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Abstract
Food products are continuously subjected to heating and cooling in a 

processing unit. This thermal treatment is expected to be unaltered throughout 
the volume in order to ensure the quality of the food as well as giving them 
optimum temperature for storage without deterioration. Thermo-fluid analysis 
has been performed theoretically on a food processing unit, considering it to 
be trapezoidal in shape with a horizontal porous partition in between. The 
bottom wall is subjected to a uniform temperature heating whereas the top wall 
is shielded, and the two inclined adjacent walls are sustained at a relatively low 
temperature. The different thermo-fluid properties like isothermal and stream 
function patterns, irreversibility generations are observed under the variation of 
Rayleigh number (103 ≤ Ra ≤ 105). The circulation has been found to increase with 
the increase in the Rayleigh number. The partition shows an imperative role in 
the distribution of heat throughout the cavity.
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Nomenclature
H is Height of the enclosure, m; k is Thermal conductivity, Wm-1K-1; P is 

Non-dimensional pressure component; U is Dimensionless velocity component 
along ; V is Dimensionless velocity component along y; α is Thermal diffusivity, 
m2s-1; β is Volumetric expansion coefficient, K-1; T is Temperature of the fluid, 
K; g is Gravitational acceleration, ms-2; Da is Darcy number; cp is Specific heat 
at constant pressure, Jkg-1K-1; θ is Dimensionless temperature; Ra is Rayleigh 
number; Pr is Prandtl number; Nu is Nusselt number; ρ is Density of fluid, kgm-

3; v is Kinetic viscosity, m2s-1; ψ  is Irreversibility distribution ratio; S is Entropy 
generation.

Introduction
Buoyancy driven convection form of heat transfers has many application 

fields such as nuclear core reactor, electronic thermal management systems, 
heating and ventilation systems, boilers, food processing units, etc. [1-5]. There 
has been much research with respect to study of natural convection inside the 
enclosures with different geometries [6-15].  Mullick et al. [1, 3, 10-14] have 
reported natural convection inside the enclosures with the applications of non-
uniform temperature from below or top. They have varied Ra, periodic length 
and Da, and concluded that heat transfer rate significantly enhances with Ra and 
Da. They also have observed that the heat transfer rate declines with the lessen in 
periodic length inside an enclosure. Corcione [16] has shown the distribution of 
thermal energy and fluid flow due to free convection in rectangular cavities where 

https://doi.org/10.17756/nwj.2023-s1-059
mailto:pranabkundu@gmail.com
mailto:pranabk@mnnit.ac.in
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


S303NanoWorld Journal | Volume 9 Supplement 1, 2023

Numerical Analysis of Thermo-fluid Properties Inside a Food Processing Unit Kumar et al.

generation have been estimated for the present system to reach 
conclusions.

Problem Definition and Mathematical 
Modeling

In order to simplify the study, few assumptions are made. 
The flow is supposed to be laminar, 2D, and incompressible 
in nature. The fluid is considered to be Newtonian in nature, 
with the properties remaining unaltered except the density 
variation in the y-momentum equation, which is estimated 
based on the Boussinesq approximation. Figure 1 illustrates 
the problem domain.

In the single-domain tactic, the identical conditions at the 
fluid/porous interface are implicitly ensured, and thus the im-
plementation of the numerical scheme is simplified. The gov-
erning differential equations of the two domains can be com-
bined by introducing a binary parameter, which is given by:

1        if in porous region
( , )

0     if in fluid regionpX x y 
= 


The dimensionless governing equations yield the follow-
ing forms [10, 24-29].
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For non-dimensionalization of the governing equations, 
the following schemes have been adopted.

22

2 2, , , , , C D
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= = = = = =

−
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the heat source is pointed out from below and cooled from 
above. They have varied Ra (103 to 106), aspect ratio (0.66 to 8), 
and thermal conditions of the vertical wall and reported that 
the heat transfer significantly enhances when zero heat flux 
vertical wall is replaced by a cooler wall. Basak et al. [17] have 
also contributed by working on the study of free convection in 
a cavity having square contour whose bottom wall is heated 
both homogenously and sinusoidally while the sideways walls 
are preserved at a relatively low temperature and the top wall is 
insulated. They have observed the heat transit behaviour with 
the change in Ra (103 to 105) and Pr (0.7 to 10). They have found 
maximum heat transfer rate at the center for homogeneous 
heating whereas the heat transit is more near the corner of 
the bottom wall for sinusoidal heating. Akterian and Fikinn 
[18] have conducted a study on numerical simulation on any 
arbitrary shaped canned foods to predict the heat transfer rate 
inside it, during the sterilization process. This study analyses 
heat transit by diffusion in food processing industries. They 
have also proposed a model where a detailed study of unsteady 
conduction is analyzed during the preparation of canned food 
under different boundary conditions. Paroncini and Corvaro 
[19] have conducted the study of free convection in a square 
shaped enclosure with the placement of heat source inside the 
cavity, both numerically and experimentally. Their results of 
experimental work are in reasonably match with the numerical 
study which can help to elaborate the work for higher Ra. 
They have shown that average Nu enhances with Ra. Chen 
and Chen [20] and Cianfrini et al. [21] have studied the 
mechanism with partially heated sources in vertical square 
and tilted square enclosures, respectively. They have observed 
that average Nu enhances with Ra. A study which involves the 
SIMPLER algorithm to illuminate the momentum, mass and 
energy equations for a specific model of rectangular enclosure 
with air medium has been performed by Corcione and Habib 
[22]. They have varied Ra (103 to 107), Pr (0.7 to 700), and 
tilting angle (-75o to 75o), and concluded that heat transfer 
rate enhances with Ra, Pr, and size of the heat source. Heat 
transit behaviour significantly depends on the shape and 
orientation of an enclosure. A study has been performed by 
Varol et al. [23] which involves varying parameters such as tilt 
angle of 2D geometry from square to trapezoid, fluid porous 
medium, and cooling and heating from different walls. Three 
different positions of the cooler are defined for their work with 
the change in Ra and aspect ratio. The position of the cooler 
helps to modify the heat transfer rate.

The majority of research works which have been carried 
out in this field are with regular shaped enclosures. Based on 
the available literature, it can be observed that there are no 
such studies available where natural convection inside trap-
ezoidal enclosure with porous partition in-between has been 
performed in order to explore its suitability for the food pro-
cessing units. Heating is pragmatic from the lowermost wall 
while the top wall is insulated, and the left/right inclined walls 
are kept relatively cold. In the present problem of the analysis 
of food processing unit, a trapezoidal cavity with a horizon-
tal porous partition has been considered to observe the ther-
mo-fluid behaviors inside it. The performance of the present 
system has been evaluated under different bottom wall heating 
conditions. Stream function, isotherm patterns, and entropy Figure 1: Schematic of the problem domain with boundary condition.
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The optimum nodes and elements selected for the current 
work are 23309 and 22900, respectively, to prevent grid de-
pendency as from table 2, it can be observed that the entropy 
generation varies only 0.1 % for further grid refinement.

Results and Discussion
The chief objective of this study is to evaluate the detailed 

thermo-fluid characteristics inside a food processing unit heat-
ed from below while maintaining a constant temperature at 
the bottom wall. A trapezoidal enclosure with a horizontal po-
rous partition having porosity 0.01 is conceived herein where 
the stream functions, isotherms and entropy generations are 
evaluated under different Ra values viz. 103, 104, and 105. The 
top wall has been insulated and both the inclined sidewalls 
are retained at a relatively cold temperature. The variations of 
thermo-fluid characteristics under different Ra values are ob-
served and recorded in both the lower and upper parts of the 
enclosure as delineated subsequently.        

Stream function and isotherm patterns

In order to enclounter the impact of Ra on energy trans-
fer, three distinct values of Ra are ruminated, Ra = 103, Ra = 
104, and Ra = 105, respectively, while Pr is sustained at a con-
stant value of 0.7. Figure 2 illustrates the variation of stream 
function and isotherms with Ra. As the bottom wall is heated 
at higher constant temperature and the sidewalls are kept cold, 
the air starts to move up at the centre. It then moves towards 
the sidewalls and comes down to form two circulations, one 
clockwise and another anti-clockwise as can be seen from the 
stream function contours (left). The circulating air transfers 
the heat to the partition via convection and then a similar phe-
nomenon takes place inside the above section. Therefore, total 
four circulations are noticed inisde the cavity. Strength of the 
circulation is more in lower part of the cavity while compared 
with the upper part of the enclosure irrespective of Ra. The 
values of stream fuction of upper portion is only 1.2 whereas in 
lower portion, this value is 6.3 (almost six times). This is due to 
the position of the heat source that provides heat directly to the 
bottom wall whereas heat transfers to upper portion through 
porous partition.

Natural convection is a strong function of Ra. In order 
to estimate the impact of Ra on the thermo-fluid properties 
inside the cavity, variations of isotherm and stream function 
patterns under different Ra during uniform heating are 
estimated and displayed in figure 2 at constant Pr (Pr = 0.7). It 
can be seen from figure 2 that the circulation strength is very 
less at the lower values of Ra (Ra = 103 and 104). This is due to 
the lower strength of buoyancy force that leads to conduction 

Where, ( )p

k
c

α
ρ

= , thermal diffusivity;  
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−

= , Rayleigh number;
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Entropy generation inside the food processing unit can be 
estimated as below.
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The non-dimensional boundary conditions at the differ-
ent walls are stated next.

Upper wall: U = V = 0 and 0θ
η
∂

=
∂ ; 

Lowermost wall: U = V = 0 and θ = 1; 
Sideway walls: U = V = 0 and θ = 0.

Commercial software, Ansys Fluent has been employed 
in order to solve the governing equations through the finite 
volume approach during which energy, momentum and mass 
are conserved in each control volume as well as in the total do-
main. In the momentum equation, the velocity and the pres-
sure terms are coupled together through SIMPLE algorithm, 
herein.  

The code validation and grid independency study have 
been carried out for accurate prediction of thermal flow be-
havior inside the cavity. For validating the present code, results 
produced by the present code are compared with the existing 
works. For this, calculated average Nu along the conducting 
walls is compared with established works, which are depicted 
in table 1. From table 1, it can be concluded that the results 
are in significantly match the previous works, confirming the 
accuracy of the present code.

The mathematical inquiry has been also imperiled to the 
grid independency test to acquire the truthful solution. For 
grid independency study, the parameter conceived for the 
exertion is Ra = 105. The total entropy generation inside the 
cavity is calculated then for a piece refinement of grids and 
the results are compared with the preceding grid as depicted 
in table 2.

Table 1: Results for code validation study. 

Sl No Parameters selected for code 
validation

Existing 
results

Present 
results

% in 
change

1 Da = 10-3, Ra = 105, and  = 0o 
[26]

2.623 2.610 0.38

2 Ra = 105, Pr = 10, and uniform 
heating [17] 8.61 8.58 0.34

3 Da = 10-1, Ra = 105, and Pr = 1 
[27] 4.385 4.276 2.4

Table 2: Comparison results for grid independency test.

Sl No Number of 
nodes

Number of 
elements

Total 
entropy 

generation

% in change of 
Total entropy 

generation
1 1538 1435 142.2 -
2 5935 5730 152.9 7.5
3 13192 12885 158.2 3.5
4 23309 22900 161.1 1.8
5 58966 58169 161.3 0.1
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Entropy generation

In order to obtain more depth of heat transit character-
istics inside the enclosure, entropy generation has been es-
timated and critically examined in this subsection. Figure 3 
epitomizes the contour of local entropy production at differ-
ent values of Ra for both heat transfer (left panel) and fluid 
friction (right panel) irreversibilities. From figure 3a, it can be 
detected that the entropy generation owing to fluid friction 
effect is very small and is present along the corners of the walls 
and the partition. With the increase in Ra, entropy genera-
tion attributable to both heat transfer and fluid friction also 
increases thus, irreversibility increases around the corners as 
can be perceived from figure 3b and 3c. However, it can be 
seen from figure 3 that around the partition, entropy gener-
ation near the bottom wall is quite high. This is attributable 
to the high temperature gradient between the cold and hot 
air. At low Ra, it can be noticed that the entropy production 
by reason of fluid friction is almost negligible while compared 
with the entropy production owing to the heat transfer. This 
shows conduction is more prevalent than convection. Further, 
with the rise in Ra, fluid friction irreversibility enhances more 
significantly as compared to heat transfer irreversibility. This is 
owing to the buoyancy actuated fluid flow inside the enclosure, 
which is drastically escalated with the increase in Ra. For ex-
ample, heat transfer irreversibility enhances two times whereas 
fluid friction irreversibility enhances more than four hundred 
times for a change in Ra from 103 to 105.

leading heat flow, which is also supported by the smooth 
natures of the isotherms. Non-dimensional temperature is 
smoothly disseminated from the conducting wall to the cavity, 
which signifies the diffusion leading energy transit throughout 
enclosure. Furthermore, it is found that the circulation strength 
drastically rises with the boost in Ra owing to significant 
augmentation of buoyancy force that prolongs the convection 
strength within the cavity as can be seen in figure 2b and 2c. 
From the isotherm patterns, it is also noticed that these bend 
toward the vertical wall indicating significant transfer of heat 
from hot bottom wall to cold vertical wall due to convection. 
For example, the strength of the circulation rolls is only 0.07 
(lower cell) for Ra = 103, whereas the magnitude of the strength 
of the circulation roll is 6.3 for Ra = 105. Additionally, high 
strength circulation roll is found nearer to the core that tends 
to zero gradually towards the wall because of no slip boundary 
conditions. 

It can be perceived that the isotherms are symmetric 
around the line passing through the mid-section of the bot-
tom wall and are symmetrically distributed below towards the 
side walls. However, for smaller Ra the penetration of heat is 
low as can be seen in the figure as the isotherms approach the 
partition. It can be perceived (Figure 2b) that at Ra = 105, the 
circulation inside the trapezoidal enclosure (both above and 
below cavities) also intensifies as evident from the superior 
extents of the stream functions. Also, the buoyancy driven cir-
culations are greater at the center of the cavities and lesser at 
the walls owing to no slip boundary conditions.

Figure 2: Contour of stream function and isotherms for Ra (a) 103, (b) 104, 
and (c) 105 at Pr = 0.7.

Figure 3: Contour of heat transfer irreversibility (left) and fluid friction 
irreversibility (right) for Ra (a) 103, (b) 104, and (c) 105 at Pr = 0.7.
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tion irreversibility enhances drastically. Therefore, contribution 
of entropy production due to fluid friction is more prominent 
at high Ra whereas heat transfer irreversibility contribution is 
more at low Ra.

After analyzing all the isotherm, stream-function and 
entropy generation plots it can be seen that it is suitable to 
choose a Ra such that the air circulation and heat distribution 
inside the enclosure is high while the entropy generation is ad-
missible. Assuring these conditions, a food processing unit can 
ensure good quality products and optimized working condi-
tions based on cost, time and material used. Total heat transfer 
irreversibility is very large at low Ra due to high temperature 
gradients. However, the total fluid friction irreversibility is 
very little at small Ra owing to less buoyancy force inside the 
cavity. Increment of total entropy because of heat transfer irre-
versibility is less as related to total fluid friction irreversibility. 
Again, this is due to buoyancy actuation with Ra which subse-
quently increases the total fluid friction irreversibility.

Conclusion
The prime aim of the present work is to study the impact 

of various Ra on the air circulation and temperature dispersal 
in a trapezoidal enclosure with a horizontal porous partition 
as a food processing unit. The succeeding decisions can be 
anecdotal from the present work.

•	 The circulation rate is very high for higher Ra (105).
•	 At low Ra, heat accumulation is comparatively higher 

at the bottom wall and with the increase in Ra, heat 
distribution increases at the sidewalls.

•	 The effect of presence of partition demonstrates that the 
temperature in the fluid above the partition is somewhat 
lower at low Ra, and uniform distribution of heat is 
observed for higher Ra values. 

•	 Higher irreversibilities are observed at the corners of the 
enclosure and about the partition of the enclosure.
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Table 3: Total entropy production.

Sl No Ra  
1 103 63.21 0.007 63.21
2 104 65.53 0.99 66.51
3 105 73.05 87.09 160.14
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