, f and s referred to the base fluid and nanopar-

ticles and u was volume concentration of nanoparticles.

Navier–Stokes equation could be rewritten in the forms of

dimensionless parameter by using the following equations

[52]:

Y ¼ y=H; X¼ x=H; V ¼ vH=t; U ¼ uH=t; P¼ pH2= q0t
2

� �

h¼ T �TCð Þ= TH�TCð Þ; /¼ T �T0ð Þ= TH�TCð Þ
Pr¼ t=a; Gr¼ gbH3 TH�TCð Þ=t2

Ra¼Gr: Pr¼ gbH3 TH�TCð Þ= tað Þ
ð17Þ

oU

oX
þ oV

oY
¼ 0 ð18Þ

Table 2 Optical properties of

water/Al2O3 nanofluid [50]
Volume fraction k ¼ 200=nm k ¼ 300=nm k ¼ 600=nm

Ks=m
�1 Ka=m

�1 Ks=m
�1 Ka=m

�1 Ks=m
�1 Ka=m

�1

u = 0.1% 26 40 5 13 1 8

u = 0.3% 80 40 15 13 1 8

Table 3 Grid study at X = 0.5L and Y = 0.8H for / = 0.1%,

Ra = 105 and k = 200 nm

255 9 85 270 9 90 285 9 95

U 7.31 7.32 7.325

h 0.66 0.67 0.67
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U
oU

oX
þ V

oU

oY
¼ � oP

oX
þ o2U

oX2
þ o2U

oY2

� �
þ Ra

Pr
/ sin c

ð19Þ

U
oV

oX
þ V

oV

oY
¼ � oP

oY
þ o2V

oX2
þ o2V

oY2

� �
þ Ra

Pr
/ cos c

ð20Þ

U
o/
oX

þ V
o/
oY

¼ 1

Pr

o2/
oX2

þ o2/
oY2

� �
� /0

PlPr
r � QR ð21Þ

Pl ¼ k
H4rT3

0

¼ 0:1 and r were Planck number and Stefan–

Boltzmann constant, respectively. In addition, the averaged

reference temperature could be calculated according to the

following equation:

T0 ¼ 0:5 TH þ TCð Þ ð22Þ

which was equal to /0 ¼ T0= TH � TCð Þ. According to

Fig. 1, the natural convection boundaries were estimated

using the following equations,

U ¼ V ¼ 0 : at X ¼ 0;X ¼ 3; 0�Y� 1

U ¼ V ¼ 0;/ ¼ �0:5 : atY ¼ 0; 0�X� 3

U ¼ V ¼ 0;/ ¼ þ0:5 : atY ¼ 1; 0�X� 3

ð23Þ

Table 4 Validation versus those

of Tiwari and Das [62] at

Gr = 10000

u = 0 u = 8%

Present work Tiwari and Das [62] Present work Tiwari and Das [62]

Ri = 0.1 Umax 0.51 0.48 0.49 0.46

Num 32.02 31.64 43.97 43.37

Ri = 10 Umax 0.21 0.19 0.20 0.18

Num 1.41 1.38 1.91 1.85

Table 5 Alvarado et al. results

[53] versus present work ones
Ra qsouth qnorth

Present work Alvarado et al. [53] Present work Alvarado et al. [53]

105 161.68 163.30 - 160.93 - 162.45

106 348.58 351.77 346.76 - 350.04

Fig. 2 Streamlines for Ra = 104 and / = 0.1% at k = 200 nm (top),

k = 300 nm (middle), k = 600 nm (bottom)
Fig. 3 Isotherms for Ra = 104 and / = 0.1% at k = 200 nm (top),

k = 300 nm (middle), k = 600 nm (bottom)
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Radiation

According to Eq. 21, the term of QR in energy equation

could be calculated by using discrete ordinates (DO)

approach and the radiation intensity for the medium with

constant refractive index was calculated by using the fol-

lowing correlations [41, 42]:

l
oI

oX
þ n

oI

oY
þ sI ¼ s

4p
1� xð ÞB

Z

4p

IdX

2

4

3

5 ð24Þ

x ¼ Ks

Ka þ Ks

;B ¼ T

T4
0

; s ¼ Ks þ Kað ÞH ð25Þ

where I, x, B, and s were dimensionless intensity at

coordinate (X, Y) in one path on X, the unit reflect of the

scattering, the strength of dimensionless scattering and

visual thickness, respectively. Plank number in Eq. 21 was

related to N parameter, (introducing convection-radiation),

by means of following relation:

N ¼ k KsKað Þ
4rT3

0

¼ Pl � s ð26Þ

The vector of radiation heat flux was obtained by,

Fig. 4 Streamlines for Ra = 105 and / = 0.1% at k = 200 nm (top),

k = 300 nm (middle), k = 600 nm (bottom)

Fig. 5 Isotherms for Ra = 105 and / = 0.1% at k = 200 nm (top),

k = 300 nm (middle), k = 600 nm (bottom)

U
–10 –8 –6 –4 –2 0 2 4 6 8 10

Y

0.0

0.2

0.4

0.6

0.8

1.0

Ra = 104, = 0.1%, = 200 nm
Ra = 104, = 0.1%, = 300 nm
Ra = 104, = 0.1%, = 600 nm

U
–10 –8 –6 –4 –2 0 2 4 6 8 10

Y

0.0

0.2

0.4

0.6

0.8

1.0

Ra = 104, = 0.3%, = 200 nm
Ra = 104, = 0.3%, = 300 nm
Ra = 104, = 0.3%, = 600 nm

Fig. 6 Horizontal dimensionless velocity profiles at vertical central

line at Ra = 104
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QR ¼
Z

4p

XIdX ¼
Z

4p

liþ njð ÞIdX ð27Þ

With integrating over Eq. (21) by means of DO, the

following relation was obtained [42, 52]:

r � QR ¼ 1� xð Þs B�
Z

4p

IdX

2

4

3

5 ð28Þ

Due to the heat radiation, the following equation should

be taken into consideration as a boundary condition over

the insulated walls at X = 0 and X = 3 for 0 B Y B 1.

�r/þ /0

Pl
QR

� �
� i ¼ 0 ð29Þ

Results and discussion

In the present study, the natural convection and volumetric

heat radiation were investigated numerically in a rectan-

gular enclosure filled with water/Al2O3 nanofluid as a

semitransparent medium. Discrete ordinates approach was

used to simulate the radiation heat transfer considering the

scattering and absorption of nanoparticles.

In order to reach an independent mesh, U and h for

u = 0.1%, Ra = 104 and k = 200 nm at X = 0.5L and

Y = 0.8H were studied and the results were reported in

three different meshes of 85 9 255, 90 9 270 and

95 9 285 in Table 3. As it was concluded from the results,

it was more appropriate to use mesh of 90 9 270 due to the

better results were obtained.

In Table 4, a comparison was made on averaged Nu

number over the vertical wall and maximum horizontal

velocity over the central vertical line with the results

obtained by Tiwari and Das [62] at Gr = 10000. As it could

be seen, the results were same and no significant deviations

U
–40 –30 –20 –10 0 10 20 30 40

Y

0.0

0.2

0.4

0.6

0.8

1.0

Ra = 105, = 0.1%, = 200 nm
Ra = 105, = 0.1%, = 300 nm
Ra = 105, = 0.1%, = 600 nm

U
–40 –30 –20 –10 0 10 20 30 40

Y

0.0

0.2

0.4

0.6

0.8

1.0

Ra = 105, = 0.3%, = 200 nm
Ra = 105, = 0.3%, = 300 nm
Ra = 105, = 0.3%, = 600 nm

Fig. 7 Horizontal dimensionless velocity profiles at vertical central

line at Ra = 105

0.0 0.2 0.4 0.6 0.8 1.0

Y

0.0

0.2

0.4

0.6

0.8

1.0
Ra = 104, = 0.1%, = 200 nm
Ra = 104, = 0.1%, = 300 nm
Ra = 104, = 0.1%, = 600 nm

0.0 0.2 0.4 0.6 0.8 1.0

Y

0.0

0.2

0.4

0.6

0.8

1.0
Ra = 104, = 0.3%, = 200 nm
Ra = 104, = 0.3%, = 300 nm
Ra = 104, = 0.3%, = 600 nm

Fig. 8 Dimensionless temperature profiles at vertical central line at

Ra = 104
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were observed. In order to validate the results of this study

with other studies, more data were extracted from the

article published by Alvarado et al. [53] which is presented

in Table 5. The results also showed that the deviation of

data obtained in this research and the literature was less

than 5%.

Figures 2 and 3 show the streamlines and isotherms at

Ra = 104 and u = 0.1% at k = 200 nm, k = 300 nm and

k = 600 nm. As it can be seen, a large cell surrounds the

enclosure’s space indicating that there is a floating force in

the enclosure. The presence of hot and cold liquids helps to

form isotherms within the middle of the enclosure. On the

other hand, the isotherms have specific and same curvature

near the insulating walls. Figures 4 and 5 show the flow

and isotherms are obtained at the same conditions and

Ra = 105. The results of Figs. 2 and 3 are the same for

Figs. 4 and 5. As it is observed, no significant changes are

seen on streamlines and isotherms at various wavelengths.

Figure 6 shows the U profiles along the vertical center

line of the enclosure for u = 0.1% and u = 0.3% at

Ra = 104. Considering the shape, wavelength changes and

no effects of volume concentrations on the velocity profiles

are obtained, thus the velocity of nanofluid is zero near the

upper and lower walls within the enclosure and the velocity

is maximum at Y & 0.2 and Y & 0.8. Figure 7 shows U

profiles on the vertical center line of the enclosure for

u = 0.1% and u = 0.3% at Ra = 105 for various wave-

lengths. As shown in Fig. 6, volume concentration has no

more effect on U profiles. Also same results are obtained

from Fig. 7. But it is observed that with the increase in

wavelength higher velocity is obtained due to increased

radiation effect on the buoyancy forces. Figure 8 shows the

linear profiles of h on the vertical center line of the

enclosure for u = 0.1% and u = 0.3% at Ra = 104 and

different wavelengths. It is concluded that changes in

volume concentration and wavelength are not affected.

Y

0.0

0.2

0.4
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0.8

1.0
Ra = 105, = 0.1%, = 200 nm
Ra = 105, = 0.1%, = 300 nm
Ra = 105, = 0.1%, = 600 nm

0.0 0.2 0.4 0.6 0.8 1.0

0.0 0.2 0.4 0.6 0.8 1.0

Y

0.0

0.2

0.4

0.6

0.8

1.0
Ra = 105, = 0.3%, = 200 nm
Ra = 105, = 0.3%, = 300 nm
Ra = 105, = 0.3%, = 600 nm

Fig. 9 Dimensionless temperature profiles at vertical central line at

Ra = 105
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Fig. 10 Radiation heat flux and radiation together convection heat

flux on hot wall at Ra = 104
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Similarly (for Ra = 105), the linear profiles of h on the

vertical center line of the enclosure which is presented in

Fig. 9 are the same as the previous results.

In Fig. 10, the local heat flux of the radiation and the

local heat flux of the total radiation and natural convection

on the hot wall of the enclosure are presented at a constant

volume concentration of nanoparticles and Ra = 104 for

k = 200 nm and k = 600 nm. As it can be seen, with the

increase in the wavelength of the radiation, the value of

convective heat flux and radiation will increase. Moreover,

For X\ 0.75 the heat flux is maximum and then decli-

nes insignificantly. The same trend is also observed for

the heat flux in Ra = 105 which is presented in

Fig. 11. However, by comparison between the results

presented in Fig. 10 and 11, it can be seen that with

increasing Ra number the heat flux of convection and

radiation also increases due to increased floating force, but

it is noteworthy to express that the heat radiation flux in the

constant wavelength increases significantly.

To investigate the effect of the wavelength on the heat

flux, the radiation heat flux on the hot wall is calculated in

Fig. 12 at Ra = 104 and Ra = 105. As it can be seen, with

the increase in the wavelength of the heat transfer, the

radiation increases which is due to the declination in the

absorption and scattering coefficient. Also, this effect is

more pronounced with the increase in Ra number. In order

to investigate the effects of the nanoparticles volume

concentration on the heat flux, the local heat flux of radi-

ation and the total natural convective heat flux on the hot

wall of the enclosure are presented in Fig. 13 for different

k and u at Ra = 104 and Ra = 105. It can be seen that with

increasing the wavelength and Ra number, the heat flux of

the total convection and radiation increases significantly.

On the other hand, in the case of k = 300 nm, the con-

vective and radiative heat transfer decrease with increasing

nanoparticles volume concentration. According to Table 2,

with the increasing nanoparticles volume concentration, an
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Fig. 11 Radiation heat flux and radiation together convection heat
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increase in scattering coefficient is resulted that reduces the

heat transfer of radiation and increases the natural con-

vection. For k = 600 nm, the scattering coefficient does not

change, and therefore the heat flux would not change

significantly.

To investigate the effect of the nanoparticles volume

concentration on the heat flux of radiation, it is given for u
and k at Ra = 104 and Ra = 105 in Fig. 14 on the hot wall.

According to the results and as previously mentioned for

other condition with the increase in volume concentration

of nanoparticles, the heat transfer of radiation decreases at

k = 300 nm and it does not change at k = 600 nm. In

Fig. 15, the radiation heat flux and the total radiation and

convection heat flux on the hot wall of the enclosure are

presented for different values of Ra, u and k. As it can be

seen, with the increase in volume concentration at

k = 300 nm, the maximum effect is resulted on heat

transfer also at k = 200 nm less effect is obtained and also

can be neglected at k = 600 nm.
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Conclusions

Natural convection with radiation heat transfers was stud-

ied numerically, and the following results were obtained:

1. More accurate results were achieved in comparison

with the previous researches used Roseland approxi-

mation, because of applying discrete ordinates method

and considering the adsorption and scattering coeffi-

cients of nanoparticles.

2. The nanoparticles volume concentration did not have a

significant effect on U profiles, but it increased with

the wavelength and buoyancy forces. Concentration

and wavelength had not significant impact on temper-

ature profiles. Moreover, the heat flux of the radiation

with convection mechanisms increased at more

wavelengths.

3. Because of the decrease in absorption and scattering

coefficients at higher wavelengths, the scattering

radiation of the medium reduced and this process

would increase the heat flux of the radiation on the

walls. Increasing the Ra number made this phe-

nomenon with more intensity.

4. With increasing nanoparticles volume concentration,

the scattering coefficient increased; hence, the heat

transfer of radiation declined. On the other hand, it

enhanced the natural convective heat transfer. By

coupling these two conclusions, it was observed that

more volume concentration corresponded to less total

heat transfer which implied the main outcome of the

present work and made it different from the present

works used nanofluid.
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60. Sharafeldin MA, Gróf G, Mahian O. Experimental study on the

performance of a flat-plate collector using WO3/Water nanoflu-

ids. Energy. 2017;141:2436–44.

61. Aminossadati SM, Ghasemi B. Natural convection cooling of a

localised heat source at the bottom of a nanofluid-filled enclosure.

Eur J Mech B/Fluids. 2009;28(5):630–40.

62. Tiwari RK, Das MK. Heat transfer augmentation in a two-sided

lid-driven differentially heated square cavity utilizing nanofluids.

Int J Heat Mass Transf. 2007;50:2002–18.

Discrete ordinates simulation of radiative participating nanofluid natural convection in an… 2195

123

Author's personal copy

https://doi.org/10.1016/j.molliq.2016.06.102

	Discrete ordinates simulation of radiative participating nanofluid natural convection in an enclosure
	Abstract
	Introduction
	Problem statement
	Governing equations
	Optical properties
	Natural convection
	Radiation

	Results and discussion
	Conclusions
	References




