Effect of angle of approach of the forced flow on the mixed
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The laminar combined convection heat transfer from an infinite isothermal horizontal circu-
lar cylinder where the forced flow can attack the cylinder at different angles from 0° (assist-
ing flow) to 180° (opposing flow) was studied and solved numerically. The study covered a
wide range of the Grashof number from 100 to 1.69 x 106 and the Reynolds number from 40
to 300, while keeping the Prandtl number constant at Pr = 0.7.A mathematical model was
constructed and solved using the Patankar-Splading Technique. A more accurate definition
of the effective Reynolds number is obtained instead of the pervious definitions .The present
work studies the effect of the angle of attack at different Reynolds and Grashof numbers on
the Nusselt number and a correlation for the Nusselt number was obtained.
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1. Introduction

The laminar convection from a heated
cylinder is an important problem in heat
transfer and fluid flow. It is used in countless
number of engineering applications. The lit-
erature review includes few work on the com-
bined convection heat transfer from horizontal
cylinder, especially, when the forced flow at-
tacks the cylinder at different angles. Experi-
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mental investigation of mixed convection at
low Reynolds number (Re < 0.4) was reported
by Collis and Williams [1] to evaluate the effect
of free convection on the overall heat transfer
rate from a hot wire. B.G. Van der Hegge Zi-
jnen [2] carried out mixed flow experiments on
cylinders and correlated the data by vectorial
addition of the free and forced convective heat
transfer Nusselt numbers as follows:
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2 210.5
Nu:(Nuforced + Nungtral ) . (1)

The experiments were carried out on cross
flow but the agreement between the equation
and the experimental data was unsatisfactory.
Joshi and Sukhatme [3] obtained theoretically
the local heat transfer rate from a horizontal
cylinder to a transverse flow by mixed convec-
tion, assuming a thin curved boundary-layer
around the cylinder at sufficiently large Rey-
nolds and Grashof numbers and using a
method similar to the cases of mixed convec-
tion along a plane wall. A.P. Hatton et al. [4]
introduced the concept of a Reynolds number
in case of natural convection equals /2Gr,
and added it vectorially to the pure forced
convection Reynolds number to give an effec-
tive Reynolds number for the mixed convec-
tion as follows:

Ra Ra
Re /> :Re2|:1+3.4 / cos¢+2.85—} -(2)
Re? Re?

His experimental research was initiated by
the requirement to measure the low speed air
velocities that occur in natural convection.
The measurements of the average Nusselt
numbers for electrically heated horizontal
cylinders covered the ranges 102 < Re < 40
and 103 < Gr < 10. A correlation for the mixed
convection flow was suggested. Sharma and
Sukhatme [5] investigated experimentally high
Reynolds numbers up to 5 x 103 and Grashof
number up to 7x 103. In their work, a criterion
for the transition from free to combined to
forced convection is suggested. P.H. Oost-
huizen and S. Madan [6] measured the as-
sisting flow mixed convection Nusselt number
in the forced convection Reynolds number
range 200 to 3000 and Grashof number from
2.5 x 10% to 3 x 105. The experimental results
were correlated for the average Nusselt num-
ber. The influence of flow direction on com-
bined heat convection from a horizontal cylin-
der to air was studied experimentally by Oost-
huizen and S. Madan [7]. They investigated
the effect of four angles only (¢ = 0, 90,135

and 180°). But no general correlation was
given. Jackson and H. Yen [8] obtained a
correlation, which is a combination of

simplified forced and free convection equa-
tions, where the forced convection acts in the
same direction of the free convection with the
following form:

0.25
L =1+ Gr , (3)
Nuforced Re?
Nuforced =0.5 Reforced 0.5, (4—)

J.H. Merkin [9] studied the combined
convection in both cases of heated and cooled
cylinders. M. Badr [10, 11] solved the problem
of combined convection heat transfer from an
isothermal circular cylinder in the cases of
cross, assisting and opposing flows. His study
was based on the solution of the full vorticity
transport equation together with energy equa-
tion. For the case of cross flow, Reynolds
number range was 1< Re < 40 and Grashof
number was up to Gr =Re2. The assisting flow
Reynolds number range was 5 < R e< 60 and
Grashof number was 0 < Gr < 7.2x103. The
opposing flow Reynolds number range was 5 <
Re < 40 and Grashof number was 5 < Gr <
3.2x108.E.M.Sparrow and L. Lee [12] looked at
the problem of the flow of a vertical stream
over a heated horizontal circular cylinder.
They obtained a similarity solution based on
using an approximate expression for the ve-
locity variation outside the boundary layer.
The local Nusselt number distribution was
only obtained in the region upstream of the
point of separation (from the forward stagna-
tion point up to an angle of 70°). Abu-Hijleh
[13] solved the problem of laminar mixed con-
vection for an isothermal cylinder numerically
using the finite difference method. The Rey-
nolds number value was varied between 1 and
200 and different incoming free stream angle
of attack and buoyancy parameter Gr/ Re2 up
to 35.The change in the average Nusselt num-
ber, relative to the case of cross flow, was up
to (+20%) and (-30%) for assisting and oppos-
ing flows, respectively. T.M. Abd-Elsamie [14]
studied the assisting and the opposing flow
mixed convection for an isothermal horizontal
circular cylinder. The Grashof number was
varied from 0.6 to 2 x 10° and the Reynolds
number was varied from 1 to 500. He used the
concept of A.P. Hatton [4] for calculating the
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effective Reynolds number based on the
equivalent Reynolds number in the case of
pure natural convection, which equals (2Gn)*.
Recently, W.M. Mustafa [15] reported a good
review for combined convection cross flow heat
transfer. From the previous review, the com-
bined convection heat transfer from a hori-
zontal circular cylinder was not examined in
wide ranges of Reynolds and Grashof numbers
as well as for different angles of attack. Also
few researches in this field were based on
many assumptions. Therefore, this work in-
vestigates the combined heat transfer from an
infinite circular cylinder numerically as it is,
for example without adding vectorially the
forced and natural solutions. Also this investi-
gation studies wide ranges for the angle of at-
tack from 0° to 180° and Reynolds number
from 40 to 300. The Grashof number was
varied from 100 to 1.69 x 10° which corre-
sponds to an effective Reynolds number from
50 to 1000.

2. Mathematical formulation

Consider the problem of a horizontal
circular cylinder with an isothermal surface
where the temperature of the wall is constant
and equals Tw and free stream of temperature
T. and velocity U. Introducing the dimen-
sionless variables:

v v
Vi= V=L R-T,
d

U U
o=| 1" T= | po P (5)
T, -T, U2

Inserting the above dimensionless vari-
ables in the set of equations governing the
transport of mass, momentum and thermal
energy in the case of combined convection, the
two-dimensional governing equations for com-
bined convection in the dimensionless form
will be:

(ﬂ+ﬁ+@}o. (6)
oR R Rog

2
V- 14
v v, Wy Vo | 0P Gr yiosp
1(2v. 108V, V o*V, 2 9V,
— Ly — T4 e | (7)
Re 0OR? R OR R® R234* R® 04

oV, v, V.V :
[V LA Vi ’“’J:—6P+Grzesin¢+

r 3 +
OR Réy R Ro¢ Re
2 2
Re|oR* R OR R? R204> R? 09
2
(Vrﬁ% aej: 1 [18(R69j+ 392}
OR Rog¢ RePr| R OR OR R“0¢
9)

The calculation domain for the combined
convection problem is shown in fig. 1. The in-
side boundary is defined by the solid surface
of the infinite isothermal horizontal circular
cylinder. On this surface, the no slip condition
of the fluid is assumed so that the radial and
circumferential fluid velocity components have
to be annihilated and the temperature of the
fluid equals the uniform temperature of the
cylinder Tuw.

At R=1/2 and for any value of ¢

Vi=Vp=0,0=1. (10)

The calculation domain has no solid sur-
face to confine it on the external side as the
hot cylinder does on the inside boundary.
Therefore, we have to lay the external bound-
ary at a fictitious circle in the fluid far away
from the cylinder. We chose to locate this cir-
cle far enough such that radial variation of the
dependent variables at its location can be ne-
glected. We assumed that at thirty tube di-
ameters this condition is justified. If the forced
flow direction is vertically upwards, in the
same direction as the pure natural convection,
the flow is named an assisting flow. It is an
opposing combined convection flow if the
forced convection flow direction is vertically
downward. In the present study, we will study
the forced convection flow at any angle.
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e In flow region

I1/2

V; = - cos (¢-)
Vg = - sin (¢-¢)
0=0

¢-b

Fig. 1. Boundary condition for the combined convection flow at any angle.

Expressing the boundary conditions in
terms of the dimensionless variables we ob-
tain:

For outflow region

(¢+90 < ¢ < 270+¢): At R= Rz = 15:

oV,
~ =0 (11)
VOR
For inflow region
(p-90<p<90+@): At R= Ro=15:
Vi =-cos (p-¢p), Vg =- sin (p-¢p), 6=0. (12)

The heat transfer by conduction at the
outer wall of the cylinder equals the heat
transfer by convection.

F—a . (13)
- T or >

w [ee}

h
Nu¢=d—¢=— d oT
K T,

Where Nu, is the local Nusselt number.

Introducing the dimensionless variables, de-
fined in eq. (5), into eq. (13) we get:

oo

Nu, = -2
4 OR

EE (14)
2

The average Nusselt number around the
cylinder perimeter is obtained by integrating
the above local Nusselt number over the cylin-
der perimeter:

hd 1 217 00
Nu=—=_——_ —Z |A¢ . 15
“Tk 217%[ 6R} ¢ (15)

2.1. The numerical solution

The number of nodes and grid spacing in
both the radial and circumferential directions
were examined. The number of nodes used in
the solution of the problem was taken as 58
nodes in the radial direction and 280 nodes in
the circumferential direction. The spacing
between the nodes in the circumferential di-
rection is constant. The spacing between the
nodes in the radial direction is not uniform
.The spacing between the five nodes closer to
the cylinder is fine and equal. The spacing
between the nodes far from the cylinder is
uniform with a larger value than the previous
one. The computer program used for solving
the combined convection for different angles of
attack is based on the finite volume technique
developed by S. Patankar and D.B. Spalding
[16], which is based on the discretization of
the governing equations using the central dif-
ferencing in space. The discretization equa-
tions were solved by the Gauss-Seidel elimi-
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nation method. The iteration method used in
this program is a line-by-line procedure,
which is a combination of the direct method
and the resulting Tri Diagonal Matrix Algo-
rithm (TDMA). The accuracy of the solution
and the number of iterations were checked.

3. Results and discussion
3.1. The effective Reynolds number

The flow around the cylinder is the resul-
tant of two flows, the natural and forced con-
vections. The flow due to the pure natural
convection is always vertically upwards
whereas the flow due to pure forced convec-
tion can approach the cylinder at any angle as
shown in fig. 2.

A.P. Hatton et al. [4] suggested that the
total flow could be obtained by summing the
pure natural and the pure forced flows vecto-
rially. They defined an equivalent Reynolds
number in the case of pure natural convection
equals 2Gr . Therefore, the equivalent Rey-
nolds number "Reef" due to the combined flow
can be defined as follows:

Reysr :\/Re2+ 2Gr +2Re~2Grcos¢ . (16)

By examining the dimensionless momen-
tum egs. (7) and (8), the body force appears as
a function in the dimensionless parameters
Gr/Re?, the Richardson number. From this
fact we examined the equivalent Reynolds
number for natural convection based on Re =

JGr instead of Re =+/2Gr . We used the results

of T. M.Abd-elsamie [14], the equations
correlating the pure natural and the pure

\
Combined convection Flow | '

Natural convection Flow Forced Convection flow |

Fig. 2. Principle of the vectorial superposition of the natu-
ral and forced convection flows.

forced convections. The natural convection
correlating equation of [14] is given by:

Nu, =

0.15 72
Gr.Pr
9/16 ]16/9 .

0.6 +0.454
[1 +(0.559 / Pr)

(17)

Also the pure forced correlating eq. [15] is
given by:

Nuy =0.864+0.216 Re0612 5 < Re < 50. (18)

Nup =0.864+0.287 Re%53 50<Re<500 . (19)

From egs. (18) and (19) assuming a value
for the Reynolds number for the forced flow,
we can calculate a corresponding value of
Nusselt number. The value of Nusselt number
is substituted in eq. (17) to calculate a corre-
sponding value of Grashof number. The values
of the Reynolds number are the assumed val-
ues of the equivalent Reynolds number for
natural convection. The results for these cal-
culations are plotted in fig. 3. A curve fitting is
made for the data obtained using least mean
square method .The best fit for these results is
as follows:

Reequ = \/a . (20)

The equivalent Reynolds number in the
case of the pure natural convection equals
JGr not .2Grand the effective Reynolds
number "Reef' in the combined convection
flow for an angle of attack ¢ is given by adding
vectorially the pure forced Reynolds number
and the square root of Grashof number. The
summation is defined as follows:

Reeff=\/Re2+Gr+2Re\/GTCOS¢ . (21)

We used this equation instead of eq. (16)
given by A.P. Hatton [4] for calculating the
Grashof number to give different values of the
effective Reynolds number for asumed forced
Reynolds number and angle of attack.
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800 = e ===
* Present Work /

= Hatton[5]

400 — \ /

Fig. 3. The relation between the equivalent Reynolds num-
ber in case of natural convection and Grashof number.

3.2. Average Nusselt number

The study covers a range of the angle of
attack from 0° to 180°. The fluid under con-
sideration is air with Prandtl number, Pr= 0.7.
The Reynolds number value was varied be-
tween 40 and 300 and the range of the effec-
tive Reynolds number was between 50 and
1000. For a fixed forced convection Reynolds
number and effective Reynolds number, the
Grashof number was calculated for selected
angles of attack from eq. (21) under the con-
dition Re.ss>Re. The value of the average Nus-

selt number is calculated from the numerically
calculated results using eq. (15) .The results
are plotted as the average Nusselt number
versus the angle of attack for different effective
Reynolds numbers for Reynolds number from
40 to 300 on fig. 4. The figures show that the
average Nusselt number is almost constant for
a fixed effective Reynolds number and for
angles of attack from 0° to 180°. The maxi-
mum deviation is 4.2 % in case of Re = 60,
Reefr = 800.

These results support the appropriateness
of our concept for the calculation of the effec-
tive Reynolds number, which is due to two
flows, the natural convection and forced con-
vection, so it must be constant for different
angles of attack. The numerical Nusselt num-
ber data was correlated and plotted in fig. 5.

The correlation equation for the mixed con-
vection was found to be:

Nu=(3.46+2.75x10 Re;/ ). (22)

This correlation is valid in the Reynolds
number range from 40 to 300 and for the an-
gle of forced flow attacking the cylinder from O
to 180. The effective Reynolds number range
is from 50 to 1000 under condition Reef > Re.
Fig. 5 includes the correlated average Nusselt
number and the percentage difference between
the correlating eq. (22) and the numerical
Nusselt value. The maximum difference not
exceed +10%.

3.3. Effect of the angle of attack on the stream,
Isothermal, lines and the local Nusselt
number

3.3.1. In the forced convection dominated
regime

The stream, isothermal lines and the local
Nusselt number are shown in fig. 6, for Re =
40 and Recr = 50 for different angles of attack,
0°, 60°, 120°, and 180°. The effect of the
forced convection is higher than that of the
natural convection, so in this case it is con-
sidered in the forced convection dominated
regime. In case (a) of ¢ = 0°, Ri = 0.0625 and
the streamlines are directed vertically upward
and the lines are not close to each other. The
plume in the isothermal figure is due to the
effect of the natural convection. The isother-
mal lines are closer to the cylinder surface,
which indicates higher temperature gradient
and accordingly higher heat transfer rate. The
plume is directed upwards in the same direc-
tion of the forced and natural flows. The local
Nusselt figure shows that the minimum value
is at ¢=180°and the maximum value at

¢ =0°. For angles of attack ¢ = 60°, 120°, the

stream lines are inclined according to the
value of the angle of attack.

The plume in the isothermal figures is also
inclined by the same value of the angle of at-
tack. The local Nusselt figure is shifted also by
the same degree of the angle of attack. In case
of ¢ = 60° the maximum value for the local
Nusselt number is at ¢ = 60° while the mini-
mum value at ¢ = 240°. For ¢ = 180° the
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number.

effect of Grashof number increases slightly
and the stream lines are divided into two parts
as the flow is coming in the direction of the
forced convection .There is a stagnation line
causing the flow to pass around it. The angle
of attack deflects the stream and isothermal
lines according to its value. The local Nusselt
figure is shifted according to the value of angle
of attack and the maximum value is at the
same value of the angle of attack.

3.3.2. In the mixed convection dominated
regime

The stream and isothermal lines and the
local Nusselt number are shown in fig. 7 for
Re = 40 and Rer = 200 for different angles of
attack 0°, 60°, 120°, and 180°. The increase of
the Grashof number causes the effect of the
natural convection to increase causing mixing
flow with the forced convection. In figs. 7-a
and 7-b for angle of attacks 0° and 60°, the
stream lines are more closer to the cylinder
than the case of forced convection dominated
flow as a result of increasing the Grashof
number causing the heat transfer rate to in-
crease and also the local Nusselt number. The
angle of attack deflects the stream and iso-
thermal lines according to the value of the an-
gle of attack but the effect of the natural con-
vection is slightly felt. The local Nusselt figure
shows that there are two minimum values for
the local Nusselt curve as a result of the two

flows: the natural and the forced .The highest
value for the local Nusselt curve is at the value
of the angle of attack .The angle of attack
shifts the local Nusselt curve by the same
value of the angle of attack ¢. The plume and
the isothermal lines in the isothermal figure
are inclined according to the angle of attack as
in the case of forced dominated flow but more
slightly upward due to the effect of the natural
convection. The stream lines also behave like
the isothermal lines. In fig. 7-c for ¢ =120°,
the flow in the stream line figure is divided
into two parts around the cylinder due to the
stagnation line after the cylinder. In fig. 7-d
for ¢ = 180°, the flow in the stream figure is
divided into three parts. The first part, which
is in the right hand part of the stream figure
far from the cylinder in which the stream lines
come in the direction of forced flow down-
wards with slight bend upwards due to the
effect of the natural flow.

The second part is below the cylinder
where there are circulating flows and stagna-
tion lines .The circulating flow is driven by the
buoyant forces and never entrained with the
main flow. The third part is in the left hand
part far from the cylinder which was coming
with the forced flow but the stagnation line
forces it to bend more than in the first part.

3.3.3. in the natural convection dominated
regime

The stream and isothermal lines and the
local Nusselt number are shown in fig. 8 for
Re = 40 and Rec = 800 for angles of attack 0°,
60°, 120° and 180°. The natural convection
effect is higher than the forced convection. In
the case of ¢= 60°, Ri = 361 and in the case of
¢ = 180°, Ri = 441.The streamlines in the case
of ¢ = 0° are closer to each other and espe-
cially at ¢ = 180° due to the effect of the natu-
ral convection. The plume in the isothermal
figure is not wide as in the two cases of forced
dominated and mixed convections. The mini-
mum value of the local Nusselt number is at ¢
= 180° and the maximum value is at ¢ = 0° In
the case of angle of attack of ¢ = 60° the
streamlines are inclined more upwards toward
the vertical direction more than in the case of
the mixed convection. Increasing the Grashof
number causes the plume to be narrower
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around the cylinder and inclined to the direc-
tion of the natural convection. Increasing the
angle of attack decreases the inclination of the
stream and isothermal lines to the direction of
the natural convection. The local Nusselt
number distribution does not change due to
the effect of the natural convection. In the
case of @ =120° the streamlines are divided
into two parts. The first part, which is in the
right hand part of the stream line figure and
under the cylinder in which the streamlines
comes as the direction of forced flow with
slight inclination upwards due to the effect of
the natural flow. The second part is over the
cylinder where there are circulating flows and
stagnation lines. In the case of ¢ =180°, the
eddies get bigger than before and surround
the cylinder. The local Nusselt curve does not
change with the increasing of the angle of at-
tack from 0° to 180° due to the effect of the
natural convection. Increasing the angle of
attack more than 90° causes more eddies and
circulating flows in the stream line figure. The
present work solved the mixed convection
numerically for the whole domain from & = 0°
to 360° while the pervious works solved half
the domain depending on the symmetry
around the line @ = 0° as in the cases of as-
sisting and opposing flows.

4. Comparisons

Fig. 9 shows the comparison of the present
work with Raithby et al. [17] who followed the

12 = ———
——ep  Raithby for Assisting flow
e Raithby for Opposing flow f
1w0d — Present Work
4
8 -
>
Zs
d
4 4
24 /
10 100 1000

Reeff

Fig. 9. Comparison of the average Nusselt number with
Raithby et al. [17].

same method for calculating the effective Rey-
nolds number as Hatton [4] using their own
natural convection correlation and V.T. Mor-
gan [18] pure forced correlation which was
discussed. This method provides higher
Nusselt numbers. There are significant differ-
ences between the average Nusselt number for
the same effective Reynolds number in the
case of assisting and opposing flow while the
present work, the average Nusselt number for
the same effective Reynolds number does not
depend on the angle of attack.

The comparison with H.M. Badr [10,11] is
plotted on fig. 10 .The Nusselt numbers of
H.M. Badr [10,11] are higher than those of the
present work. The difference between the
present Nusselt number and Nusselt number
of H.M. Badr [10,11] is due to the difference
between the vorticity method employed by
H.M. Badr [10, 11] and the numerical tech-
nique of Patankar-Splading [16]. The present
data covers a wide range of the effective Rey-
nolds number from 50 to 1000 and Reynolds
number from 40 to 300, while the work of
H.M. Badr [10, 11] was for small range of the
effective Reynolds number from 5 to 180 and
the Reynolds number from 1 to 60.

Fig. 11 shows the comparison of the pre-
sent work with A. Bassam [13] results. In his
results, There is a considerable difference be-
tween the average Nusselt number for the
same effective Reynolds number in the case of
assisting and opposing flow Reer > 400, the
difference reaches more than 20 % at Rees =
400.

— Babr for Assisting flow)
~————a——— Badr for Cross Flow

8 | =t Present Work

T = Tl B N
100 Re 1000

Fig. 10. Comparison of the average Nusselt with H.M.
Badr [11,12].
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14—

~—————+——— Bassam for cross flow |
Bassam for opposing ﬂow{
- Present Work o /,S

100 1000

Fig. 11. Comparison of the average Nusselt with Bassam
[13].

5. Conclusions

The combined convection heat transfer to
air from horizontal circular cylinder at differ-
ent angles of attack of the forced flow on the
cylinder was studied. The Reynolds number
was varied from 40 to 300 and the Grashof
number from 100 to 1.69x10° while Prandtl
number was kept constant. The study covers a
wide range of the angle of attack from O0°
(which represents the assisting flow) to 180°
(which represents the opposing flow). A more
accurate definition of the effective Reynolds
number was obtained by combining the natu-
ral and forced convection flows vectorially as
given in eq. (21). The study shows that the
equivalent Reynolds number in the case of the
natural convection equals JGr instead of

J2Gr proposed previously by A.P. Hatton [5].
The study is based on the solution of the full
Navier-Stokes and energy equations to con-
struct the mathematical model .The range of
the effective Reynolds number was varied from
50 to 1000 under the condition Rees > Re. The
study shows that for the same Reynolds num-
ber and effective Reynolds number for differ-
ent angles of attack from 0° to 180° the aver-
age Nusselt number is approximately constant
which supports the proposed definition of the
effective Reynolds number .The program
solved the problem for the whole domain
around the cylinder in the cases of the as-

sisting and opposing flows, where the previous
works studied only half the domain depending
on the symmetry about the vertical axis
through the cylinder center. A correlation was
obtained, eq. (22), that valid for Reynolds
number from 40 to 300 and for effective Rey-
nolds number from 50 to 1000. By comparing
the results with previous works a insatisfac-
tory was found and the difference was de-
scribed in detail. The stream and isothermal
patterns and the local Nusselt number were
plotted to show some of the details of the ve-
locity and temperature fields.

Nomenclature

c Specific heat, J/kg K,

D Cylinder diameter, m,

G Gravitational acceleration, m/s2,

Gr Grashof number, gf (Tw-Tx)d3/ 12,

H Average heat transfer coefficient,

W/m2.K,

he Local heat transfer coefficient at angle
D, W/m2 K,

K Fluid Thermal conductivity, W/m K,

Nu Average Nusselt number, h d/K,

Nug  Local Nusselt number at angle ¢, hge

d/K,
P Pressure, N/m?2,
P Dimensionless pressure,
Pr Prandtl number, uc/K,
r Radial coordinate, m,
R Dimensionless radial coordinate, r/d,
Ra Rayleigh number, gf3 (Tw-Tx)d? /vo.
Re Pure forced convection Reynolds

number, dU/ v,

Reesr  Effective Reynolds number,
Regr = \/Re2+ Gr+2Re\/acosgo .

Ri Richardson number, Gr /ReZ?,

T Local Fluid temperature, K,

Tw Cylinder wall temperature, K,

T Ambient temperature, K,

AT Temperature difference, (Tw - Tw), K,

8] Free stream forced incoming velocity,
m/s,

V: Radial velocity, m/s,

Vr Dimensionless radial velocity, V;/U,

Vo Angular velocity, m/s, and

Vo Dimensionless angular velocity,
vp/U.
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Greeksymbols

DR NPT ™R

<

4

Thermal diffusivity, m2/s,
Coefficient of volumetric thermal,
expansion with temperature, K-1,
Local fluid density , kg/m3,
Ambient fluid density, kg/ms3,
Dynamic fluid viscosity, kg/m s,
Kinematic fluid viscosity, m2/s,
Angular coordinate, rad ,
Dimensionless temperature,

(T - TOO)/(Tw - Too):

Angle between the forced incoming flow
direction and buoyancy force, and
Stream function.
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