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ABSTRACT

A numerical study was conducted for natural turbulent and laminar convection induced by a circular hot
obstacle in two different positions, the heat obstacle is introduced at the inlet of the cylinder and inside the
cylinder. To determine the effects of a circular hot obstacle on the regime of the thermosiphon flow generated
by a heated cylindrical channel, we suggest a theoretical and numerical model using the Navier—Stokes
equations and the finite volume method. An experimental apparatus was used for the validation of the numerical
model. A comparison of the numerical and experimental results showed a good agreement in the global flow
behavior. The temperature and vertical velocity profiles demonstrated the presence of a boundary-layer regime
along the heated channel's wall in the absence of a hot obstacle and the presence of the hot obstacle at different
positions. The introduction of the hot obstacle generates a significant modification of the evolution of the flow
above the hot obstacle. The numerical simulation was conducted for a specific radius of the hot obstacle that
ensures the existence in the laminar flow regime, and different Rayleigh numbers (Ra=10%; 107; 108; 10°;
and10%). The flow rate, velocity, temperature and Nusselt number profiles were presented and discussed. The
effects of the hot obstacle are presented in our results by two maxima of the vertical component of the velocity
profile. The temperature profile at the entrance of the vertical cylinder is presented by the appearance of a
maximum above the hot obstacle. As the cylinder height increases, the air temperature decreases. The vertical
displacement of the obstacle upward induces a modification in the behavior of the dynamical flow. A CFD code
was used to study the different natural convection regimes presented by three different form factors, including
the critical regime with a form factor of A=0.1.

Keywords: Critical regime; Cylindrical hot wall; Numerical modeling; Thermosiphon flow; Navier—Stokes
equations.

NOMENCLATURE

form factor (A = %) Rs  radius of the hot obstacle
a cylinder diameter Q dimensionless flow rate
Cp  specific heat coefficient To  the heated obstacle's temperature
g the gravity acceleration T, the temperature at the cylindrical wall of
H cylinder height configuration A
Hs vertical position of the heat obstacle T, the temperature at the cylindrical wall of
P dimensionless pressure configurations B and C
r dimensionless radial coordinate: V.,V radial and longitudinal ~dimensionless

0<r<RB_4-%_¢1s. velocity.

S the thermal diffusivity

R cylinder's radius %

R*  the ratio of the cylinder's radius to the hot g
obstacle's radius R* = Rg/R

Ra  Rayleigh number v

coefficient of thermal expansion
thermal conduction coefficient
kinematic fluid viscosity

()  dimensional values
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1. INTRODUCTION

The study of natural convection flow in a hot
cylindrical channel is interesting from an applied
point of view, such as in solar energy collection
systems and the heating of electronic components.
This type of flow can simulate many environmental
systems, lowering the energy utilization and costs.

Furthermore, the applications of this study can also
include fire forest and fires in buildings.

The structure of the natural convection flow induced
by heated walls depends on the value of the Rayleigh
number. A flow in a heated cylindrical tube of small
dimensions having a low Rayleigh number is called
a fully developed regime flow (Martin et al. 1991;
Fujii et al. 1992). This regime is characterized by
the absence of the development of a boundary layer
along the walls, a transverse velocity of zero, and a
vertical velocity independent of the tube height. The
majority of the works investigating these flows are
numerical or analytical studies. Using constant-flux
or constant-temperature wall heating, the authors are
mainly interested in determining the laws governing
the heat transfer inside the tube (Nu=f(Ra)). For
moderate values of the Rayleigh number, previous
studies (Martin et al. 1991; Naffouti et al. 2016;
Mahmoud and Yahya 2019) showed that the regime
developed in the tubes divides into two zones. A first
so-called heating zone begins from the inlet of the
tube and reaches a height Z depending on the
boundary conditions of the flow, and a second zone,
called the zone of the fully established regime, starts
from Z until the tube exit. In large Rayleigh number
flows, the cylinder dimensions are large enough to
promote the formation of a boundary layer along the
hot wall. The air flow inside this wall is often defined
as thermosyphon (Mahmoud 1998). The
confinement of the fluid creates a pressure drop
inside the cylinder. The resulting difference in air
pressure due to Archimedes’ force effect on the
confined fluid causes the vertical entrainment of the
cold fluid from the bottom of the cylinder.

Several works (AL Arbi et al. 1991; Maad and
Belghuith 1989; Naffouti et al. 2016; Terekhov et al.
2016), have been devoted toward characterizing the
heat transfer inside hot walls and toward determining
the dynamics of the thermosyphon flow. They
showed that at the system entrance, the vertical
velocity is important in the central part, and that as
the height increases, the velocity becomes
increasingly intense near the wall and increasingly
weak in the central part of the cylinder. If the hot
walls are close to each other, this flow is
characterized by the development of the boundary
layer along the wall (Vorayos 2000; Pantokratoras
2006; Garnier 2015).

The presence of a hot obstacle in a low-temperature
environment generates a natural convection flow that
develops vertically under the effect of the
Archimedes’ forces (i.e., thermal plume). The first
experimental studies (Rouse et al. 1952; Nakagome
and Hirata 1976) devoted to these flows used point
sources in the form of thin electrically heated wires,
which showed that these turbulent flows are confined
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to a conical region during their vertical evolution. To
determine the turbulent structure of the flow, the
choice of studies was oriented toward the use of a
heat obstacle in the form of an electrically heated
disc or a spherical cap. The studies of flows issuing
from a hot disc (Maad 1995; Mahmoud 1998; Kapjor
and Vantuch 2020) have shown the existence of two
flow zones that characterize the vertical evolution of
the flow. In the first zone, dominated by the
Archimedes’ forces, the profiles of velocities and
temperature are Gaussian with a maximum situated
on the axis. The second zone is one of similar profiles
where the turbulence is fully developed. They
demonstrated a radial widening of the velocity
profile greater than that of the temperature.

Recently, works (Naffouti et al. 2016; Naffouti et al.
2018; Marzougui et al. 2022) have focused on the
study of natural convection flows generated by
rectangular sources in opened vertical channels. The
flow regime studied is only the boundary layer
regime. Transition to other regimes is not
investigated.

The introduction of a hot obstacle at the entrance of
a thermosyphon flow, generated by hot vertical
cylindrical walls, can cause major modifications of
the flow structure. This situation allows the
superposition of two laminar and turbulent flows, the
study of which will help better understand their
interaction mechanisms.

Based on the above literature survey, natural
convection flows highly depend on geometry and
boundary conditions.

The novelty of our investigation is providing a
specific geometry that presents the critical regime of
the natural convection flow induced by a hot
obstacle. The critical regime is the transition between
the fully developed regime flow and the boundary-
layer regime flow. The major difficulty in thermal
natural convection in open or semi-open
environments lies in estimating dynamic and thermal
conditions, especially in the entrance area, which is
the site of very complex and unpredictable
phenomena, because they depend on the state of the
fluid upstream. Furthermore, the effects of the
position and diameter of the thermal source on the
dynamic and thermal fields of the flow.

The Fortran code used in this work is based on the
finite volume method and the Navier-Stokes
equations. Our experimental measurements validated
the CFD code.

The numerical resolution of the equations is realized
for boundary conditions relating to three geometric
configurations. One configuration is with boundary
conditions of cylinder inlet with the absence of the
hot obstacle. The other configurations are with
boundary conditions with the presence of the hot
obstacle in different positions (Hs=0.05).

A comparison of flow structure in these three
configurations gives much information on the
influence of a hot obstacle on the flow along the
channel wall. The effects of dimensionless
parameters, such as the Rayleigh number and form
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Fig. 1. CFD analysis Process.

factor, on the flow structure in the studied cases will
also be investigated.

2. NUMERICAL MODEL
The CFD analysis contains three principal steps

shown in Fig. 1.

The natural convection flow studied in this work is
outlined for three configurations: a vertical heated
cylinder (Fig. 2), a vertical cylinder with the presence
of a hot obstacle at the cylinder inlet (Fig. 3), and a
vertical cylinder with the presence of a hot obstacle
inside the cylinder (Hs=0.05) (Fig. 4).

The studied flow is assumed to be two-dimension
laminar, steady, and symmetric to the axis of the
cylinder.

The fluid assumptions are:
-Newtonian

-viscous

-transparent

- the density in the equation of motion is variable and
the other physical proprieties are constant.

Under the above assumptions, the dimensional
equations that govern the heat transfers in the three
configurations are as follows.

The continuity equation:

__( vr)+

r’ orr

(v ) =0 @

The r-momentum equation:

ov' v’ ) 1 dp/
’ r i r

vV.—L 4+ —L)=-—-———
( T ar’ Z oz po Orr

vl (Em o)+ 22 @

The z-momentum equation:

', , Bv’z) _ 1 0pr
(vrar +vzazl - po(’)zr+

VEL(rZr)+ I+ gB(T =T @)

r’ orr

The energy equation:

T 19 aTr 92T
o) =Moo (50) +

aT'
!
PoCp [v T ar TV, azr 17 orr arr 6212]( )

The dimensional flow rate is given by:

Q'=2m fORp’r’v’Zdr’ (5)

Using characteristic quantities:

a.Ra 7. r’ z
Vo =— 0=P-(V0)-T=;;Z=;;

vy v, T'-T, P'-pP,
v,=—;v,=—;T= and P =

Vo Vo Ts—To Po
Dimensionless Form of Continuity:
T or (T‘ vr) + (vz) =0 (6)

Conservation of r-momentum in Dimensionless

Form:

vy avr) _ dp PrRa”0S
(vra T35 )T T 2 Ut

Pr.Ra™%%. [—T (—— (r T)) +

ror

62171-]

7
372 (M
Conservation of z-momentum in Dimensionless

Form:

av. av. 0
(vr > TV —Z)=——p+

Z 9z 0z
Pr.Ra™°5. E:—T(r%) + 2 ”Z] +Pr.T  (8)

Dimensionless Form of the Energy Equation:

aT 190 aT a%T
(i +vs) =l 5+ 5= ©
where

_ 3
Ra = $8G"OH ond pr = g

the dimensionless flow rate:

Q = 2map,y.H. Ra®?® fOO'SAperdr (10)

The Nusselt number is given by:

N,(2) = were E,, is the heat flux ~ (11)

(T T)/l
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Fig. 2. Configuration (A). Vertical channel with
heated walls.

conditions for natural
inside a thermosiphon

2.1 Boundary
convection flow
(Configuration A)

- Atthewall

For viscous flow, the velocity at the wall is zero due
to no-slip condition

atr =R; v,(R,2) =v,(R,2) =0
In addition, the temperature at the wall is fixed
T(R,z)=T,

- Axisymmetric boundary conditions

L aT(02) _
ar

9v,(0,2) _ 9v,(0,2) _ 0

0 ar or ’

atr = 0

- Inlet boundary
At the entrance of the channel, there is no radial
velocity.

v, (r,0)

atz =0; v,.(r,0) = rraa

v,(r,0) =1,

where V, is the solution of the equation below:

0, T(T‘, 0) = TO

110
—Pr.Ra 2.-—

av, .
~o (r —) =1 (Le Quéré et al. 2004).

or
- Outlet *free plume’

At the outlet of the channel, the flow is fully
developed, so the gradients for all the flow variables
are zero.

_ . Ovr(rH) _ 0v,(rH) _ 9p(rH) , OT(rH) _
atz = H; 9z 9z oz 0; 9z 0
2.2 Boundary Conditions for Natural

Convection Flow Inside a Vertical Cylinder
with a Hot Obstacle at the Entrance
(Configuration B)

The same boundary conditions as in Configuration A
are applied in Configuration B, except for the
entrance and the at the wall, where:

at0 <r < Rg; v,(r,0) = v,.(r,0) =0
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air

Fig. 3. Vertical channel with a hot obstacle at the
entrance - Configuration (B).

T(r,0) =T;

0v,(r,0) _

atRy <r < 0.54,v,.(r,0) = =

0

T(I’,O)= TO

atthewall T(R,z) =T,’

where: R is the radius of the hot obstacle.

A

2R .
o is the form factor

2.3 Boundary conditions for a vertical
cylinder with a hot obstacle at Hs=0.05
(Configuration C)

The same boundary conditions as in Configuration B
are applied to the Configuration(C), except for the
entrance boundary conditions, where

- Inlet boundary

atz =0; v,(r,0) = 222 = 0;7(r,0) = T,
at z=Hs; 0 < r < Rg; v,(r,Hs) = v,.(r,Hs) =

0; T(r,Hs) =Ty

air

Fig. 4. Vertical cylinder with a hot obstacle at
Hs=0.05 - Configuration(C).
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dv,(rHs) _

at R, <r<054 |, P

T(r,Hs)=T,

UT (r, HS) = 01

3. EXPERIMENTAL APPARATUS

The experimental apparatus used for the numerical
validation was composed of a circular disc with a
diameter 7.5 x 10°2 m that was electrically heated
at a constant and uniform temperature of 300°C. This
obstacle was introduced at the inlet of the opened
channel at its extremities, having a large diameter of
0.15mand a height of 0.5 m. To decrease the thermal
losses to the outside, the cylinder wall was thermally
insulated. To facilitate the vertical and lateral
entrainment of the air, the disc was mounted at an
elevation of 0.85 m above the floor. The temperature
of the air was measured with a precise measurement
technique. The distribution of the temperature on the
cylinder wall was measured at different heights by
nine Al-Cr thermocouples. The relative variation in
the temperature along the diameter of the hot disc
was less than 2%.

The errors resulting from the probe calibration
measuring studied velocities were situated in the
interval  0.002 < AU, <0.012. For the air
temperature, the calibration errors were within the
interval 0.003 < AT, < 0.01. Standard errors on the
used thermocouples vary between 0.0075 and 0.022.

The mean temperature and velocity fields were
measured via a hot-wire anemometry technique that
used the variation in the electric resistance of a
platinum wire (having a diameter of 7.5 um and a
length of 3 mm) with air temperature. The electrical
resistance of the wire varied with the air velocity and
temperature in the plume. Authors have showed that
an electrical intensity of 1.2 mA allows the wire to
be sensitive only to the air temperature, while an
electrical intensity of 38 mA allows it to be sensitive
to the air temperature and velocity. The velocity and
temperature of the air were determined according to
a probe calibration from the voltage across the probe.
To conduct the measurements without disturbing the
flow, the wire had to constant lyre main
perpendicular to the ascending flow. Thus, the probe
was placed vertically to the flow inside the cylinder.
At low flow frequencies, the thermal inertia of the
wire (the time constant of the wire was of the order
of 1 ms) did not introduce any measurement errors to
the temperature and velocity of the air. The errors
resulting from the probe calibration were lower than
1%.

To determine the dynamics and the thermal fields of
the flow, a computer-controlled displacement system
was performed in two directions. The minimal
displacement in the radial direction was 2 x 1075m,

-3
whereas along the height it was 2 x 10 m.

For statistical data processing, a device equipped
with a digital card for data recording acquired and
recorded instantaneous values of the signal at
intervals of 10 ms. The mean values of the
temperature and velocity of the air were determined
by a statistical treatment of the obtained results.
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Fig. 5. Experimental device. 1 Hot disc; 2
Cylinder’s inlet; 3 Al-Cr thermocouples
4 Cylinder’s exit; 5 Hot wire 6 Displacement
system 7 Data logger; 8 Data storage 9
Statistical data processing and Results storage

Because of the sensitivity of the flow to
environmental conditions, the experiments were
conducted in a calm place. The experimental device
was mounted inside a closed room, whose
temperature indicated a relative variation that
remained below 5%.

4. EXPERIMENTAL VALIDATION OF THE
NUMERICAL MODEL

The experimental validation of the numerical model
was conducted with a geometric configuration
having same dimensions, same boundary conditions
and same Rayleigh number. A comparison of the
results was made for the corresponding Ra number
(Ra=0.7 x 10°) and aspect ratio (R*=0.2).

The velocity and temperature profiles given by the
numerical model were compared with the
experimental results. Fig. 6 and Fig. 7 show that the
numerical results have a tendency similar to the
experimental measurements. Figure 6 represents a
comparison of the velocity profile provided by the
numerical model and experimental results at the
entrance system. A qualitative comparison of these
profiles shows an excellent agreement in the general
thermal behavior of the flow. The differences that are
observed between the profiles above the hot source
can be explained by the effects of the strong mixture
of fresh and hot air layers caused by the formation of
rotating rolls, as was noted in other experimental
works (Davis and Perona 1971). Figure 7 illustrates
the comparison of the temperature profile obtained
by the numerical model and the experiment at the
system entrance. One can notice that the numerical
results are in good agreement in terms of the general
flow structure. Therefore, the average flow is well
reproduced by the numerical model. However, we
notice an underestimation of the vertical velocity
profiles compared to the experimental results. This
underestimation can be explained by the effects of
wall heating by the hot source, which help intensify
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fluid suction at the system entrance. The flow
visualization (Davis and Perona 1971; Mahmoud
1998) shows the existence of a zone of the strong
mixing of the fluid with the formation of rotating
rolls above the hot source and a return flow at the
vicinity of the wall. All these effects are not
considered by the laminar numerical model.

5. RESULTS AND DISCUSSIONS

Steady, laminar, and two-dimensional natural
convection flow is modeled mathematically and
numerically. The results are obtained using a
FORTRAN code.

Using the SIMPLER algorithm, the velocity—
pressure coupling is resolved.

The results are obtained for configurations A, B, and
C) to investigate the flow behavior in a heated
cylinder and a vertical cylinder with the presence of
a hot obstacle in two positions.

The results are relative to the air and correspond to a
Prandtl number equal to 0.7 and for different form
factors(A = 0.05;0.1;0.15; and 0.3) and different
Rayleigh numbers (Ra = 10%5;10%7;10%8 ....).

In Configurations B and C, the ray ratio of the heat
source to the cylinder corresponds to R* = 0.2.

The convergence criterion in the Fortran code is
given by e = 107%.

We carry out different numerical tests to test the grid
independency in different cases (R* = 0.2;...0.46)
and (Ra =10%5;10%7....) starting from a rather
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coarse mesh 101 x 201 towards a more refined mesh
501 x 501 until the refinement no longer affects the
results.

Figure 8 (a,b) shows that the mesh (501 x 501) of this
study is characterized by:

high accuracy

an acceptable volume of computation.

5.1 Natural Convection Flow Inside a
Heated Cylindrical Channel
(Configuration A)

Figure 9 (a, b, and c) shows the radial distribution of
the horizontal component of the air velocity at
different altitudes and form factors. For the lowest
form factor (A=0.05), Fig. 9a indicates a zero-radial
velocity at different altitudes, indicating an
established regime inside the cylinder. We find the
same result in the case of heated plates with small
spacing (Maad 1995). An onset of change in the flow
regime is observed from the form factor (A=0.1)
where the radial velocity begins to appear (Fig. 9b).
The boundary-layer regime is clearly noted for the
form factor (A=0.3) where the air velocity remains
constant in the central part of the cylinder and the
radial velocities appear at all altitudes (Fig. 9¢). The
profiles show that the air tends to move from the
central part of the cylinder toward the hot walls. This
horizontal movement of the air, which is of low
intensity compared to the vertical movement,
becomes increasingly important with increasing
cylinder radius. This behavior is confirmed by the
radial evolution of the vertical component of the
velocity at different altitudes (Fig. 10a, b, and c).

0.006 -

—a— 401*501
—.— 501501
2=0.003

0.005 1

0.004 4
0.003 4
0.002 4
0.001 4
0.000 4
-0.001
0.002 4

Vz

T
LR

T T
012 014

T
o110

08

T{2=0.003)

004

T T
oo o010

r

Fig. 8. Grid independency.

o a® o® 004 Qo8 012 oM o®



Z. Yahya and A. M. Mahmoud /JAFM, Vol. 16, No. 3, pp. 459-476, 2023.

0.0000020 ~

0.00012
0.0000015 - 0.00010-)
f_factor=0.05 0.00008 -
0.0000010 - 0.00006 -
0.00004 -
. 0.0000005 + -
s S 000002
0.00000 -
0.0000000 -
-0.00002
-0.0000005 -0.00004
-0.00006 -
-0.0000010 T T T T T T -0.00008 T T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.00 001 002 003 004 005
r r

—=—7=0.003
0.0018 1 —e—27=0.02
—A—7=0.06
0.0016 - —v—Z=0.09
0.0014 —e—27=0.49
f_factor=0.3
0.0012 4
0.0010 4
. 0.0008
>
0.0006 -
0.0004 +
0.0002 4
0.0000 4
-0.0002 T T T

T T T T T T
-0.02 000 002 004 006 008 010 012 014 016

r

(c) A=0.3
Fig. 9. Radial dimensionless velocity for three form factors (Configuration A).

—8—Z7=0.003
—e—7=0.02
0.00030 4 0.0012 4
—4—7=0.06
—¥— Z=0.09
0.00025 ——27=0.49 000104
f_factor=0.05 f_factor=0.1
0.0008 |
0.00020 -
0.0006
0.00015 - N
N >
> 0.0004
0.00010 -
0.0002 -
0.00005 -
0.0000 -
0.00000 - T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05
T T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 r
r
@) A=0.05 (b) A=0.1
—a— 7=0.003
0.008 —e—7=0.02
—A—7=0.06
0.007 —¥— Z=0.09
——27=0.49
0.006 - f factor=0.3
0.005
0.004
N
> 0003
0.002
0.001
0.000
-0.001 T T T T T T T T T

-0.02 000 002 0.04 006 008 010 012 014 016

(c) A=0.3
Fig. 10. Longitudinal dimensionless velocity for three form factors (Configuration A)

Following the confinement of the air inside the
cylinder, the driving pressure drop causes an
entrainment of the cold air from below, which will
be used to supply the boundary layers along the hot
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walls. As the height Z increases, the vertical flow
becomes increasingly intense near the wall and
increasingly weaker in the central part of the cylinder
(i.e., the thermosiphon flow). The radial evolution of
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the flow temperature at different altitudes seems to
be independent of the weak variations in the form
factor; a slight temperature variation is observed in
the boundary-layer regime for A=0.3 (Fig. 11a, b,
and c).

profiles show that the flow rate is high near the hot
walls and remains low in the cylinder center.
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Fig. 11. Dimensionless temperature for three
form factors (Configuration A).

511 Effects of Rayleigh number on a
thermosiphon flow for A=0.3 (Configuration A)

In the boundary-layer regime, the air entrainment by
the hot wall becomes increasingly important when
the Rayleigh number increases (Fig. 12a, b).

Figure 13 shows the influence of the Rayleigh
number on the Nusselt number. The relationship
between these two numbers follows an exponential
evolution. The Nusselt number is almost constant for
low Rayleigh numbers, while it increases sharply for
high Rayleigh numbers.

Figure 14 shows the radial evolution of the
dimensionless flow rate at three altitudes. These
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5.2 The Obstacle-Cylinder Interaction flow
induced by a Hot Obstacle placed at the
cylinder inlet (Configuration B)

In Configuration B, the hot obstacle is placed at the
cylinder inlet to determine the behavior of the
resulting flow for different form factors.

5.2.1 Effects of a cylindrical shape on an
Obstacle-Cylinder Interaction flow
(Configuration B)

The interaction between the hot obstacle and the flow
inside the cylinder does not seem to affect the flow
regimes. The established regime always appears at
the same form factor (A=0.05) (Fig. 15a) and the
transition to the boundary-layer regime is obtained
by the form factor (A=0.1) (Fig. 15b). The boundary-
layer regime appears when the distance between the
walls is large (A=0.3) (Fig. 15c). In the boundary-
layer regime (A=0.3), a significant lateral air at the
system inlet is caused by the presence of the hot
obstacle, as seen in Fig. 15c.

The radial evolution of the longitudinal
dimensionless velocity for various form factors is
illustrated in Fig. 16 (a, b, and c). At the system inlet
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Fig. 14. Dimensionless flow rate at different
altitudes (Configuration A).

for the three form factors, the impact of the hot
obstacle is noticeable. The established regime
(A=0.05) is characterized by similar profiles except
at the entrance (Fig. 16.a). The boundary layer
regime (A=0.3) is characterized by the presence of
velocity maxima near the axis and at the system
entrance (Fig. 16.c), which is confirmed by the
experimental results and by other studies (Naffouti et
al. 2010).

The impact of the hot obstacle on the air temperature
is considerable at the channel inlet for the three form
factors (Fig. 17.a.b.c).

5.2.2 Effects of Rayleigh number on Obstacle-
Cylinder Interaction flow (Configuration B)

The influence of Rayleigh number on the
longitudinal dimensionless velocity at the inlet and
at the exit of the cylinder is shown in Fig. 18a and b.
The maxima observed in the vicinity of the axis and
at the wall increase with the Rayleigh number, which
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means that the effects of the hot obstacle are clearly
noted when the Rayleigh number is elevated.

The development of the Nusselt number with the
Rayleigh number follows an exponential variation as
illustrated in Fig. 19, as was indicated in the case
without an obstacle (Fig. 13).

The radial development of the dimensionless flow
rate at three altitudes inside the cylinder is illustrated
in Fig. 21. This figure shows that the flow in the
vicinity of the hot wall increases with altitude, while
it remains low in the center of the cylinder.

5.3 Effects of heat source position on
Obstacle-Cylinder interaction flow
(Configuration C)

The radial evolution of the radial dimensionless
velocity at different altitudes and Hs=0.05 is
presented in Fig. 22. The obstacle is introduced at a
distance Hs=0.05 from the entry of the cylinder. The
profiles show that below the hot obstacle, the radial
velocity is relatively low. It increases at the level of
the obstacle position, and then decreases in the upper
part of the cylinder.

Figure 23 illustrates the longitudinal dimensionless
velocity at various heights and for the obstacle
position Hs=0.05. It should be noted that the air
longitudinal velocity in the vicinity of the obstacle
increases with height to reach a maximum at the
level of the obstacle position and then decreases at
higher altitudes. At the same position Hs, the radial
evolution of the air temperature is shown in Fig. 24.
This figure clearly illustrates that the air temperature
is affected only at the obstacle position, and it
remains low at other altitudes.
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The Rayleigh number's impact on the vertical

component of the air velocity is clearly manifested at
the inlet (Fig. 25a) and at the exit of the cylinder (Fig.
25.b). The air entrainment in the vicinity of the
cylindrical wall and at the level of the obstacle axis
becomes increasingly important with the increase in
Rayleigh number.

403.42879

Nu

The Rayleigh number's impact on the Nusselt
— number is represented in Fig. 26. This variation
follows the same profile as in the previous
configurations (A and B).

Ty T Ty T Ty T Ty T
442413.39201 8.88611E6 1.78482E8 3.58491E9

Ra The radial evolution of the dimensionless flow rate
at different altitudes is given in Fig. 27. The profiles
show that the flow rate at the flow inlet is weak into
the central part of the cylinder and increases at the
vicinity of the hot wall; however, it reaches a

Fig. 19. Rayleigh number's impact on the Nusselt
number (Configuration B).
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Fig. 21. Radial evolution of the dimensionless
flow rate (Configuration B).
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Fig. 28. Comparative Study Configuration (A):
Thermosiphon — Configuration (B): Obstacle-

Cylinder Interaction.

maximum at the level of the obstacle position and
remains high in the vicinity of the wall. Thus, the
influence of the hot obstacle starts from its height
position.

5.4 Comparative study

5.4.1 Comparative study between configurations
AandB

Figure 29(a, b) shows a comparison of the radial
velocities in configurations A and B at two altitudes.
At the system inlet (Fig. 29a), the lateral air
entrainment caused by the hot obstacle is significant,

471

while the air attracted by the hot wall remains
relatively low, which shows the dominant effect of

the obstacle on the flow. When the height increases,
the radial air velocity profile appears at two maxima:
one near the wall, and one located close to the
obstacle axis (Fig. 29b).

A comparison of the longitudinal velocities in
configurations A and B is shown in Fig. 30(a, b). At
the heated cylinder inlet (Fig. 30a), the effects of the
hot obstacle on the thermosiphon flow are reflected
by a longitudinal air velocity that has two peaks close
to the wall and the axis of the hot obstacle. As the
cylinder height increases, the longitudinal air
velocity keeps the same shape and greater intensity
(Fig. 30b).

A comparison of the dimensionless temperature in
configurations A and B is presented in Fig. 31(a, b).
The air temperature at the cylinder inlet is affected
by the hot obstacle, as illustrated by the appearance
of a maximum close to the hot obstacle's axis (Fig.
31a), and the peak close axis flattens significantly,
but the peak near the wall maintains elevated (Fig.
31b).

The Rayleigh number's impact on the Nusselt
number in configurations A and B is illustrated in
Fig. 32. The effects of the presence of the hot
obstacle at the cylinder inlet are clearly noted by the
considerable improvement in the Nusselt number.

A comparison of the radial evolution of the
dimensionless flow rate into the two Configurations
A and B is shown in Fig. 33(a, b). This figure shows
that the flow in the vicinity of the hot wall increases
with the presence of the hot obstacle at two altitudes.
Above the hot obstacle, the flow rate is greater,
which can be explained by the existence of air
currents coming from the bottom of the cylinder to
supply the flow.

5.4.2 Comparative study between configuration
B and configuration C

Figure 35(a,b,c) presents a comparison between the
radial dimensionless velocity in configurations B and
C. At the system entrance, the lateral air entrainment
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Fig. 31. Comparison of the dimensionless temperature in configurations A and B.

is intense in Configuration B due to the presence of
the obstacle just at the entrance, whereas in
Configuration C, the obstacle is located at height Hs
from the entrance, which explains the absence of air
entrainment in this region (Fig. 35a). A lateral air
entrainment is observed at altitude Z=0.02 due to the
presence of the obstacle at position Hs (Fig. 35b). At
the level of the obstacle position Hs, the lateral air
velocity appears in three extrema profile with two
maxima—one in the vicinity of the axis, and the
other at the obstacle border—and a minimum located
at the mid-radius of the disc (Fig. 35¢). This behavior
can be explained by the existence of air currents
coming from the system inlet to supply the flow
above the hot obstacle.
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Figure 36 shows a comparison of the longitudinal
dimensionless velocity in configurations B and C.
The behavior of the longitudinal air velocity at the
system inlet changes when the obstacle is elevated
(Fig. 36a). As the height increases, the vertical
velocity profiles are identical near the wall and
different in the center, with configuration C
showing a higher maximum (Fig. 36b). At the level
of obstacle position Hs, the vertical velocity
presents a maximum near the axis vicinity, which is
explained by the flow supply through this region
(Fig. 36c).

Figure 37. presents a comparison between the
dimensionless temperature in configurations B and
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Fig. 33. Comparison of the Q versus r in
configurations A and B.

C. According to the profiles, for all obstacle
positions, the air temperature is at its highest close to
the axis above the hot disc.

Figure 38 shows an improvement of the Nusselt
number in configuration C at low Rayleigh numbers.
A comparison of the dimensionless flow rate in
configurations B and C is shown in Fig. 39. At the
system entrance, Fig. 39(a)indicates that the flow
rate is greater near the wall in both configurations.
The flow rate remains higher at altitudes below the
height of the obstacle position. Above the obstacle
position Hs (Z=0.06), the flow rate is greater, which
can be explained by the existence of air currents
coming from the bottom of the cylinder to supply the
flow.
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Fig. 35. Comparison of the radial dimensionless
velocity in configurations B and C.
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Fig. 37. Comparison of the T versus r in configurations B and C.

6. CONCLUSION

In the present investigation, a numerical study of
laminar and turbulent natural convection flow
generated with and without a hot obstacle was
performed in a vertical cylindrical channel using
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Fortran code based on the finite volume method.
Measurements of the thermal and dynamic flows.
were conducted to validate the CFD code. The
numerical results have been compared with our
experimental results, and with other studies which
show an excellent agreement in the general thermal
and dynamical behavior of the flow.



Z. Yahya and A. M. Mahmoud /JAFM, Vol. 16, No. 3, pp. 459-476, 2023.

40342873 o

Nu

—a— Configuration B
—a#— Configuration C

T T T
182754.75142

Fig. 38.

4.0x107

RARAILL R
3.26902E6

 Rasad T T
6.566ET 1.31882E9

Ra

Comparison of the Rayleigh number's impact on the Nusselt number in configuration B and C

—a— Configuration B a0’ 4
—e— Configuration C g —=— Configuration B .'.
3.0x107
7=0.003: Ra=1 0*8 —e— Configuration C " #1
40x10" 4 Z=0.02 ; Ra=10 I
2.0x107 A # ‘*
2.0:10" [
1.0x107 . }
o =] o4y ./ H
0.0 . S it T
00 L— "
e tH ’
. f
1.0x107 20x10" o -.‘ s
Ty 'Y
bt TP
2.0x107 4 4.0x10" o
T T T T T T T T T T T T T T T T T T
002 000 002 004 006 008 010 012 014 016 002 000 002 004 005 008 010 012 014 016
r r
(@) (b)
1 2x10° —s— Configuration B
+— Configuration C
110 i 7=006; Ra=10"%
8.0x10 FA
14 .
60610 / | ﬁ
¢ !
40210 e \ : i
y .. * i
20210 B, \ ok
a 00 mm g L]
| "assnsunnnma”
20x10 . M
4010 1 ‘..r"
5,010 b ',’
80410 o
1.0x10° T T T r T T T T T
0 000 002 004 006 008 010 012 014 016
r
(©

Fig. 39. Comparison of the Q

In the flow without the obstacle, the established
regime appears at a form factor of A=0.05, whereas
the boundary-layer regime is obtained at a form
factor of A=0.3. The transition between the two
regimes appears at A=0.1, which represents the
critical regime. The effects of Rayleigh number and
hot-obstacle location on the flow field were
investigated.

The introduction of the hot obstacle in different
positions did not affect the appearance of the flow
regimes and particularly entailed the following.

-a noticeable improvement in heat transfer inside the
cylinder.

- an intensification of the volume flow

versus r in configurations B and C
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