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Abstract

The present numerical attempt deals with the analysis of natural convection flow in a trapezoidal cavity
with triangular block embedded inside intended for various inclination angles ¢. In this cavity, the bottom
wall is non-uniformly heated, left and right (side) walls are cold and the top wall is well insulated. The
triangular block or triangular solid body surface for different positions (LBC, RBC, LTC, RTC) inside the
trapezoidal cavity is also non-uniformly heated (Typ). A Galerkin weighted residual finite element method
is applied to solve the Navier-Stokes equations and energy balance equations and to find the results in the
form of streamlines, isotherms (temperature), heat function, pressure and local Nusselt numbers and
average Nusselt number for different parameters. Finite element method has also been used to solve the
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velocity and thermal fields. The fluid is concerned for various governing parameters, such as Rayleigh
number, Ra (10°<Ra<10°), Prandtl number, Pr (0.026<Pr<1000) and various inclination angles ¢ (¢ =
45°, 30° and 0°). It has been revealed that due to non-uniformly heated triangular block, heatlines by
connecting cold and hot walls are found to be continuous lines and also perpendicular to the isothermal
walls which occur for the conduction dominant regimes. Fluid flow and heat flow occur symmetrically.
The local Nusselt number and average Nusselt number for the non-uniformly heated bottom wall of the
trapezoidal cavity using the inside of the non-uniformly heated triangular block are illustrated by
heatlines. It has been also found that heat transfer rates significantly depend on the tilt angles (¢), non-
uniformly heated triangular block and aforementioned non-dimensional parameters.

Keywords: Natural convection; Galerkin weighted residual finite element method; trapezoidal cavity,
triangular block; non-uniform heating.

NOMENCLATURES
LBC  Left bottom configuration
g Acceleration due to gravity(m/ s°) RBC Right bottom configuration
Gr  Grashof number LTC Left top configuration
H Convective heat transfer coefficient (W/m’ K) ~ RTC  Right top configuration
k Thermal conductivity of fluid(W/m K) Tw  Non-uniformly heated wall of triangular block
L Height or base of trapezoidal cavity (m)
N Total number of nodes GREEK SYMBOLS
Nu,, Average Nusselt number a Thermal diffusivity (m’/s)
Nujoeqr Local Nusselt number g Coefficient of thermal expansion (KI)
P Non-dimensional pressure P Density of the fluid (kg/m’)
p Pressure, Pa A0  Temperature difference
Pr Pmmflﬂ number u Dynamic viscosity of the fluid (Pa s)
Ra  Rayleigh number v Kinematic viscosity of the fluid (m’/s)
T Temperature (K) W Stream function
T, Temperature of hot bottom wall (K) 0 Dimensionless temperature
T. Temperature of cold side wall (K) I Heatfunction
U x component of non-dimensional velocity o Fluid electrical conductivity(Q'm™)
u x component of velocity (m/s) @ Inclination angles
V y component of non-dimensional velocity
v y component of velocity (m/s) SUBSCRIPTS

Vo Lid velocity

x,y  Distance along Cartesian coordinates b Bottom wall
XY  Dimensionless distance along Cartesian / Left wall

coordinates r Right wall
T; Temperature of insulated top wall (K) s Side wall

1 Introduction

Natural convection, fluid flow and heat transfer in enclosed cavities especially inside an enclosure has long
been studied and has attracted many researchers due to large number of engineering applications, such as,
nuclear reactors, design of solar collectors, thermal design of buildings, lakes and reservoirs, air
conditioning, cooling of electronic devices, food processing, crystal growth and solidification process
applications etc. [1-6]. Studies of natural convection are carried out for different square, rectangular,
triangular and trapezoidal cavities. In recent years, a considerable attention has been received by trapezoidal
cavities for its application in various fields. As one of the representative geometries, laminar natural
convection with triangular body surface inside a trapezoidal cavity is of great interest, since such type of
geometry is applied as engineering applications which have been discussed above. A brief account of
relevant literature on convection patterns in cavities is presented below.



Hossain et al.; JAMCS, 28(5): 1-30, 2018, Article no.JAMCS.43101

The penalty finite element analysis with bi-quadratic elements was studied by Basak et al. [7] to find out the
weight of uniform and non-uniform heating of base wall within a trapezoidal field of various leaning angles
¢ taking an ample range of Rayleigh number (10° < Ra < 10°), Prandtl number 0:026 < Pr < 6 988:24) and
Darcy number, (10°< Da< 10°). It is pragmatic that the adjacent heat transport rate at the middle portion of
the base wall is bigger for non-uniform heating crate and also observed that the average warm transfer rate
at the base wall is established to be invariant regarding ¢ at higher Ra in favour of non-uniform heating. An
inclusive heatline appears for natural convection streams in trapezoidal enclosures with the result of diverse
walls heating [8]. Besides, the occurrence of natural convection with a porous matrix in a trapezoidal
enclosure has been discussed mathematically by Basak et al. [9]. Numerical research of natural convection
for uniformly or non-uniformly heated underneath wall in porous trapezoidal enclosures was conducted by
Basak et al. [10] using penalty finite element analysis with bi-quadratic elements to find out the Navier—
Stokes and energy balance equations. It has been initiated that secondary circulations come out at the top
angles of the hollow for ¢ = 45", 60" and bottom corners of the cavity for ¢ = 90 with Pr = 0.015, Da = 10"
and Ra = 10°. It is found that Nu, values are greatest near the corners of bottom wall for all ¢'s irrespective
to Da and Pr due to the heated underneath wall with freezing side walls. Local Nusselt number (Nuy) is least
near the corners of the underneath wall and is also seen a sinusoidal variation with distance for all angles ¢
at high Da. Khozeymehnezhad and Mirbozorgi [11] carried out the numerical computations for natural
convection among a freezing outer square enclosure and a hot interior cylinder stimulated by a temperature
difference for two different geometries. The results explained that when an inner cylinder is placed at a
certain distance from the middle of the enclosure then the division from the bicellular vortices to a uni-
cellular vortex occurs for both cylinders, and also at small Rayleigh numbers. It has been also found that the
heat transfer rate from the enclosure is superior than the inside position of the circular cylinder. Study of
thermal management via distributions of heatlines and entropy generation for natural convection in
trapezoidal cavities was studied by Ramakrishna et al. [12] for the variety of parameters, such as Darcy
numbers, Prandtl numbers, Rayleigh numbers based on heatline concept. In this work, the thermal mixing is
magnified as Da enhances from 107 to 10°. Besides, the thermal gradients are very close to the lower part
of the left wall and upper part of the right wall for Da > 10 irrespective of ¢ and Pr and also, the thickness
of the thermal frontier layer is small beside those areas. It has been also analysed that at higher Da, total
entropy generation is high for Pr = 1000 than Pr = 0.015. Moreover, heat stream patterns with heatline
concept in the company of natural convection within trapezoidal enclosures taking uniformly and non-
uniformly heated bottom wall, insulated top wall and isothermal side walls with inclination angles ¢ were
investigated by Basak et al. [13]. The local Nusselt numbers show the results for side and underneath walls
and variation of local Nusselt numbers with distance have also been explained based on heatlines.
Furthermore, the significant variation of average heat transfer with ¢ is not seen for non-uniform heating of
underneath wall. Hossain and Alim [14,15] also examined numerical simulation of magneto-hydrodynamic
free convection within the trapezoidal cavity with the help of uniformly and non-uniformly heating of the
bottom wall, insulated top wall and isothermal side walls for variety of parameters, such as Rayleigh
number (Ra) from 10° to 107 and Prandtl number (Pr) from 0.026, 0.7, 1000 with liking angles ¢ = 45°, 30°
and 0°. Heat flow patterns via heatline concept have been analysed within this trapezoidal enclosure.
Besides, finite element computational simulations were carried out by Aparna and Seetharamu [16] for
natural convection filled by porous media in a trapezoidal cavity to investigate the effect of uniformly and
non-uniformly heated bottom wall. This study observes that the uniform temperature at the underneath wall
of the enclosure gives a higher Nusselt number as compared to the linear and sinusoidally varying
temperature cases and average Nusselt numbers raises because of raising Rayleigh number for underneath
wall and the top wall. Alsabery et al. [17] studied the complexity of natural convection partially filled with
nanofluid porous layer and partly with non-Newtonian fluid layer within a trapezoidal cavity and shown that
convection increases via the addition of silver—water nanofluid and the heat transfer rate is affected with the
inclination angle of the cavity variation. Laminar steady state natural convection in a two-dimensional even
trapezoidal enclosure with a finite element method was studied by Uddin and Saha [18]. From this research,
it is found that the average Nusselt number increases with the increase of Rayleigh number and due to
higher Rayleigh number, the effect of the sidewall inclination angle on heat transfer is significantly reduced
means decreases with the increase of base wall tilt. Fateh Mebarek-oudina and Rachid Bessaih [19] studied
a cylindrical configuration filled with a low-Prandtl number electrically conducting fluid convection, under
the influence of either axial or radial magnetic field using finite volume method. In this investigation,
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stability diagrams of liquid metal flow in natural convection have been confirmed by a radial magnetic field.
A numerical research among vertical coaxial cylinders and under the influence of oscillatory magneto
hydrodynamic natural convection of liquid metal was carried out by F. Mebarek-Oudina and R. Bessaih
[20]. In this study, the flow stability and heat transfer rate have been controlled in varying the aspect ratio,
intensity and route of the magnetic field. The stability of natural convection heat transfer in a cylindrical
annular taking discrete isoflux heat source of different lengths has been investigated by F. Mebarek-Oudina
[21]. The results indicate that the critical Rayleigh number decreases due to increase of heat source length
ratio and flow stability and heat transfer rate can be controlled in varying of the heat source. The onset of
oscillatory swirling liquid metal flow in a cylindrical container subjected to a vertical temperature gradient
and an axial magnetic field has been studied by F. Mebarek-Oudina and Rachid Bessaih [22]. The effect of
the conductivity on the flow of the bottom wall and the rotating disk was shown in this research. Stability on
the flow of natural convection in a cylindrical enclosure due to the magnetic field in Czochralski Crystal
Growth is performed by F. Mebarek-Oudina and Rachid Bessaih [23]. It is seen that owing to the increase
of the magnetic field parameter, stability diagrams strongly depend on the critical Rayleigh number.

Motivated via the above mentioned investigations, it is pointed out that a little work has been done on
natural convection flow in a trapezoidal cavity but, there is no noteworthy information for natural convection
flow where a non-uniformly heated triangular block for different positions (LBC, RBC, LTC, RTC) exists in
a trapezoidal cavity for assorted angles ¢. The effect of the geometry of the heat transfer characteristics is
necessary to learn to attain the optimal design of the container for a variety of industrial applications. The
aim of the present article is to provide a complete presentation about the problem, solution procedure and
detailed inspection which addresses the effects of heat flow via heatlines for natural convection within a
trapezoidal cavity with the non-uniformly heated triangular block for different governing parameters Ra and
Pr varying the diverse inclination angles (¢ = 45", 30 and 0°). Numerical results are obtained here in terms
of the isotherms, heat function or total heat flux, pressure contours, and flow fields on heat transfer, heat
transfer rate as well as the local Nusselt number and average Nusselt number of the fluid in the cavity for
various materials with the ample range of Ra and Pr.

2 Physical Configuration

The schematic view of the problem of a two dimensional trapezoidal cavity of height L with the left wall
inclined at an angle ¢ = 45°, 30°, 0° with Y- axis embedded inside a non-uniformly heated triangular block
(Typ) for various positions (LBC, RBC, LTC, RTC) are premeditated and illustrated in Fig. 1.0a-c (LBC). A
Cartesian coordinate system is used with origin at the left corner of the computational domain. In a two-
dimensional trapezoidal cavity, the bottom wall is considered with a non-uniform hot temperature (7},) while
the left and right (i.e. side) walls are considered at a cold temperature (7,) and the top wall is kept thermal
insulated (7). Here T}, >T.. All the fluid properties are presumed to be constant and the boundary conditions
for velocity are measured as no-slip on solid boundaries.

3 Mathematical Principal Equations

In the present problem, the two dimensional trapezoidal cavity is filled with an incompressible, Newtonian
fluid and the flow is assumed to be steady, laminar and obeying Boussinesq approximation and there is no
viscous dissipation. The steady dominant equations of conservation of mass, momentum and energy in the
non-dimensional form Basak et al. [13] are offered as follows:

ou oV
—+—=0 (1)
oxX oY
2 2
Ua—U+Va—U=—a—P+Pr _8 U+—a v )
ox oY X ox?* oy’
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Fig. 1. Schematic diagram of the physical system for (a) ¢ =0°, (b) ¢ = 30° and (c) ¢ = 45°

The above equations (1) - (4) are non-dimensionalised with the following dimensionless variables [13]:

T-T
=2 y=2 pttopoplY g tole
L L a o a 1,-T,
: (T, -T. (T, —T.)Pr
P:pLZ, Gl":gﬂ (2}1 (,), Ra:gﬂ (h2 (,)
po 14 v

and the corresponding boundary conditions Basak et al. [13] (Fig. 1), for the current problem are specified as
follows:

Atthebottom wall: U=0, V=0, f=sin(zX) VY=0, 0<X<I
At the left wall: U=0, V=0, =0, V Xcos¢ + Ysing=0, 0<Y<I1
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Attheright wall: U =0, V=0, =0, V Xcos¢— Ysing=cosg, 0<Y<I

At the top wall: U=0, V=0, %:o, VY=l —tang< X <(1+tang)

At the different positions (LBC, RBC, LTC, RTC) of triangular block surface:
U(X,Y)=0, V(X,Y)=0, O(X,Y)= sin(zX)

Where X and Y are dimensionless coordinates varying along horizontal and vertical directions, respectively;

U and V are the dimensionless velocity components in X and Y directions, respectively; & and P are the
dimensionless temperature and pressure and Ra, Pr, Gr are Rayleigh number, Prandtl number and Grashof
number, respectively. Thermal diffusivity, volumetric thermal expansion coefficient, kinematic viscosity,
density and the dimensional temperature difference of the fluid are represented by the symbols a, 5, v, p, AT,
respectively.

The heat transfer coefficient in terms of the local Nusselt number (Nu) is defined by the following
expression:

Nu = Nu; = Nu,. = Nuy, = Nug =—?
n

>

Where n denotes the normal direction on a plane.

while the average Nusselt number at the heated bottom wall, cold left and right walls and insulated top walls
1 1 1 1

of the cavity is obtained as, Nu or Nu,, = INul dX = INur dX = INuS dX = .[Nub dx
0 0 0 0

Stream function displays the fluid motion and is evaluated using the relationship between stream function y

0 0
and velocity components U and ¥ and defined as, U :a_l/; and V=—% which yield a single

Oy 'y oU v o
——==—————"_ It is noted that anticlockwise circulation is denoted by (-H//) and

+ =
X2 oY oY oX

clockwise circulation is represented by(—y/) . Since no cross flow acts, so the no slip boundary is validated

equation,

for all boundaries.

The heat flow within the cavity is displayed using the heat function (H ) obtained from the conductive heat

fluxes —%,—% as well as convective heat fluxes (U g, V@) . The heat function satisfies the
oX oY
. . oH 00 oOH o .
energy balance equation (equation 4), such that, — =U@——, ——— =V —— which yield a
oY oxX oX oY

O’H 0°H 0 0
single equation ——+——-= —( )——(VH). Here the(+H ) denotes the anticlockwise heat

ox- oy- oY oX

flow and clockwise heat flow is represented by (— H )



Hossain et al.; JAMCS, 28(5): 1-30, 2018, Article no.JAMCS.43101

4 Numerical Procedure

COMSOL Multiphysics has been used to implement Galerkin weighted residual finite element method
[24,25] and also the non-linear parametric solution method have been used to solve the mathematical
dominant equations along with the specific boundary conditions for the current problem. A non-uniform
triangular mesh arrangement has been implemented in the present research especially near the walls to
capture the fast changes in the dependent variables. This approach will result in substantially fast
convergence assurance.

To derive the finite element equations, the method of weighted residuals [26] is applied to the equations (1)
—(4) as follows

oU oV
+—1| dA=0 5
IA ¢ (GX ayj ®
2 2
[N ( Va—U]dA——j' Hﬂ(a—deA+PrJ‘ N, OU LU (6)
2 2

jN (UGV Va—V)dA ——IH/I(—)dA+P jN (a V.87 9V 4

X oY Tor? o
+RaPr j N, 0dA
2

(020 v 2 s v 2229 .
Where A is the element area, N, (a =1, 2, ... ... , 6) are the finite element interpolation functions for the

velocity components and the temperature and H; (A= 1, 2, 3) is the finite element interpolation functions for
the pressure. Gauss’s theorem is then applied to equations (6)-(8) to generate the boundary integral terms
associated with the surface tractions and heat flux. Then equations (6)-(8) becomes,

[N ( +VZ—UjdA jAH”(SdeA

©))
ON, oU ON, oU
Pr —+ dA=|, N,S.dS
IA( X oX oY ay} jS 0
IN (UaV ONg OV Ny OV
ox oX oX oY oY (10)
~RaPr[N,0dA= [ N,S,dS,
a So
00 o0 ON, 00 6N 00
N, (U—+V —)dA dA= | N ds 11
;!; al ox aY) I(GX aX oY 8Y) j a9 w (11

W



Hossain et al.; JAMCS, 28(5): 1-30, 2018, Article no.JAMCS.43101

Here (9)-(10) specifying surface tractions (S, Sy) along outflow boundary SO and (11) specifying velocity
components and fluid temperature or heat flux (qy,) that flows into or out from domain along wall boundary
Sy

To find the result of the velocity and thermal energy, a set of non-linear coupled equations (1)-(4), for which
an iterative scheme is adopted. The convergence of numerical solutions is assumed when the relative error
for each dependent variable between consecutive iterations is recorded below the convergence criterion €
such that,

n n—1
Z“//g Yy ‘S €,

Where n is a number of iteration and ¥ = U,V , 8, P andg=10'5; the indexes i, j indicate a grid

point; and the index n is the current iteration at the grid level. The six node triangular element is used in this
work for the development of the finite element equations. All six nodes are associated with velocities as well
as temperature; only the corner nodes are associated with pressure. This means that a lower order polynomial
is chosen for pressure. Quadratic interpolation is assumed by the element for the velocity components, the
temperature distributions and linear interpolation for the pressure distribution according to their highest
derivative orders in the differential equations (5) and (9) - (11) are presented as follows:

U(X, Y)=N,U, (12)
V(X, Y)=N,V, (13)
X, Y)=N, 0, (14)
P(X, Y)=H, P, (15)
Where o = 1, 2, ... ... , 6; 4= 1, 2, 3; Substituting the element velocity component distributions, the

temperature distribution, and the pressure distribution then from equations (12)-(15), the finite element
equations can be written in the form,

Ka ﬂxUﬁ+Ka ﬂyVﬁzo (16)
Kaﬂyx Ugl, +Kaﬂ;/y nu, +Maﬂx P, + Pr(Saﬂxx + Saﬂyy )Uﬂ = Qa” (17)
Kaﬁny'BVy +Kaﬂyy V.V, +MauyPﬂ +Pr(Saﬁxx + Saﬁyy W "
—RaPrK 50, = QaV

Kaﬂnyﬂ67 +Kaﬁyy V0, +(Saﬂxx + Saﬂyy )Hﬂ = Qag (19)

Where the coefficients in element matrices are in the form of the integrals over the element area and along
the element edges Sy and S,, as,
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Kaﬂx = [ NaNp, cdA | Kaﬂy =] NaNp, ydA | Kaﬂyx =[ NaNpN,, (dd
K5y = [ NaNpN,, ,dA Kop =] NoNpdd | S s = [ NeaxN g xdA
S oy = [ (Na,yNp, ydA M, .= [ (HoH y dA M,y = [ (HaH y ydA
0,1 =I5y NuSilSo. 0,0 =I5, NuSy0 0 0 =5, Nudi,dS,

QaHS = ISW Ny 42,48y,

These element matrices are evaluated in closed form for numerical simulation. Details of the derivation for
these element matrices are omitted herein. Using the reduced integration technique of Reddy [17] and
Newton—Raphson iteration technique by first writing the unbalanced values from the set of the finite element
equations, the nonlinear algebraic equations (16)—(19) are modified by the imposition of boundary
conditions. These modified nonlinear equations are transferred into linear algebraic equations using
Newton’s method. Finally, these linear equations are solved using Triangular Factorization method.

5 Grid Sensitivity Test

Grid sensitivity test is examined to find the appropriate number of grids and elements in a trapezoidal cavity
with a non-uniformly heated triangular block (LBC) for Pr = 0.7, phi = 45" and Ra = 10°. The following
types of six different non-uniform grid systems of 6770, 9656, 13392, 17175, 21543, 26436 nodes and 992,
1436, 2007, 2589, 3261, 3968 eclements were considered for the grid sensitivity tests. From these values,
17175 nodes and 2589 elements are adequate to produce an accurate result (Table 1).

Table 1. Grid Sensitivity Check at Pr= 0.7, Phi =45° and Ra = 10°

Nodes 6770 9656 13392 17175 21543 26436
(Elements)  (992) (1436) (2007) (2589) (3261) (3968)
Nu 4872581  4.872778 4.873732 4.87265 4.883798 5.071351
Time (s) 8.643 12.869 16.634 21.931 32.566 34.87

6 Code Validation

The present numerical algorithm is validated against the existing numerical results of Basak et al. [13] for a
two-dimensional natural convection flow in a trapezoidal cavity having non-uniformly heated triangular
block. The values of average Nusselt number (Nu,,) are anticipated for three different Rayleigh numbers (Ra
=10%, 10" and 10°) and also an angle ¢ = 0", 30", 45 as the Prandtl number is preset i.e., Pr = 0.7 for non-
uniform heating of bottom wall. The obtained results are in good accord with those of Basak et al. [13] and
are presented in Fig. 2.

7 Results and Discussion

Numerical research of natural convection flow in a trapezoidal cavity embedded inside a non-uniformly
heated triangular block for different positions (LBC, RBC, LTC, and RTC) with non-uniform heating of
bottom wall has been studied in this exertion. The results have been analysed for the case of the non-
uniformly heated triangular block for diverse positions and also for heat transfer rates as well as local and
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average Nusselt numbers. In addition, results are found for a wide range of parameters, such as Prandtl
number, (0.026 < Pr < 1000) and Rayleigh number, (10° < Ra < 10°) by way of various inclination angles,
=45,30,0 (square cavity).

——— Phi=0,Pr=0.7,Basak etal. [13]
Phi=0,Pr= 0.7, present work
| ———— Phi=30,Pr=0.7, Basak etal.[13]
————— Phi=30,Pr=0.7, present work
|- = — Phi=45,Pr= 0.7, Basak etal. [13]
——&—— Phi=45,Pr= 0.7, present work

|

Average Nusselt Number, Nu

103 \\\\\1\|04 l \\\\1\05
Rayleigh Number, Ra

Fig. 2. Code validation for non-uniform heating of bottom wall with Pr = 0.7
7.1 Streamlines, isotherms, heatlines and pressures (For LBC triangular block)

Figs. 3-6 show the streamlines (stream functions), isotherms (temperature contours), heatlines (heat
functions) and pressure contours for Rayleigh number, Ra = 10°- 10° and Prandtl number, Pr = 0.026-1000
(i.e. Pr = 0.026, 0.7, 1000) in the presence of non-uniformly heated bottom wall, cold side walls and well
insulated top wall in a trapezoid cavity embedded inside a triangular solid body surface. The circulations of
fluid strongly depend on non-uniformly heated triangular block (LBC) and also the parameters Pr and Ra.
Due to heated triangular block and hot bottom wall, it has been seen that the fluid near to the hot bottom wall
is hotter than the fluid near to the cold side walls. For this, the fluid close to the cold side walls has a larger
density than the fluid near to the hot bottom walls. Consequently, from the middle portion of the bottom wall
and also from the heated triangular block fluid rises up and flows down along the two side walls forming
clockwise and anticlockwise rotations within the cavity.

Fig. 3 explains the streamlines (stream functions), isotherms, heat function and pressure contours for Pr
=0.026, Ra = 10° for non-uniform heating of bottom wall within the cavity owed to the non-uniformly heated
triangular block. In this case, symmetric primary circulations are seen in the cavity for low Rayleigh number
(Ra = 10%) and the worth of stream functions are considerably lesser with the inclination of ¢s. When ¢

=0"(square cavity), the maximum value of stream function is |l// |max = 0.7. But for ¢ =30 and 45, the

maximum value of stream function is |l//|maX: 1.13 and|l//|max = 1.26, respectively as seen in Figs. 3a-c.

The isotherms with 6 = 0.05 - 0.18 occur symmetrically near the side walls of the cavity for ¢ =0" whereas,
the isotherms by 6 > 0.24 are continuous curves. It means that a slightly stronger convection pushes the
isotherms towards the walls. When ¢ = 30", Pr = 0.026 and Ra = 10° then the isotherms with 6 = 0.05 - 0.37
occur symmetrically near the side walls of the cavity whereas, the isotherms by 6 > 0.44 are continuous
curves (Fig. 3b). When ¢ = 45", Pr = 0.026 and Ra = 10’ then the isotherms with 6 = 0.05-0.44 are
symmetric along the side walls and the other isotherms 6 > 0.50 are continuous curves and symmetric with

respect to the vertical symmetrical line (Fig. 3c). By the intensity of circulations, |l//|max = 0.7 comparing to

other cavities, it has been noted that the isotherms are high (6 = 0.95) near to the non-uniformly heated

10
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triangular block and hot bottom wall. The heatlines (heat function or total heat flux) are explained in panels
(Fig. 3a-c). It is noted that heat flow via heatlines is symmetrically distributed along the cold side walls
irrespective of ¢s. It is evident that isotherms with larger magnitudes for smaller ¢s towards the top portion
of the side walls are opaque. It means that heatlines for ¢ = 0 is less dense than ¢ = 30" and 45". Thermal
boundary layer has been found to develop near the bottom edge as the heat transfer rate is quite large near to
the non-uniformly heated triangular obstacle and also non-uniformly heated bottom wall. The pressure
contours are also exemplified as shown in Fig. 3a-c. When ¢ = 0° (square cavity) then the pressure contours
are linear. As the triangular block (LBC) and bottom wall are non-uniformly heated, the pressure contours
are increasing from the middle portion of the bottom wall of the cavity and mostly dense in the edge of the

heated triangular block. When ¢ = 0" then | p|maX: 5 but for ¢ = 30" and 45  we have | p|maX: 7.5 and

| p|max = 8, respectively. Moreover, for ¢ = 30° and ¢ = 45 it is seen that the value of pressure contours is

also increasing because of the smaller area and tough flow motions and seems to be bigger.

Pressure (P)

Heat Function ()

Temperature (8)

Stream Function (V)

Fig. 3. Stream function (¥), temperature (0), heat function (IT) and pressure (P) for LBC
triangular block for non-uniform bottom heating 0(X,0) = sin(zrx) with Pr = 0.026, and Ra = 10’
where (a) d=0°(b) ¢ =30° (c) p=45°
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Pressure (P)

Heat Function (M)

2

Temperature (8)

i

i
)

Stream Function (V)

Fig. 4. Stream function ('¥), temperature (0), heat function (IT), pressure (P) for LBC triangular
block for non-uniform bottom heating 0(X,0) = sin(nx) with Pr = 0.026, and Ra = 10° where (a) b=
0°(b) ¢ =30° (c) p=45°

At larger Rayleigh number (Ra = 10°), the potency of circulations of the trapezoid swells by clockwise and
anticlockwise rotations as seen in Fig. 4a-c. It has been observed that this critical Ra play a vital part for
conveyance dominant form and the fluid flow strongly depends on Ra when Pr = 0.026 and also diverse
angle of ¢s. It is interesting to note that two recirculation cells are formed and streamline plot is symmetric
about the vertical midline due to the symmetry of the problem geometry. One cell is formed in the left side
which looks like a tadpole and two more circular streamlines are also seen inside this ¢ = 0° (square cavity).
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And the other cell looks like circular in the right. When the value of ¢ is increasing i.e. ¢ = 30° and 45° then
the shapes of streamlines look like elliptical core because of enlarging of flow circulations and then also

stream function’s magnitude |l//|max are 156.36, 146.39 and 112.07 which implies reducing the position of

the concentration of circulation. When Pr = 0.026 and Ra = 10° then the temperature contours 0 < 0.45, 6 <
0.63 and 0 < 0.76 are getting shifted towards the side walls. Then they break into two symmetric smooth
contour lines and the isotherms with 6 > 0.45, 6 > 0.63 and 6 > 0.76 are at the evenhanded vertical line (see
Fig. 4a-c). The temperature contours are condensed close to the side walls and also denser surrounded by
non-uniformly heated triangular block. The flow intensity is stronger near to the centre of non-uniform
heating of the bottom wall and LBC triangular block and weaker to the cold side walls and it does not go to
the top wall as well shielded. There are two types of heatlines, which are illustrated in Fig. 4a-c. One
indicates heat transfer from hot wall to cold walls and the other indicates the heat flow by the circulation
cells of the fluid. The thermal boundary layer’s thickness seems to be huge for ¢ = 0" and correspondence to
the less dense heatlines to the side walls whereas, heatlines are more condensed for ¢ = 30" and 45", It is
evident that heatlines are found to connect between two points of same side walls and the symmetric
secondary heatline circulation cells are spanned by the non-uniform heating of LBC triangular block. Within
the two cells, it is seen that two small circular heatline cells have found for ¢ = 0°, whereas, in case of ¢ =
30° and 45° the heatlines are elliptical interior by the transmission of motion. The stress contours are shown
in Fig. 4a-c for Pr = 0.026 and Ra = 10°. The shapes of circular contours of the stress of the trapezoid are
seen for ¢ = 0 but due to heated triangular solid body surface smaller circular pressure contours are also
seen in the left side implies flow circulation decreases. When ¢ = 30, then it is evident that circulation of the
left side is egg shaped and circulation of the right side is oval shaped and the flow circulations are oscillatory
near the sides. We can also see the pressure contour circulations looks like wave shaped and its contours are
the smaller amount by diminishing of movement of intensity.

When Prandtl number increases (Pr = 0.7) then for irrespective of ¢ = 0, 30" and 45  and high Ra = 10°
using LBC heated triangular block stream function, isotherms, heatlines and pressure contours have been
discussed in Fig. 5. It is seen that when the values of angle increase then due to LBC obstacle and by the
enhancing of fluid flow, two cells are formed for ¢ = 0 in the cavity while one cell is oval shaped situated in
the left side and the other cell is like as pentagon. Streamlines are egg-shaped near the centre but also
parallel near the side walls which exhibit the more strength of flow. Streamlines in the left side are denser
than the right side in order to enhance heat transfer. But when ¢ increases for the trapezoid then streamlines
are also denser for the two edges (left and right) because of the development of flow and thermal fields. Due
to the wordiness principal heat transfer for Pr= 0.7 and Ra = 10° (see Fig. 5a-c) the temperature contours 6 =
0.11 = 0.63, 6 = 0.11 — 0.69 and 6 = 0.11 — 0.63 are compressed asymmetrically along the walls and the
isotherms 6 > 0.63, 6 > 0.63 and 6 > 0.69 are nearly even curves which span by the effect of LBC hot
obstruct and from the middle of the bottom wall of the cavity and they are generally symmetric regarding
upright symmetrical line. In case of superior circulation of the cavity, a little gradient in the temperature is
noticed at the middle regime whereas a large stratification region of warmth is found at the even vertical line
owing to the stagnation of surge. The intensity of heat circulation cells are magnified near to the region and
heat transport is too found to be larger at the top portion of all ¢s. When Pr= 0 0.7 and Ra = 10°, it has been
noticed that, heatlines and streamlines are almost identical due to the superior intensity of flow at a large Pr.
On the other side, heatlines are circular or elliptical for ¢ = 0', Ra = 10° and Pr = 0.7. The denser heatlines
with the centre vertical line represents the increased heat transfer for ¢ = 30° and 45° than ¢ = 0°. It is also

w| =26317 and |p| =
256.96 for a variety of angles ¢ = 0°, 30” and 45° which means heat surge is decreasing.

seen that the maximum values of stream function are |l//|max = 287.41,

From Fig. Sa-c, it is observed that pressure are almost linear for ¢ = 0° than ¢ = 30° and 45°. From the
middle portion of the non-uniform heating of the bottom wall of the trapezoid, the pressure contours come

up and their value changes for the increasing of ¢s. The maximum values of pressure contours | p|max are
165714.3, 22000.0 and 200000.0 which happen through the help of augmenting of motion of flow.
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Fig. 5. Stream function (¥), temperature (0), heat function (II), pressure (P) for LBC triangular
block for non-uniform bottom heating 0(X,0) = sin(nx) with Pr = 0.7, and Ra = 10° where (a) b=0°

(b) b =30° (c) p=45°
At larger Pr = 1000 and Ra= 10° (see Fig. 6a-c), it is observed that intensity of circulation has been found to
be further improved. The concentration of streamlines |l// |max =315.41 for = 0" and |l//|max = 344.39 for

=30" and = 350.92 for ¢ = 45 are seen in Fig. 6a-c. By these values, it is illustrated that the
max

intensity of convection is higher for high Pr. The isotherms with 6 < 0.63, 8 < 0.69 and 0 < 0.69 are highly
compacted towards the side walls. The isotherms 6 > 0.63, 6 > 0.69 and 6 > 0.69 are non-stop curves with
an innermost even symmetrical line for Ra = 10° and Pr = 1000. The heatlines (Fig. 6) are vastly thick for ¢
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=30 and 45 than ¢ = 0" and cover the entire cavity and conquer the shape of the container. By the keenness
of heat flood, two cells are seen at ¢ = 0 while heatlines seem to be circular or oval. When angles of
trapezoid raise then the heatlines are more raising and a small vortex is made in the left side which is above
the heated triangular block. However, for ¢ = 45  heatlines are denser than the other ¢s because of more
intense flow. In addition, heatlines are less dense near the vertical portion of bottom wall by the reason of
large gradient of heat function. The pressure contours are presented in Fig. 6a-c. It is messaged that
pressures are almost linear for all irrespective ¢s. On account of more extreme circulation, the pressure
contours are also increasing for ¢s, which are shown in Fig. 6a-c.
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Fig. 6. Stream function ('¥), temperature (0), heat function (IT), pressure (P) for LBC triangular
block for non-uniform bottom heating 0(X,0) = sin(nx) with Pr = 1000, and Ra = 10° where (a) b=
0°(b) d =30° (c) p=45°

7.2 Streamlines, isotherms, heatlines and pressures (RBC triangular block)

Figs. 7 and 8 represent streamlines (stream function), isotherms, heatlines and pressure for Pr = 0.7 and Pr =
1000 respectively for higher Ra = 10° within a trapezoidal cavity entrenched inside a non-uniformly heated

15



Hossain et al.; JAMCS, 28(5): 1-30, 2018, Article no.JAMCS.43101

RBC triangular block with the non-uniform heating of bottom wall for a wide range of inclination of angles
¢. Fig. 7a-c illustrates that two cells are formed similar to LBC part. But here larger circulations of
streamlines are situated in the right sides and smaller circulations are situated in the left side.

From Fig. 7a-c it is detected that the highest values of stream function are |l//|max = 287.48, |l// |max =

260.91 and |l//|max = 255.17 for miscellaneous angles ¢ = 0°, 30° and 45° and Ra = 10° and Pr = 0.7 within

the cavity. Because of vastly circulations, the streamlines are circular or elliptical alike to LBC branch. The
isotherms amid 6 < 0.63, 6 < 0.76, 6 < 0.63 are compacted on the way to the side walls and the isotherms
amongst 6 > 0.63, 6 > 0.76 and 0 > 0.63 are centrally symmetric for ¢ = 0° (square cavity), 30° and 45° and
Ra = 10° and Pr = 0.7 . The heatlines for Pr = 0.7 are too alike as ¢ = 0°, 30° and 45° and Ra = 10° and Pr
=0.026 (see Fig. 7a-c). One important feature is that heatlines reason to multiple flow circulation cells is
observed for ¢ = 0°, 30° and 45° but thicker for ¢ =30 and 45".The pressure contours are seen as linear for
dissimilar ¢s i.e. ¢ =0°, 30° and 45° and when angle ¢ augments are caused by enhancing motions then the
stress contours furthermore augment.

Fig. 8a-c shows the streamlines, isotherms, heatlines and pressures at larger Prandtl number (Pr = 1000) for
non-uniformly heated RBC triangular block for diverse angles ¢ = 0°, 30° and 45° and Ra= 10°. A prime
role is played by the convection. The isotherms amid 6 < 0.63, 6 < 0.76, 6 < 0.69 are getting pushed in the
direction of the side walls and the isotherms amongst 6 > 0.63, 6 > 0.76 and 6 > 0.69 come about
symmetrically for Pr = 1000, Ra = 10° and ¢ = 0° (square cavity), 30° and 45° from non-uniform heating of
the bottom wall with the effect of RBC triangular obstruct. It may be noted that, greatest value of stream

function is |l// |max = 363.20 for ¢ = 45°(see Fig. 8a-c). The heatlines are alike as previous (Fig. 7a-c). In

order to non-uniformly heated RBC triangular solid body surface, one small egg shaped eddy and one small
elliptical are seen in the left and right side respectively, for ¢ = 30°. The heatlines are exceedingly darker for
¢ = 45 cause to high forceful flow. The pressure contours (see Fig. 8a-c) for Pr = 1000 are parallel to before
Pr = 0.7 and Ra = 10° (see Fig. 7a-c). Because of more circulations of the stream, the highest values of
pressure are seen for ¢ = 45" in the cavity.

7.3 Streamlines, isotherms, heatlines and pressures (For LTC triangular block)

Figs. 9 and 10 demonstrate the streamlines, temperature contours, heatlines and pressure for the different
values of parameters Pr = 0.7 and 1000 for highest Rayleigh number (Ra = 10°) with various inclination
angles ¢ = 0, 30" and 45" for the non-uniformly heated the triangular block (LTC). It is studied that due to
triangular block two cells, such as, left and right are formed in the cavity. The behaviour occurs by the
values of thermal conductivity. One primary eddy is made in the left side belonging LTC part and secondary
eddy is made in the right side. Streamlines are circular or elliptical ¢ = 0, 30" and 45 and darker for ¢ = 30
and 45" and streamlines are thicker for ¢ = 0 (square cavity) than ¢ = 30", 45° (see Fig. 9 a-c), at the same
time as, streamlines are also thicker ¢ = 30 (see Fig. 10 a-c) contained by the cavity. This happens due to
the intensity of fluid flow fields inside the cavity. By the activity of the fluid, the maximum values of  are

recorded as, |l//|max = 233.56 for Pr = 0.7, Ra = 10°and ¢ = 0 (square cavity) (see Fig. 9 a-c), whereas,

|l//|max =233.56 for PR = 1000, Ra = 10°and ¢ = 0" (square cavity) (see Fig. 10a-c) in the trapezoid cavity.

It is clear that a good convection is obtained and fluid flows strongly inside the cavity.

Isotherms = 0.1 - 0.5 occur symmetrically near the side walls of the cavity ¢ = 0" (Fig. 9a-c). The other
isotherms 6 > 0.6 are smooth curves symmetric with respect to vertical symmetrical line at the centre and 0 <
0.9 are also continuous curves. These are also symmetric around the LTC triangular block (Fig. 9a-c) and
also smooth curves around LTC triangular obstruct for Ra = 10°, ¢ = 30", 45" when Pr = 0.7. This is also
exactly calculated for Ra = 10°, ¢ = 0, 30, 45", when Pr = 1000 (Figs. 9, 10). Isotherms are stronger and
more condensed asymmetrically around the triangular block and also near the side walls attributable to
stronger primary movement cell. The heatlines are spherical for ¢ = 0 (see Fig. 9) and more dense in the
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centre of the left side whereas heatlines seem to be oval for ¢ = 30, 45~ (Fig. 9b-c) and less dense than
others. One small elliptical eddy recirculations are seen in the left side while the shape of heatlines in the
right side of the cavity seems to be embryo (Fig. 9). It has been also found that secondary eddy is formed
above of the heated triangular block for heatlines and also streamlines for Pr = 1000, Ra = 10° and a wide
range of ¢ (Fig. 10). It is analysed that pressure contours are linear from the middle to the top portion of the
cavity and non-linear in the side of the bottom wall (Fig. 9) whilst pressure contours are just about linear in
the trapezoidal cavity (Fig. 10). The value of pressure contours increases when the angle ¢ increases, but
also for less area of the cavity and also high heating flow effects.

2000000
| 2000000 |
/-/\/\
000 _0\/\
— 2 66000.0—|
& |—600000—
o 000, O—
S
2
2 60000.C
[
S
o
-20000.0
E
c
2
2
2]
c
=
'S
h
©
()
I
e
[
S
=]
E
o
[
Q.
£
(]
h
)
c
L
2
[5)
c
>
'S
£
©
[
£
o

Fig. 7. Stream function (¥), temperature (0), heat function (IT), pressure (P) for RBC triangular
block for non-uniform bottom heating 0(X, 0) = sin(wx) with Pr = 0.7, and Ra = 10° where (a) b=
0° () b =30° (c) p=45°
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Fig. 8. Stream function ('), temperature (0), heat function (II), pressure (P) for RBC triangular
block for non-uniform bottom heating 0(X, 0) = sin(nx) with Pr = 1000, and Ra = 10° where (@ o=
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7.4 Streamlines, isotherms, heatlines and pressures (For RTC triangular block)

Figs. 11-12 put emphasis on the streamlines, isotherms, heatlines and pressures for Pr = 0.7, 1000 for an
assortment of liking angles ¢ surrounded by the RTC triangular wedge in a trapezoidal cavity. In order to
non-uniformly heated RTC triangular block, it has been noticed in the left side that, one eddy is fruit shaped
like mango for ¢ = 0", Pr = 0.7 and 1000. Besides, the elliptical distribution is found for Pr = 0.7 and 1000
within this eddy. When Pr = 0.7, one tiny secondary vortex is seen at the north-east corner of RTC block and
three secondary eddies with multiple, is circular also seen below the triangular block for ¢ = 0" (Fig. 11a).
Similarly it happens for Pr = 1000 and ¢ = 0° (Fig. 12a). When ¢ increases then bucket type of eddy is made
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in the left side of the trapezoid cavity (Fig. 11 b-c, 12b-c) for ¢ = 30" and 45" and one egg shaped secondary
vortex is seen at the north-east corner of the RTC triangular block (see Fig. 11, 12¢). Besides this, one tiny
circular shape is founs within the oval at the north—east corner (Fig. 12¢). Streamlines are denser for ¢ =0
and Pr = 0.7 although streamlines are denser for ¢ = 0" and 30" when Pr = 1000. When Pr = 0.7 then ‘y/‘m

= 230.76, ,/,‘ =211.04 and |l//|max =193.30 for Ra = 10° and different ¢s. Also is further enhanced for Pr

= 1000 and then the maximum values of stream function by the advanced intensity of flow are ‘l//‘max =

25891, || =258.56 and || =244.66 for Ra = 10° and dissimilar ¢s i.e. g =45, 30", 0" (square cavity).
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Fig. 9. Stream function (), temperature (0), heat function (IT), pressure (P) for LTC triangular
block for non-uniform bottom heating 0(X, 0) = sin(nx) with Pr = 0.7, and Ra = 10° where (a) b=
0°(b) ¢ =30° (c) p=45°
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Fig. 10. Stream function (¥'), temperature (0), heat function (Il), pressure (P) for LTC triangular
block for non-uniform bottom heating 0(X,0) = sin(nx) with Pr = 1000, and Ra = 10° where @ao=
0°(b) ¢ =30° (c) p=45°

The results have been further examined with isotherms for lower to higher Prandtl number. Isotherms are
created to be extremely compressed with 0 = 0.1 - 0.5 owing to enlarge fluid circulations. The isotherms 6 >
0.6 are continuous curves regarding vertical symmetrical line at the centre of the bottom wall and also
symmetric in the region of non-uniformly heated RTC triangular block for Pr = 0.7 and 1000 with mixed
leaning angles ¢ = 07, 30" and 45" and Ra = 10° (see Fig. 11-12). It has been observed that thickness of
thermal boundary layers is denser at north-east portion of RTC triangular block for Pr =1000 as compared to

Pr=0.7.

It is also remarked that the shapes of stream functions are just about trapezoid in the neighbourhood of the
wall of a bigger amount of fluid circulations and signifies the boosting thermal mixing results. At higher
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Rayleigh number (Ra = 10% and higher Prandtl number (Pr = 1000), heatlines cover the entire cavity and
attain the shape of the container i,e. circular, oval or trapezoidal for ¢ = 30 and 45° (see Figs. 11-12).
Besides this, heatlines are less dense near the bottom section of vertical walls and depth of boundary level is
larger at the bottom portion of the side walls and heatlines are also denser through several circulations for Pr
= 0.7 and ¢ = 45°, 30° (Fig. 11 b-c) and too for ¢ = 45°, 30° when Pr = 1000. From the panels of Figs. 11-12,
it is noticed that the pressure contours are linear for Pr = 0.7 and 1000 and on account of enhancing manifold
fluid circulations, the values of pressure contours increases at higher Prandtl number, Pr = 1000.
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Fig. 11. Stream function (¥), temperature (0), heat function (IT), pressure (P) for RTC triangular
block for non-uniform bottom heating 0(X, 0) = sin(wx) with Pr = 0.7, and Ra = 10° where (a) b=
0° () b =30° (c) p=45°
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Fig. 12. Stream function (¥), temperature (0), heat function (IT), pressure (P) for RTC triangular
block for non-uniform bottom heating 0(X,0) = sin(nrx) with Pr = 1000, and Ra = 10° where (a) b=
0° () b =30° (c) p=45°

7.5 Heat transfer rates: Local nusselt number vs distance

Fig. 13 illustrates the local Nusselt number vs distance for Pr = 0.026 with a range of tilt angles ¢ = 0’, 30",
45" and Ra = 10’ for a non-uniformly heated triangular block for different positions (LBC, RBC, LTC, RTC)
which occurs inside the cavity. As the physical conditions of the cavity follow the non-uniformly heated
bottom wall, cooled left and right (side) wall and insulated top wall and too LBC non-uniformly hot
triangular block inside the cavity, so that, maximum heat transfer rates of local Nusselt number are seen near
the edge of the side wall. Then it is moving with the angle direction due to LBC heated triangular obstruct
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and shows the minimum heat transfer rates of local Nusselt number near the west-south corner position and
afterwards it also moves to the right side. Since the Rayleigh number is the multiple of Grashof number and
Prandtl number, accordingly, the heat transfer rates change the cause of Grashof number as Prandtl number
is preset. It is forestated that the heat transfer rates for ¢ = 0", 30", ¢ = 45" are almost same for Ra = 10° and
Pr = 0.026. Besides, as non-uniformly heated triangular block stays inside the right side of lower part of the
cavity i.e., for RBC, it is seen that the heat transfer rate is minimum near the south-east position of bottom
wall and the rate is maximum near the edge of the side (left and right) wall for Pr = 0.026 and Ra = 10°. The
heat transfer rates loosely change for Ra = 10°. It has been noticed that when ¢ increases then the heat
transfer rate decreases. Since triangular block effects the cavity in the left top side then it is discovered that
heat transfer rate of local Nusselt number is minimum in the left (side) and near the bottom edge of the wall
and maximum near the edges of the wall due to transmission dominant system for Ra = 10°> when Pr = 0.026.
Also for the RTC triangular block found that heat transfer rates are maximum near the side wall and
minimum close to the right wall and bottom edge of the wall for a range of inclination angles ¢ =0, 30", 45
and Ra = 10° when Pr =0.026.

Fig. 14 depicts that when Ra increases (Ra = 10°) then the heat transfer rates of local Nusselt number
increases for ¢ = 30" and decreases for ¢ = 0 to the south—east corner position of the right side as convection
is overriding for higher Ra due to non-uniformly heated LBC triangular obstacle. Besides in presence of
non-uniform heating of RBC triangular obstacle, the heat transfer rates changes more for Ra = 10°, which
means the central regime is observed. Also for LTC, when Ra = 10% and Pr = 0.026, the heat transfer rate
goes up and down and moving because of less non-uniform heating of the bottom wall. It is also watched
that heat transfer rate is found to be minimum near the bottom edge of the right wall and preceding effects
happen in the case of maximum. Besides this, a little change of heat transfer rates with the distance from 0.1-
0.3 is seen due to the presence of thermal boundary conditions in LTC figure. But owing to RTC figure it
has been found that the heat transfer rate changes are taking at distances from 0.3-0.5 for high Ra = 10°.
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Fig. 13. Variations of local Nusselt numbers (Nu,) with distance for Pr = 0.026, Ra = 10° and for
various inclination of angles ¢ = 0°, 30°, 45° in presence of non-uniform heating of LBC, RBC,
LTC, RTC triangular block
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When Pr increases to 0.7 then a little discontinuity is found near west-south edge of the bottom wall and also
near the south-east edge of the right wall which occurs owing to non-uniformly heated LBC triangular block
for Ra = 10° (Fig. 15). It is also analysed from the non-uniformly heated RBC triangular block that the
temperature contours near the bottom edge of cold side (left and right) walls are mostly compressed due to
the discontinuity right edge resulting in high thermal gradient near the right edge of the bottom wall. But for
Pr = 0.7 and Ra = 10° it has been observed that heat transfer rate is minimum near to the bottom edge with
distance 0.2-0.3 to near the middle position and discontinuity presents near the corner edge of the wall cause
to the LTC triangular block. Because of discontinuity, the heat transfer rate is very high at the edges of these
two sides. It has been also noticed that the intensity of both primary and secondary cells at higher for Ra =
10°and consequently the temperature contours start to shift from bottom wall towards the side wall and also
for high Ra= 10° the heat transfer rate has been changed taking distances from 0.3-0.48 in the RTC figure.

Due to increase of strength of circulations the heat transfer rates are larger for Pr = 1000 and also Ra = 10°
and the heat transfer rates for local Nusselt number slightly changes for ¢ = 0" except ¢ = 30" and 45 in the
middle position of the bottom wall which is seen in LBC part of Fig. 16. For Pr = 1000 and Ra = 10° it has
been seen that the magnitudes of the heat transfer rates also increase in RBC figure. The heat transfer rate at
the bottom edge of the wall is zero which starts from the left side and a decreasing movement in Nuy,, iS
viewed from the bottom edge to the top edge of the right wall. Due to enlarge viscous effect Pr increases to
1000, so, the power of both primary and secondary circulations and the temperature contours are compacted
in the direction of the top portion of the left wall for unlike irrespective ¢s. In case of LTC figure, same
effects are happening like the previous one (Fig. 15). When Prandtl increases (Pr = 1000), it has been noticed
that heat transfer rate is minimum between near bottom edge of the wall with distance 0.35-0.48 and right
(side) for Ra = 10° and various ¢s, which occurs in order to strength flow circulations for non-uniform
heating of RTC triangular block. The discontinuity position also holds within this distance. The heat transfer
rates usually decrease for the left wall and then increase to the right wall. Hence at higher Rayleigh number
and higher Prandtl number, the heat transfer rates are magnified at the regimes from the bottom corner
points.

2 30[- LTC = 60F
8 r Phi=0,Ra=1e6 850 RTC
£ Phi=30,Ra=1e6 I3 Phi=0,Ra=1e6
520 Phi =45, Ra =166 5 40 Phi=30,Ra=1e6
z ' 2.4 Phi=45,Ra=1e6
% %
%10 % 20
R E
Z Z10
™ okt ™
8 SEERIERENENEERARRNRI ERRNE RN 80’HH\HH\HH\HH\HH\HH
- 0 02 03 04 05 06 <4 0 02 03 04 05 06
Distance, X Distance, X

5 2
2 60F 2% REC
@ 50F LBC -§20 £ eaeas Phi= 0, Ra = 1e6

E = ececec=-- Phi=0,Ra=1e6 [  =w=w=w=ew=c= Phi=30,Ra=1e6 [
§4OE --------- Ph:=30,l:a=:es g C Ph:=45,R:=1:6 A
Z 30 Phi =45, Ra = 1e6 = v
320':_3—} g §10
g108y e £ T
Z oF Z 0
© . E ® [
8'10_|||||||||||||||||||||||||||| 8 G b b b beaaa lia
- 0 01 02 03 04 05 06 = 0 01 02 03 04 05 06

Distance, X Distance, X

Fig. 14. Variations of local Nusselt numbers (Nu,) with distance for Pr = 0.026, Ra = 10° and for
various inclination of angles ¢ = 0°, 30°, 45° in presence of non-uniform heating of LBC, RBC,
LTC, RTC triangular block
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7.6 Heat transfer rates: Average nusselt number vs rayleigh number

The heat transfer performance in terms of average Nusselt number (Nu,,) with the help of non-uniformly
heated triangular block for different positions (LBC, RBC, LTC, RTC) inside the trapezoidal cavity in Fig.
17 a-c are displayed for (a) Pr = 0.026, (b) Pr = 0.7 and (c) Pr = 1000 and also for various leaning angles ¢
= 0° 30° and 45°. Fig. 17 a-c also show the distributions of the average Nusselt number of non-uniform
heating of the bottom wall which has been analysed by plotting against Rayleigh number. Based on heat
lines via total heat flux or heatlines, the average Nusselt number has been calculated using temperature
gradient. It may be noted from Fig. 17 a-c (LBC) that, when the angle ¢ increases then average Nusselt
number decreases but when Rayleigh number (Ra) increases then average Nusselt number increases. It is
seen from Fig. 17a (LBC) that, heat transfer rate of average Nusselt number swiftly reaches from ¢ = 30° to
¢ = 0° in order to conduction dominant heat transfer for Pr = 0.026. But Nu,, is swiftly increasing at the
higher Rayleigh number when Pr increases from 0.7 to 1000, which is seen in Fig. 17b-c (LBC).

For LBC, it is also seen that Nu,, are almost identical for ¢ = 30° and 45° except ¢ = 0° for higher Pr = 0.7
and 1000 (See Fig. 17 b-c). From RBC, it is observed that average Nusselt number for ¢ = 30° is higher than
¢ = 0° due to the huge intensity of flow when Pr = 0.026. It is also observed that Nu,, are straightly moving
for Ra = 10’ to near Ra = 10’ and for ¢ = 0° and 30° but at Ra = 10°, average Nusselt number intersects each
other for @ = 0° and 30° except ¢ = 45° and then increases swiftly between Ra = 10° to Ra = 10° taking
identically distribution for increasing Pr from 0.7 to 1000, which occurs for highly viscous of Pr. Similar
distribution of heat transfer rates for the average Nusselt number are also exhibited for (Fig. 17b-c) (LTC)
for ¢ = 0°, 30° and 45° and also for Pr = 0.7 and 1000. But when Pr = 0.026 in LTC then the heat transfer
rates for Nu,, are compressed significantly at a higher value of Ra = 10°. This confirms that the heat transfer
is also staying in conduction dominant mode for Prandtl number, Pr = 0.026. From Fig. 17a-c (RTC), it is
obvious that the higher value of the heat transfer rate of Nu,, is found for increasing Ra irrespective of s.
But it has been also noticed that the average Nusselt number swells a little for Pr = 0.026 and for higher Ra
but for higher Pr it is originated that Nu,, is also quickly elevating for higher Ra. It is also eminent from
Figs. 17 a-c (LBC, RBC, LTC, RTC) that decreasing situation of Nu,, remains invariant irrespective of ¢s of
Pr at higher Ra. The magnitudes of average Nusselt number are found to be lower due to the non-uniform
heating case.
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heating of LBC, RBC, LTC and RTC triangular block

8 Conclusion

In this exertion, a numerical analysis of natural convection flow in a trapezoidal cavity with a non-uniformly
heated triangular block entrenched inside for different positions (LBC, RBC, LTC, and RTC) have been
examined. A Galerkin weighted residual finite element method is used to solve nonlinear equations of
conservation of mass, momentum, and energy equations for explanations of the nodal velocity component,
temperature, and pressure with a wide range of parameters, such as, Prandtl numbers ,Pr (Pr = 0.026, 0.7,
1000) and Rayleigh numbers, Ra = 10° to 10°. Streamlines, heatlines, pressure contours and isotherms over
and above characteristics of heat transport organism has been assessed by the effect of non-uniformly hated
triangular block. In the vision of the results presented, the major findings are summarised as follows:

= The outcomes lead to conclude that a little effect of different locations of the non-uniformly
triangular block may be exposed on the fluid flow and the thermal fields for the range of Rayleigh
numbers from 10° to 10° and Prandtl number from 0.026 to 1000 gradually.

= The heat generated by the inner different positions of the triangular block persuades notably both
the shapes of stream functions (streamlines) and isotherm distributions and too it interrupts on the
thickness of the thermal boundary layer.

= For the low Rayleigh number, the isotherms seem to be straight lines which are parallel to the side
wall of the cavity, means that circulation of flow is weak. Due to non-uniformly heated triangular
block, streamlines, isotherms and heatlines acquire highly curved non-uniform shape of a line when
Rayleigh number increases.

=  Streamlines, Isotherms, heatlines and pressure contours are highly condensed near the side walls
and also beside the triangular block isotherms are compacted for ¢ = 30 and 45" for higher Ra =
10° and Pr = 0.026 to 1000. But the heatlines near the edges of the bottom wall exposes conductive
heat transport for non-uniform heating of bottom wall which also occurs by the effect of triangular
block. For non-uniformly heated triangular block, the heat is symmetrically distributed and the
heatlines look likely tangential along the walls.
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=  For increasing value of Prandtl number the pressure contours are linear for Pr = 0.7 and 1000 with
an inclinations of angles ¢ = 30 and 45 for higher Ra = 10° and on account of enhancing various
fluid ciré:ulations, the values of pressure contours increases at higher Prandtl number, Pr = 1000 and
Ra=10".

= Heat transfer rates for local Nusselt number are maximum near the edge of the side walls for all the
positions (LBC, RBC, LTC, RTC) of non-uniformly heated triangular. The rate is minimum near to
the west-south corner position of the wall for non-uniformly heated LBC triangular bock. The rate
is also minimum near to the south-east corner position for non-uniformly heated RBC triangular
bock and between the side (left) wall and near to centre of bottom wall due to non-uniformly heated
LTC triangular bock. The rate is again minimum between near to centre of bottom wall and side
(right) wall owing to non-uniformly heated RTC triangular bock irrespective of all tilt angles ()
and also for Rayleigh number from 10° to 10° and Prandtl number from 0.026 to 1000 steadily. It
means that heat transfer rate depends on different positions of non-uniformly heated triangular
block, Rayleigh number and also Prandtl number.

= Heat transfer rate swells with swelling of Rayleigh number and thermal conductivity part.

= When the angle ¢ increases (¢ =0, 30" and 45) then average Nusselt number decreases but when
Rayleigh number (Ra) increases from 10° to 10° gradually then average Nusselt number increases
for all different positions of the non-uniformly heated triangular solid body surface.

= Different vortices such as primary vortices entering into the flow field and secondary vortex
through the non-uniformly heated triangular block at the vicinity boundary wall and the bottom wall
of the cavity are seen in the streamlines.
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