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Abstract

This research presents the quantitative outcomes of the convective
heat loss through natural convection in a two dimensional (2D)
open cavity. The experimental study presented here marks
considerable value in solving numerous problems in the area of
thermal engineering e.g. from designing of semiconductor
electronic devices to thermal receivers specifically for solar
concentrators. The numerical analysis is done on two-dimensional
cavity models with Computational Fluid Dynamics (CFD)
FLUENT Software Tool. The variation in temperature of the
contrary wall referring to the aperture in the cavity was observed
in the range from 10 %K to 40 %K, while the temperature was
maintained as 300 °K at the surrounding fluid relating with the
aperture. The other walls were kept insulated. The results are
acquired for Rayleigh ranging from 9.41 x 105 to 3.76 x 10°
and tilt angle ¢ of 0°, 15°, 30°, 45°, 60°, 75° and 90° in steady
state.

Keywords:
Computational Fluid Dynamics; Convective heat loss; Nusselt
number; Solar cavity; Solar concentrators;

1. Introduction

The “Cavities” are found and categorized in two forms:
(1) Closed cavity and (2) Open cavity. Whereas if the
aperture is open to the atmosphere, such one is known to be
an “Open cavity”. There are several applications of open
cavity heat transfer in numerous areas of practical interest,
for example, Solar concentrator systems, Solar passive
architecture, Refrigeration, electronic equipment cooling,
and fire research. Therefore this has been widely focused
and analyzed [1] in research.

The Buoyancy-driven heat transfer imparts major role in
heat transfer appliances concerning to the open cavities. For
example, the geometrical shape of the cavity, the inclination
angle, the wall boundary conditions, the aspect ratio and the
opening ratio; thus making it difficult to estimate [1]. The
literature on convection heat transfer in open cavities is
mainly explored such as cubical, rectangular and square
shaped cavities [2]. Cylindrical i.e. cylindrical with a conical
frustum, spherical and hemispherical shaped cavities that are
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used for specific applications like solar thermal receivers
were also studied. Also, convective losses from cubical and
rectangular open cavities have been extensively studied [3]
[4] [5] [6]. Prakash in [7] had investigated a cylindrical
receiver having the ratio of “Aperture diameter” to the
“Cavity diameter” greater than one as shown in Eq. (1).

Aperture Diameter

Cavity Diameter @

He determined and reported the influence of the
parameters such as receiver inclination, the fluid inlet
temperature and the external wind on the convective losses.
Thereafter he carried out computation on correlations of
Nusselt number (Nu) concerning to the receiver’s aperture
diameter; and proposed model for convective losses under
no-wind conditions with three dimensional (3D) numerical
analysis [7] using the Software Package FLUENT [8] for
Computational Fluid Dynamics CFD.

A numerical study of combined i.e. convection heat, as
well as radiation heat loss from a reformed cavity receiver
of solar parabolic dish collector, was also carried out using
Asymptotic Computational Fluid Dynamics technique
(ACFD) by N. Sendhil Kumar [9]. He determined and
concluded that the convection heat loss is influenced by
radiation heat loss [9].

2. Cavity Investigated

The cavity in a square shape with an open ratio % = 1 with

three different temperature ranges is analyzed. The open
cavity structure is shown in Fig.1, where (H) is the height,
and (L) is the length or depth of the cavity. The effect of
Rayleigh number (Ra) and the inclination angle (¢) of the
cavity on the convective loss Q. and Nusselt number (Nu)
are studied extensively. The variation of temperature of the
opposite wall to the aperture in the cavity was observed in
the range from 10°K to 40°K with step of 10°K. While the
other walls were found adiabatic [10] [11] [12] [13].
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3. Mathematical Formulation

The simulation of flow, as well as heat transfer, is depending
on the formulation of a simultaneous system of equations
expressing the parameters of energy, momentum, and mass
conservation that can be described for an incompressible
fluid [14] as shown in Eq. (2), (3), (4), and (5):
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Where U, V are Fluid velocities; x , y are Cartesian
Coordinates; g is Acceleration due to gravity in m/S?; k is
Thermal conductivity coefficient in Watts per meter Kelvin
W/(m-K); p is Pressure in Pascal (Pa) ; T is
Temperature in kelvin K ; C, is Specific heat of air in
kJ/(kg - K) Kilo Joule per Kg Kelvin; g is Volumetric
coefficient of thermal expansion 1/K; p is Fluid density in
kg/m3 [15].

4. Numerical Approach and Validation

A two dimensional (2D) numerical model of the square
cavity is created. The simulation is performed using the
Gambit tool/ CFD Package facilitated in FLUENT®
Software Tool [8] [14] [1]. The surroundings of the cavity
are set ambient. The receiver is covered with unbounded
atmosphere with an ambient air temperature of T, =
300°K. In order to set this phenomenon, the area of the flow
is selected so that the receiver is centrally positioned in an
outsized square-shaped enclosed field, formulating the
numerical model. Care has been taken to assure that the air
flow remains unaffected within the cavity [14].

On the contrary wall to the aperture cavity, the
isothermal boundary condition was applied with the caution
to keep the receiver’s outer walls adiabatic, whereas, on the
outer domain, the pressure inlet boundary condition was
applied. The Boussinesq Approximation criteria are
validated for the current work since the temperature range
is set as 10°K to 40°K with the reason that the product of
the thermal expansion coefficient of air and temperature
difference between the cavity wall and air is determined to

Heated Inner Wall

Insulation

Fig.1. Open Cavity Structure.

be in the range of 0.033 and 0.133. The solutions are
determined by solving simultaneous equations of energy,
momentum and continuity [14]. The FLUENT® software
with SIMPLE algorithm scheme is used to couple
continuity and momentum equations [10] [16]. The first
order upwind type controls are taken for energy and
momentum solution. The convergence criteria for the
residuals of the equations of continuity and the velocity are
of the order of 1073 and 10~* while for the energy
equation, it is 107° [7] [14]. The solutions are obtained as
soon as the criteria for convergence are fulfilled. The study
of the outer domain for Grid Independent Sensitivity was
conceded for each square opening ratio [14]. The results are
recorded in Table-1.

The sensitivity study has been carried out for the outer
domain by picking the sample example of a square cavity
with wall temperature Ty, = 40°K. This value is taken to
perform the simulations since the initial boundary condition
at the cavity aperture is unknown [1]. The variations in
domain size is held from 3 to 15 times that of cavity height
(H). The results are tabulated in Table-1. It is found that the
percentage change in convective loss Q. for 15H domain
revealed very small i.e. 0.40% in ratio with of 3H. With
this reason, a square domain having the height (H) and
length (L) equal to 15H is chosen [14] [17] [18] [19] [20].

Table-1. Sensitivity Study of Outer Domain of Cavity Receiver

Size of Cavity Outer Domain (WQaits) CF(];(:\)ge
3timesH | 3xH 3H 2.25 -
S5timesH | 5xH SH 2.20 2.22

10timesH | 10xH | 10H 2.19 0.51

15timesH | 15x H | 15H 2.18 0.40
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Table-2. Grid Independent Study

Ele'\n)lzzﬁs in Qc (W) Cr(loa/cr);ge Nag Cr(mc'f}:)ge
80 x 80 2.33 - 22.03 --
100 x 100 2.18 6.40 20.66 6.20
120 x 120 2.16 0.88 20.51 0.73
130 x 130 2.15 0.23 20.47 0.20
140 x 140 2.15 0.09 20.46 0.06

In order to conduct the grid independence reading,
Ra =376 x10° was set with AT =40° . The
corresponding convective heat loss values Q. (Watts) were
obtained for the tested numerical grids and recorded in
Table-2 [15]. The numerical results independency from the
size of the grid was set with the condition having a
difference of computation determined as less than 0.5% in
between two consecutive grids. As per observed values
presented in Table-2, a non-uniform grid of nodes 130 x
130 inner side of the cavity and 89860 nodes was selected
for the entire enclosure [21]. The location of the nodes is
selected with stretching function so that the node density in
x and y direction is higher near the walls of the cavity. The
same procedure is followed in the whole enclosure.
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Table-3. Comparative Analysis of Average Nusselt Numbers Nu of the
Open Cavity on Hot Wall for Different Rayleigh Numbers with Pr = 0.71

Rayleigh Domain Hinojosa | Mohamad | Chakroun
Numbers Extended | etal. [23] [22] etal. [3]
Ra (This Work, Boussinesq Boussinesq Boussinesq
Boussinesq) |Approximation | Approximation | Approximation
1 x 10* 3.41 3.44 3.44 -
1x10° 7.44 7.44 7.41 -
1x 10° 14.50 1451 14.36 -
6.3 X 10° 23.89 - - 24
1x 107 27.13 27.58 286+ 25 -

The computational grid and boundary conditions of the
cavity receiver is expressed in Fig.2(a). and an enlarge view
of the mesh is shown in Fig.2(b)., where label mark
represent @ Cavity Receiver, ® Extended Domain, and ©
Pressure Inlet [15].

A comparison between the average Nusselt numbers Nu
of the open cavity on the Hot Wall for different Rayleigh
numbers Ra with Prandtl Number Pr =0.71 is
determined and recorded in Table-3 [15]. The numbers are
obtained for present work and compared with those which
are previously reported by the original authors A.A.
Mohamad [22], Chakroun et. al. [3], and Hinojosa et. al.
[23] for the same configuration of the open cavity.
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Fig.2. (a) Computational grid and boundary conditions of the cavity receiver. (b) Enlarge view of mesh.
Labels: @ Cavity Receiver, ® Extended Domain, © Pressure Inlet
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Table-4. Values of the Average Convective Nusselt Number Nu, and Convective Heat Loss Qc calculated under
Rayleigh Numbers Ra for Inclination Angles for various Degrees

Rayleigh Number
N Ra =9.41 x 10° Ra = 1.88 x 10° Ra = 2.826 x 10° Ra =3.76 x 10°

Cav:g]éTec I(I(;é)itlon Nuc Qc Nuc Qc Nuc Qc Nuc Qc
0° 13.88 0.73 16.89 0.88 18.91 1.49 20.47 2.15
15° 12.44 0.33 15.18 0.80 17.03 1.34 18.45 1.94
30° 8.65 0.22 10.26 0.53 11.51 0.90 12.46 1.31
45° 3.64 0.10 4.10 0.22 4.40 0.35 4.62 0.49
60° 2.22 0.06 2.13 0.11 2.19 0.17 217 0.22
75° 1.07 0.03 1.10 0.06 1.12 0.09 1.14 0.12
90° 0.95 0.02 0.97 0.05 0.98 0.08 0.99 0.10

In these calculations, the governing equations were
solved considering temperature-dependent fluid properties.
Setting AT = 10°K to compare with the results drawn
through Boussinesq Approximations approach. AT = 50°K
is considered, in order to compare with the experimental
results. Overall, a good agreement between the predictions
of the present work and those reported [21] in the literature
is observed in all cases [24] [25] [26] [27].

5. Results and Discussion

The values of the average Convective Nusselt Number Nu,
and Convective Heat Loss Q. are calculated under Rayleigh
Numbers Ra with distinct values 9.41 x 10°, 1.88 x 10°,
2.826 x 10°, 3.76 x 10° for Inclination Angles ¢ for 0°,

i

90

15°, 30°, 45°, 60°, 75°, and 90° in order to understand the
effect of inclination on Q. and Nu. . The observations are
recorded in Table-4.

It is revealed that the values of the Convective Heat Loss
Q. and Average Convective Nusselt Number Nu, varied
significantly with respect to the inclination of the cavity [10].
It is further observed that, the maximum convection loss
occurs at 0°at all temperatures. With an increase in
inclination, the convection loss Q. reduces to a minimum at
90°, as expected [14]. According to Clausing [28], a part of
the cavity experiences stagnation condition.

The boundary separating this area from the remaining
part of the cavity can be approximated as a horizontal plane
called as “Stagnation Zone Boundary”. The part of the cavity
above this plane is called “Stagnation Zone” while the below
area is called “Convective Zone” where strong convective

Fig. 3. Temperature contours of cavity at wall temperature T,,, = 340°K for various Degrees of Inclination.
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Fig. 4. Variation of the Convective heat loss Q.
with the cavity inclination angle ¢

air currents are observed. The increase in the inclination
results in the increase in stagnant zone volume within the
cavity and a decrease in the convective zone [14].
Consequently, the internal wall area contributing to
convective loss reduces, thereby reducing convective loss
Qc-
The air temperature profiles and temperature contours of
the cavity for various inclinations are simulated for a typical
temperature value of Ty, = 340°K as expressed in Fig.3.
using the FLUENT CFD Software Tool. The convective air
occupies almost the complete volume of the cavity at
inclination ¢ = 0°. The area of high temperature stagnant
air also increases as the cavity inclination increases and
approaches gradually from 0° approaching to 90° with steps
of 15°, the maximum being at 90°. Thus, the cavity area
participating in convection decreases as the inclination
increases and hence the convective heat loss Q. decreases
[14].

The values of the Convective Heat Loss Q. and Average
Convective Nusselt Number Nu, that are reflected in Table-
4 for different Rayleigh numbers Ra are graphically plotted
in Fig.4. and Fig.5. It is noticed that the corresponding mean
values were used at instances when the convective heat loss
Q. and Convective Nusselt number Nu, did not reach the
steady state [10] while elaborating these graphs. We can
view that for all the studied Rayleigh numbers Ra the
absolute maximums of convective heat loss and Nusselt
number occurs at ¢ = 0° inclination and the absolute
minimum at ¢ = 90°.

This is due to the fact that the increase in the inclination
results in the increase in stagnant zone area within the cavity
and decrease in the convective zone. Consequently, the
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Fig. 5. Variation of the Average Convective Nusselt Number Nu,
with the cavity inclination angle ¢

internal wall contributing to convective loss reduces, thereby
reducing convective loss and Nusselt number.

6. Conclusions

In this paper the numerical calculations of convective heat
loss Q. and average Nusselt numbers Nu, for the natural
convection in a tilted open cavity were presented. After
overall study and experimental observations, we reached to
the following conclusions:

e The convective heat loss Q. and average Nusselt
number Nu, change substantially with respect to the
whole angle range of the tilted cavity.

e For a fixed angle ¢, the convective heat loss Q.
increases with the Rayleigh number Ra.

e For a fixed angle ¢, the average Nusselt numbers Nu,
increases with the Rayleigh number Ra except for
angles of 60°, 75° and 90°, where the average
convective Nusselt number stays almost constant.

e |t can be seen that at 0° inclination, the convective zone
covers the entire surface area of the receiver while the
percentage of the convective zone is the smallest at 90°
inclination.

The study of convective and radiative heat loss can help
us in designing and optimizing the cavity heat receiver for
both concentrating Solar Tower and Solar Parabolic Dish.
There remains a lot of work on the effect of radiation and
the effect of the opening ratio, the effect of wind condition
on the convective heat loss, and determination of boundary
separating stagnation and the convective zone.



298 IJCSNS International Journal of Computer Science and Network Security, VOL.19 No.4, April 2019

References

[1] M. Prakash, S. B. Kedare and J. K. Nayak, "Numerical Study of
Natural Convection Loss from Open Cavities,” International
Journal of Thermal Sciences, vol. 51, pp. 23-30, 2012.

[2] S.M.A.Burney and H. Saleem, "Inductive and Deductive Research
Approach," University of Karachi, Karachi, 2008.

[3] W. Chakroun, M. M. Elsayed and S. Al-Fashed, "Experimental
Measurements of Heat Transfer Coefficient in a Partially/Fully
Opened Tilted Cavity," Journal of Solar Energy Engineering, vol.
119, no. 4, pp. 298-303, 1997.

[4] F. Penot, "Numerical Calculation of Two-Dimensional Natural
Convection in Isothermal Open Cavities," Numerical Heat Transfer,
vol. 5, p. 421-437, 1982.

[5] F.P. M. M.P. LeQuere, "Experimental Study of Heat Loss through
Natural Convection from an Isothermal Cubic Open Cavity," Sandia
Laboratory Report, SAND81-8014., 1981.

[6] Y. L. Chan and C. L. Tien, "A Numerical Study of Two-
Dimensional Natural Convection in Square Open Cavities,"
Numerical Heat Transfer, vol. 8, pp. 65-80, 1985.

[7]1 M. Prakash, S. B. Kedare and J. K. Nayak, "Investigations on Heat
Losses from a Solar Cavity Receiver," Solar Energy, 83., pp. 157-
170, 2009.

[8] Computational Fluid Dynamics CFD Design, FLUENT Software
Package, 2006 Release, Version 6.3.26, Fluent Inc., 2003
Copyright..

[9] N. S. Kumar and K. S. Reddy, "Investigation of Convection and
Radiation Heat Losses From Modified Cavity Receiver of Solar
Parabolic Dish using Asymptotic Computational Fluid Dynamics,"
Heat Transfer Engineering, 31:7, pp. 597-607, 2010.

[10] H. J.F., "Nusselt Number for the Natural Convection and Surface
Thermal Radiation in a Square Tilted Open Cavity," International
Communications in Heat and Mass Transfer, 2005.

[11] S. Afzal, M. Z. A. Khan and H. Saleem, "A Proposed OEIC Circuit
with Two Metal Layer Silicon Waveguide and Low Power Photonic
Receiver Circuit," International Journal of Computer Science Issues
(1JCs1), vol. 9, no. 5(1), pp. 355-358, 2012.

[12] S. Afzal, M. Z. A. Khan and H. Saleem, "A Proposed Silicon Optical
Electronic Integrated Circuit with Monolithic Integration of LED,
OPFET and Receiver Circuit,” International Organization for
Scientific Research - Journal of Computer Engineering (IOSR-
JCE), vol. 6, no. 4, pp. 42-46, 2012.

[13] S. A. Buzdar, M. A. Khan, A. Nazir, M. Gadhi, A. H. Nizamani and
H. Saleem, "Effect of Change in Orientation of Enhanced Dynamic
Wedges on Radiotherapy Treatment Dose," International Journal of
Advancements in Research & Technology (IJoART), vol. 2, no. 5,
pp. 496-501, 2013.

[14] R. D. lJilte, S. B. Kedare and J. K. Nayak, "Natural Convection and
Radiation Heat Loss from Open Cavities of Different Shapes and
Sizes used with Dish Concentrator,” Mechanical Engineering
Research, Vol. 3, No. 1, pp. 25-43, 2013.

[15] T. Arrif, A. Chehhat, E. Abo-Serie and A. Benchabane, "Numerical
Study of Natural Convection in Square Tilted Solar Cavity
Considering Extended Domain," FDMP-Fluid Dynamics &
Materials Processing, pp. 223-242, 2018.

[16] J. V. Doormaal and G. Raithby, "Enhancements of the SIMPLE
Method for Predicting Incompressible Fluid Flows," Numerical
Heat Transfer, vol. 7, pp. 147-163, 1984.

[17] M. Z. A. Khan, H. Saleem and S. Afzal, "Review of ASITIC
(Analysis and Simulation of Inductors and Transformers for
Integrated Circuits) Tool to Design Inductor on Chip," International
Journal of Computer Science Issues (IJCSI), vol. 9, no. 4(2), pp.
196-201, 2012.

[18] A. H. Nizamani, M. A. Rind, N. M. Shaikh, A. H. Moghal and H.
Saleem, "Versatile Ultra High Vacuum System for ION Trap
Experiments: Design and Implementation," International Journal of
Advancements in Research & Technology (IJOART), vol. 2, no. 5,
pp. 502-510, 2013.

[19] A. H. Nizamani, S. A. Buzdar, B. Rasool, N. M. Shaikh and H.
Saleem, "Computer-Based Frequency Drift Control of Multiple
LASERs in Real-Time," International Journal of Scientific &
Engineering Research (IJSER), vol. 4, no. 6, pp. 3038-3045, 2013.

[20] A. H. Nizamani, B. Rasool, M. Tahir, N. M. Shaikh and H. Saleem,
"Adiabatic ION Shuttling Protocols in Outer-Segmented-Electrode
Surface ION Traps," International Journal of Scientific &
Engineering Research (IJSER), vol. 4, no. 6, pp. 3055-3061, 2013.

[21] J. Juarez, "Numerical Study of Natural Convection in an Open
Cavity Considering Temperature-Dependent Fluid Properties,"
International Journal of Thermal Sciences, 2011.

[22] A. A. Mohamad, "Natural Convection in Open Cavities and Slots,"
Numerical Heat Transfer (Part-A: Applications), vol. 27, no. 6, pp.
705-716, 1995.

[23] H. J.F, C. R.E, A. G and E. C.A., "Numerical Study of Transient
and Steady-State Natural Convection and Surface Thermal
Radiation in a Horizontal Square Open Cavity," Numerical Heat
Transfer, Part A 48, p. 179-196, 2005.

[24] S. A. Raza, H. Saleem and S. Habib-ur-Rehman, "MCMC
Simulation of GARCH Model to Forecast Network Traffic Load,"
International Journal of Computer Science Issues (IJCSI), vol. 9,
no. 3(2), pp. 277-284, 2012,

[25] H. Saleem, "Review of Various Aspects of Radio Frequency
IDentification (RFID) Technology," International Organization for
Scientific Research - IOSR Journal of Computer Engineering
(IOSR-JCE), vol. 8, no. 1, pp. 1-6, 2012.

[26] H. Saleem and M. S. A. Khan, "Towards Generation of Alternate
Electrical Energy via Paddling Impact: Protracted Design and
Implementation,” International Journal of Computer Applications
(3CA), vol. 107, no. 2, pp. 1-6, 2014.

[27] M. Y. Channa, A. H. Nizamani, H. Saleem, W. A. Bhutto, A. M.
Soomro and M. Y. Soomro, "Surface lon Trap Designs for Vertical
lon Shuttling," IJCSNS International Journal of Computer Science
and Network Security, vol. 19, no. 4, 2019.

[28] A. M. Clausing, "An Analysis of Convective Losses from Cavity
Solar Central Receivers," Solar Energy, vol. 27, no. 4, pp. 295-300,
1981.



