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Batch-type solar collector is a tilt-able water-heating solar-thermal system com-
prising an isosceles-trapezoidal enclosure housing a circular-cylinder absorber at 
the bottom wall, insulated side-walls, and flat-top glazing. Free convection of air 
inside such trapezoidal enclosure is studied numerically by varying the tilt angle 
of the whole enclosure from 0°-70°. The influence of tilt on the flow field has been 
demonstrated by plotting the streamlines and isotherms. The present study success-
fully identifies the importance of enclosure-tilt in quantifying heat-loss between 
absorber and glazing by developing a computational correlation between Nusselt 
and Rayleigh as a function of tilt. The correlation trend is non-monotonic over the 
range of angular Rayleigh numbers numerically experimented with having a peak 
around angular Rayleigh number 3⋅105 corresponding to the tilt-angle 30°. The 
irregular-shaped cavity implies that the heat transfer correlations already existing 
for regular-shaped cavities may not be used otherwise they will draw implausible 
conclusions and this argument identifies the novelty of the present study.
Key words: batch-type solar collector, trapezoidal enclosure, Rayleigh number, 

free convection, tilt angle

Introduction

Trapezoidal enclosure such as batch-type solar collector, fig. 1, also known as inte-
grated-collector storage, is a simple and cost-effective device which essentially consists of a 
water storage-tank (circular-cylinder) that also acts as an absorber of the incident solar radiation 
[1]. It converts the solar energy directly into heat energy which is utilized to heat water for do-
mestic usage. The cylinder containing working-fluid to be heated is housed in a trapezoidal en-
closure whose top-surface is covered with flat glazing(s) and the remaining sides are insulated 
from the outside. The insides are layered with a reflecting material shaped as a flat or compound 
parabolic form to further enhance the amount of incident solar radiation on the absorber. Loss of 
heat from the heated cylinder to the outer glazing is by thermal radiation and by free convection 
of air. It is obvious that the performance of solar collectors is inversely proportional to the heat 
loss from the absorber.

 

* Corresponding author, e-mail: abdul.waheed@hitecuni.edu.pk



Butt, F. S., et al.: Computational Study of Laminar Free Convection Inside ... 
424	 THERMAL SCIENCE: Year 2022, Vol. 26, No. 1B, pp. 423-435

Figure 1. Schematic of the trapezoidal enclosure with heated cylinder at the bottom face;  
(a) simulated geometry and (b) tilted-view with tilt-angle θ

Different geographical regions would require dissimilar tilt-angles of the solar col-
lector due to distinct solar incidence-angles to get maximum solar radiation. More or less loss 
of heat due to varying tilt-angles becomes the motivation of this research work. This may also 
imply that such solar collector will perform contrastingly in different geographical regions due 
to unequal tilt-angles even if the available global solar radiation and ambient conditions are 
same. Similar study is performed here that isolates the parametric effects of varying tilt-angles,  
0° < θ < 70°, see fig. 1(b), in increments of 10°, on the convective heat transfer coefficient, h, 
in W/m2K by fixing the temperature difference, ΔT, between absorber and thermal glazing. Fol-
lowing the nomenclature of Hollands et al. [2], it is interesting to represent Rayleigh number as 
Racosθ. Presented work employs laminar range: 1.38 ⋅ 106 < Racosθ < 4.03 ⋅ 106 with maximum 
Rayleigh number at zero tilt-angle. 

It is pertinent to note that even though the enclosure is a regular isosceles-trapezoid, 
the cavity inside is not, as seen in fig. 1(a). Infact, it is complex and irregular due to the pres-
ence of circular-cylindrical inside. Accurate estimation of heat transfer due to free convection 
of air inside such irregular cavity is paramount to design and optimize the performance of such 
solar-thermal systems. Appropriate heat transfer correlations to predict the free convection of 
air inside such irregular cavities as a function of tilt-angles, gap-width between the absorber and 
glazing, etc., are not available in the literature, to the best of authors’ knowledge.

Any design-problem involving solar-thermal systems is usually accompanied by an 
array of unknowns (dimensions, angles) especially for geometries outside of the prevailing 
research trends. A heap of data exists for rectangular cavities but for irregular geometries as in 
fig. 1, one would be hard-pressed to find the literature of relevance. Notable experimental and 
numerical convective heat transfer studies in rectangular cavities are Catton and Edwards [3], 
Catton [4], Hollands et al. [2, 5], Ganzarolli and Milanez [6], Aydin [7], Sezai and Mohamad 
[8], Corcione [9], Sharif and Mohammad [10], Mahdavi et al. [11], Mehmoodi et al. [12], 
Mendu et al. [13], and Sourtiji and Hosseinizadeh [14]. To the best of authors’ knowledge, no 
relevant study exists for our irregular geometry which has multiple applications in solar-ther-
mal systems. One might be tempted to use existing heat transfer correlations but Singh and 
Eames [15] concluded their review that correlations developed for regular-shaped cavities can 
be misleading if applied to irregular cavities.

In fig. 1(a), gap-width between the top-most of the absorber-cylinder and successive 
glass-cover is an ambiguous yet important variable. Our work focuses on reducing convective 
losses from the absorber by finding the appropriate longitudinal tilt-angle as seen in fig. 1(b)
Therefore, any gap-width will take the conductance out of the picture. Buchberg et al. [16] in 
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their review paper recommended a gap-width range of 4-8 cm for minimum gap-convection. 
Their work, both theoretical and experimental, is based on rectangular cavities and is sensitive 
to ΔT. A rectangular cavity whether inclined or not has fixed gap-width across its entire length 
which is certainly not our case. Fixing an arbitrary gap-width equivalent to the radius of the 
absorber (Lg = R ≈ 0.15 m) is selected for the current work in order to isolate parametric effects 
of tilt-angle on convective heat transfer. Side-walls are inclined at an angle of 40° with the hor-
izontal. Longer of the two parallel lengths is Lt ~ 1.55 m and the shorter is Lb ≈ 0.46 m whereas 
height is also H ≈ 0.46 m.

 Long debate can ensue on whether current study demands 2-D or 3-D analysis. Mal-
linson and de Vahl Davis [17] in their numerical study outlined two important results while 
examining 3-D convective heat transfer in a box: induction of axial velocity due to interaction 
of rotating fluid and stationary side-walls and thermal end-effects due to thermal-gradients nor-
mal to the side-walls. These effects especially the axial velocity caused the flow to be 3-D in 
the entire box. In an experimental work of Ozoe and Churchill [18], flow-dimensionality was 
attributed to thermal boundary-conditions. The 3-D roll-cells were observed in glycerine in 
square-cavities heated from below and conducting side-walls. The 2-D roll-cells were observed 
with insulated side-walls. In this irregular cavity study, side and bottom walls are non-conduct-
ing and insulated as well as uniformly heated on their entire surface-areas leading us to assume 
2-Dity for all engineering estimates.

 An inclined fluid-layer has peculiar heat transfer behavior. For small tilt-angles (from 
horizontal), flow is mostly buoyancy-driven and having longitudinal roll-cells but from a criti-
cal angle onwards to vertical, additional unstable stratification and thermal instabilities develop 
in the flow [19]. A useful literature review of free convection in inclined cavities is presented 
by Kolsi et al. [20]. compiling works of Koutsoheras and Charters [21], Talaie and Chen [22], 
Tzenget al. [23], Skouta et al. [24], Ouriemi et al. [25], Bahi et al. [26], Alta and zen Kurtul 
[27], Skouta et al. [28], Jeng et al. [29], and Singh and Singh [30]. Most of these studies are nu-
merical in nature, both steady and transient, spanning a range of Rayleigh, Nusselt, and Prandtl 
numbers, tilt-angle, aspect-ratio, thermal boundary-conditions, and with or without internal 
heat sources. All these studies voiced significant influence of tilt-angle on free convection and 
flow-development. Nevertheless, all these studies were conducted for regular cavities (square 
and rectangular). 

Governing equations

Mass, momentum, and energy governing equations for incompressible buoyancy- 
driven flows are, respectively:
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where dynamic viscosity, µ(T ), density, ρ(T ), thermal-conductivity, k(T ), and specific heat at 
constant pressure, cp(T), are determined from thermodynamic property-tables, ∆ρ = –ρβ∆T is 
the Boussinesq approximation for the body-force term gi = (g1, g2) = (gsinθ, gcosθ), and β – the 
thermal expansion coefficient.
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Equivalent non-dimensionalized forms are:
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where Ra = gβΔTLg
3/(να) and Pr = ν/α are Rayleigh and Prandtl number, respectively, ν – mo-

mentum diffusivity, and α – thermal diffusivity. Rayleigh number can be viewed as a ratio of 
body-buoyancy forces to thermal and momentum forces. The aforementioned energy equation 
is written for zero pressure-gradient.

Computational set-up

Gmsh is employed for mesh generation. It is an open-source 3-D finite-element grid 
generator with a built-in CAD engine and post-processor [31]. The Code Saturne is utilized as 
a flow-solver which is also an open-source co-located finite-volume algorithm developed by 
Electricit´e de France able to handle unstructured meshes. Coding languages, extensive valida-
tion studies and the numerical methods used in Code Saturne are described in detail in Archam-
beau et al. [32]. It uses finite-volume method to discretize governing equations in space and 
time and a predictor-corrector approach is used for pressure-velocity coupling.

Transients are ignored since each numerical experiment mimics more or less the 
steady-state situation against an imposed ∆T. Radiative transport is trivialized and simulations 
are spatially 2-D utilizing symmetry in the depth of the trapezoidal enclosure at steady-states. 
Temperatures are uniformly distributed over the hot (absorber) and cold (top flat glazing) walls 
but the thermal flux shall vary along these walls in order to keep the temperature distribution 
uniform. Wall roughness effects are also excluded from the scheme of things.

 Table 1 lists the numerical experiments performed in this study against a fixed ΔT of 
20 K and Prandtl number of Pr = 0.71.

Table 1. Numerical experiments for Prandtl number of 0.71
θ Cases Th [K] Tc [K] Tav [K] Racosθ

0° 343.15 323.15 333.15 4.03 ⋅ 106

10° 343.15 323.15 333.15 3.97 ⋅ 106

20° 343.15 323.15 333.15 3.79 ⋅ 106

30° 343.15 323.15 333.15 3.49 ⋅ 106

40° 343.15 323.15 333.15 3.09 ⋅ 106

50° 343.15 323.15 333.15 3.59 ⋅ 106

60° 343.15 323.15 333.15 2.01 ⋅ 106

70° 343.15 323.15 333.15 1.38 ⋅ 106
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All numerical experiments are run using iterative treatment of the non-orthogonalities 
for determining the most-important gradient terms of the governing equations. Least-squares 
method for gradients is over-looked because the meshes used are not highly distorted. Pressure 
gradient in the governing equations is evaluated at each cell-center thereby requiring pressures 
at respective cell-faces which are generally obtained through standard centered interpolation. 
Pressure extrapolation domain boundaries is 1st-order Neumann. The Multigrid solver is used 
for pressure Poisson equation. The 2nd-order centered scheme is used for scalar velocities and a 
blend of SOLU (2nd-order linear upwind) and 1st-order upwind is used for advected scalar tem-
perature. Diffusion terms in the governing equations are discretized using centered finite-differ-
ence formulation. Flux-reconstruction is used without slope-tests to account for mesh non-or-
thogonalities. Temperature based variation in thermodynamic properties is incorporated using 
user-defined programming. Uniform time-stepping is used to compute a steady-state solution 
which is also used for monitoring-points (fixed critical locations giving Eulerian information 
judge for true numerical convergence) output.

Mesh sensitivity study

Five meshes, Mesh-A, Mesh-B, Mesh-C, Mesh-D, and Mesh-E, were generated in 
Gmsh for θ = 0° each having 44390, 69192, 100490, 136422, and 179190 quadrangles, respec-
tively. Mesh-E, on average, is four times denser compared to Mesh-A. All precautions were 
taken to obtain neat meshes. These were tested against two temperature differences, 11 K and 
20 K to rule out thermal dependency. Each mesh was run for 8000 time-steps to obtain proper 
steady-state results. Figure 2 shows block-structured domain and the resultant structured-mesh 
in (x, y, z) and (x, y), respectively. Solver requires single-cell depth to run 2-D tests. Blocks were 
designed to obtain structured mesh with least skewing.

Figure 2. Control-volume mesh; (a) mesh-blocks in (x, y, z) (single-cell extrusion in z),  
(b) mesh-blocks in (x, v), (c) single-cell extruded mesh in (x, y, z), and (d) 2-D mesh in (x, y)

Boundary conditions are symmetry for the front and back walls, adiabatic (zero heat 
flux) Neumann boundary condition for the inclined side-walls and bottom-wall whereas im-
posed Dirichlet boundary conditions for the absorber and top flat glazing. Figures 3(a) and 
3(b) demonstrate the diminishing trend of h vs. mesh-density slope. Considering the vanishing 
difference of h values between successive mesh pairs, Mesh-E has been selected for all numer-
ical experiments. Any further increase in mesh-density is Boundary conditions are symmetry 
for the front and back walls, adiabatic (zero heat flux) Neumann boundary condition for the 
inclined side-walls and bottom-wall whereas imposed Dirichlet boundary conditions for the 
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absorber and top flat glazing. Figures 3(a) and 3(b) demonstrate the diminishing trend of h 
vs. mesh-density slope. Considering the vanishing difference of h-values between successive 
mesh pairs, Mesh-E has been selected for all numerical experiments. Any further increase in 
mesh-density is unwarranted since the gain would be non-existent but the computational burden 
will be significantly increased. Mesh sensitivity study not only deals with the independence 
from mesh-density but also with the convergence, stability and steadiness of flow variables. The 
fluctuations due to initialization and spurious transients should either smooth out or settle-down 
around a mean to give a stable and steady profile. This is depicted for Mesh-E in fig. 3(c) which 
shows time-evolution (Eulerian history) of temperature at a fixed location of interest in the cav-
ity. It shows the temperature profile oscillations are ± 0.25 K around the mean.

Results and discussion

The steady-state results presented here are for ΔT = 20 K demonstrating the effects of 
angular tilt on convection patterns in terms of streamlines of velocity magnitude |V|, iso-con-
tours of normalized temperature: T/|Tmax| and normalized velocities: u/|umax|, and v/|vmax|, respec-
tively, in x and y. Figures 4-7 represent streamlines, u/| umax|, v/|vmax|, and T/ |Tmax|, respectively, 
for 0° ≤ θ ≤ 70° in increments of 10°. The variation in Nusselt number with angular Rayleigh is 
also presented and a correlation is suggested in this section.

Figure 4 show the streamlines of velocity magnitude |V| for all tilt-angles. For the 
case of 0° the overall pattern of streamlines, in fig. 4(a), is quite symmetric on both sides of the 
hot absorber circular-cylinder: the fluid moves-up along the circumference culminating at the 
symmetric stagnation point and rises vertically to the flat top wall. The low pressure separated 
regions are identical on both sides of the hot absorber. Normalized velocity v/|vmax| represent-
ing vertical component is quite strong around and above this stagnation region as depicted in  
fig. 6(a). The fluid is divided into two symmetric halves about the stagnation region and moves 
along the top flat wall of the cavity as evident by the large magnitude of u/|umax| in fig. 5(a). 

Figure 3. Mesh sensitivity 
study results; (a) ΔT = 20 K,  
(b) ΔT = 11 K, and  
(c) Eulerian temperature at 
(0, 0.22, 0)



Butt, F. S., et al.: Computational Study of Laminar Free Convection Inside ... 
THERMAL SCIENCE: Year 2022, Vol. 26, No. 1B, pp. 423-435	 429

The counter-rotating convections currents leave a sparse region adjacent to the absorber and as 
well as on the bottom and top corners. Iso-contours of T/|Tmax| for 0° show similar behavio in 
fig. 7(a).

Increasing tilt-angle shifts the stagnation region clockwise on the hot absorber indi-
cating the directional preference of convection, as evident in higher angle streamlines, normal-
ized velocities and iso-contours of normalized temperature in all of the figures. For tilt-angle 
up-to 50°, the intensity of convection starts to shift to the upper right corner of the irregular 
cavity above the hot absorber. The clockwise and anti-clockwise rotation of the fluid in the 
form of one large and two-three small rolls is observed in this region while the flow separation 
occurs in front of and below the hot absorber. At tilt-angles of 60° and 70°, vortices are confined 
around the cylindrical hot absorber and near the walls of the irregular cavity which creates flow 
stagnant regions above and below the hot absorber.

Figure 4. Streamlines of |V| for 0° ≤ θ ≤ 70°; (a) θ = 0°, (b) θ = 10°, (c) θ = 20°,  
(d) θ = 30°, (e) θ = 40°, (f) θ = 50°, (g) θ = 60°, and (h) θ = 70°
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Normalized iso-contours T/|Tmax| in fig. 7 for 0° are symmetric on both sides of the hot 
absorber with respect to the vertical line separating the cavity into two halves. The symmetrical 
nature of T/|Tmax| iso-contours starts to deteriorate with an increase in tilt-angle. The curvatures 
of lines significantly increase from 0°-30° and then start to become more concentrated around 
the hot absorber from 40°-70°. It is also observed that the magnitudes of T/|Tmax| iso-contours 
remain well above 0.9 in the whole cavity thus indicating high air temperatures nearing the 
absorber temperature.

The heat transfer coefficients under steady-state are presented in terms of average 
Nusselt number. Figure 8(a) shows the variation of Nusselt number with respect to tilt-angle 
for the angular Rayleigh number, Racosθ. It can be seen that the variation in Nusselt number 

Figure 5. Isolines of u /|umax| for 0° ≤ θ ≤ 70°; (a) θ = 0°, (b) θ = 10°, (c) θ = 20°, 
(d) θ = 30°, (e) θ = 40°, (f) θ = 50°, (g) θ = 60°, and (h) θ = 70°
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is mild for tilt-angles in the range of 0°-30° with peak-value occurs at 30o due to the strong 
rolling motion of the fluid in the irregular cavity. The heat transfer rate then starts to drop with 
the increase in tilt-angle from 40°-70° and a significant drop in Nusselt number is observed at 
60°. The irregular cavity is symmetric at zero-tilt having two identical patterns of counter-ro-
tating convection currents on each side of the hot absorber. With a tilt of 10° the symmetricity 
is conveniently broken into two dissimilar patterns of convection currents having increased 

Figure 6. Isolines of v/|vmax| for 0° ≤ θ ≤ 70°; (a) θ = 0°, (b) θ = 10°, (c) θ = 20°, 
(d) θ = 30°, (e) θ = 40°, (f) θ = 50°, (g) θ = 60°, and (h) θ = 70°
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concentration and narrow rolls in the upper half of the cavity compared to the lower half where 
convection currents have larger rolls and sparse population. Due to the near-zero tilt, the lower 
half’s significant yet little contribution the overall rate of heat transfer essentially highlights 
that the entire cavity-area is being utilized for heat transfer causing a drop in the overall Nusselt 
number. With a further increase in tilt, the effective heat transfer area shrinks to the upper half 
of the cavity despite the rate of heat release from the absorber is constant causing an increase 
in overall Nusselt number. This trend continues to around 30° where inflection point causes a 
decrease in the overall rate of heat transfer with a further increase in tilt.

Figure 7. Isolines of T/|Tmax| for 0° ≤ θ ≤ 70°; (a) θ = 0°, (b) θ = 10°, (c) θ = 20°, 
(d) θ = 30°, (e) θ = 40°, (f) θ = 50°, (g) θ = 60°, and (h) θ = 70°
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Figure 8(b) depict Nusselt against angular Rayleigh variation and the following poly-
nomial equation is developed to describe the relation between Nusselt number and Racosθ with 
R2 coefficient of 0.99:

( ) ( ) ( )
( ) ( ) ( )

6 5 436 29 22

3 2 115 0.9 0.3

Nu 2.44 10 Ra cos 4.14 10 Ra cos 2.86 10 Ra cos

1.03 10 Ra cos 2.03 10 Ra cos 2.08 10 Ra cos 860.90

θ θ θ

θ θ θ

− − −

− − −

= ⋅ − ⋅ + ⋅ −

− ⋅ + ⋅ − ⋅ +
(7)

Figure 8. Nusselt number variations; (a) Nu vs. θ and (b) Nu vs. Racosθ

Natarajan et al. [33] used finite element analysis to investigate effect of bottom-wall 
heating on natural-convection in a cavity of trapezoidal shape. Results were presented for a 
range of Rayleigh and Prandtl numbers in the form of isotherms, stream functions and tem-
perature profiles. The circulation patterns of Natarajan et al. [33] are qualitatively similar to 
the circulation patterns of no-tilt case of present work, fig. 4(a). The symmetricity of count-
er-rotating flow-circulation patterns can be qualitatively matched along with their densities and 
compressions. The effect of no-slip condition at the walls can also be matched by pointing out 
less circulation near the walls. This multi-cellular circulation is evident of the strong convec-
tion. A similar work of Basak et al. [34] studied bottom-wall heating effect on natural-convec-
tion in trapezoidal cavities. Results from finite element analysis are presented in the form of 
isotherms, stream functions and temperature profiles. Qualitative similarities of flow-patterns 
are quite evident here as well. Basak et al. [35] published another numerical work pertaining to 
natural-convection in trapezoidal enclosures by heating various walls of the cavity for a range 
of Rayleigh and Prandtl numbers. They observed flow-circulation symmetry when side-walls 
were linearly heated whereas in the present work side-walls are insulated; the similarity being 
that the side-walls are not differentially heated and the consequence is flow-symmetricity. In 
their second case which is linearly heated left-wall and cold right-wall, they have observed 
wavy patterns of local and average Nusselt numbers when plotted against Rayleigh for some 
values of Prandtl number in both simulated cases. In present-work, non-monotonic behaviour 
of Nusselt is also evident which is attributed to the presence of cold circular-cylinder at the 
bottom-wall of the trapezoid creating a cold-wall in addition insulated side-walls and heated 
top-wall. A comprehensive review published in 2016 by Das et al. [36] on natural-convection 
studies in non-square cavities also encapsulates these findings.

Conclusion

Numerical simulations are performed to study the influence of tilt angle on natu-
ral-convection heat transfer inside a trapezoidal cavity with a circular heating source placed at 
the bottom face. The tilt angle variation in the range of 0°-70° and the temperature difference 
of 20 °C are selected based on the most typical conditions and ranges encountered during the 
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operation of such solar thermal collectors. It is concluded that the tilt-angles exercise consider-
able influence over the heat transfer performance of trapezoidal enclosures with the hot cylinder 
at the bottom edge especially for tilts upwards of 30° reducing Nusselt number monotonically 
until near-vertical tilt. It is also interesting to note that the Nusselt number vs. tilt-angle curve 
is non-monotonic for tilts downwards of 30° which is attributed to inflection-point of Nusselt 
number vs. θ curve between 20° and 30°. The rate of heat transfer decreases with the increasing 
tilt from 40°-70° and a substantial drop in Nusselt number is observed at 60°. A computational 
correlation is suggested which may be used accordingly to estimate the thermal performance of 
a batch-type solar collector, consisting of one cylinder placed inside a trapezoidal enclosure, at 
any tilt-angle between 0°-70°. The given correlation is valid for various ΔT conditions since the 
Rayleigh number is dependent on ΔT.

Nomenclature
g	 – acceleration due to gravity, [ms–2]
H	 – gap-width between bottom-wall and flat-top 

glazing of the enclosure, [m]
h	 – free convection heat transfer coefficient, 

[Wm–2K–1]
Lb	 – length of the bottom wall of the enclosure, [m]
Lg 	 – gap-width, [m]
Lt	 – length of the flat-top glazing of the enclosure, [m]
Nu	 – Nusselt number, [–]
Ra	 – Rayleigh number, [–]
Racosθ 	– angular Rayleigh number, [–]
Tav	 – average of Tc and Th, [K]
Tc	 – cold-temperature of the flat-top glazing, [K]
Th	 – hot-temperature of the absorber, [K]

ΔT	 – temperature difference between the absorber 
and flat-top glazing, [K]

Tmax	– steady-state maximum temperature of the 
cavity for each tilt, [K]

u	 – scalar velocity in x, [ms–1]
umax, vmax	 – steady-state maximum velocities of the 

cavity for each tilt, [ms–1]
v	 – scalar velocity in y, [ms–1]
x, y	– co-ordinate axes in 2-D, [–]

Greek symbol

θ	 – tilt-angle of the enclosure with respect to 
horizontal, [°]
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