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Abstract

Large-eddy simulation of the combined convection was simulated and the classical results were obtained. The
combined convection around the heated rotating cylinder was also simulated and the results agree well with available
experimental results. A Nusselt number correlation for the combined convection was proposed. This correlation gives
the heat transfer coefficient for the small rotation regime, with an error smaller than 4%. © 1998 Elsevier Science Ltd.

All rights reserved.

Nomenclature

C, Smagorinsky constant

C, pressure coeflicient

g gravity acceleration [m s™?]

Gr* Grashof number (Gr* = gBR*q"/(v*k))

h convection heat transfer coefficient [W m~2 °C~']
7 unitary vector in the x direction

7 unitary vector in the y direction

k, sub-grid scale turbulent kinetic energy [m* s=?]
| sub-grid characteristic scale, / = /rA6Ar [m]
Nu Nusselt number (Nu = hD/k)

p pressure [non dimensional]

Pr Prandtl number (v/o)

g conductive heat flux [W m™?

r radial coordinate [non dimensional]

R cylinder radius [m]

Ra* Rayleigh number (Ra* = Gr* Pr)

Re Reynolds number (Re = o R?/v)

¢t time [non dimensional]

T temperature [non dimensional]

u radial velocity component [non dimensional]

v tangential velocity component [non dimensional]
S;; deformation tensor [non dimensional].

Greek symbols
o molecular thermal diffusion [m?s™']

* Corresponding author

thermal expansion coefficient [K ']
time step [non dimensional]
Kronecker delta
tangential coordinate
molecular conductivity [W m~' °C™']
turbulent conductivity [W m~"' °C~]
dynamic viscosity [kg m™' s
turbulent dynamic viscosity [kg m~'s™']
cinematic viscosity [m*s~']
density [kg m™?]
Froude number (¢ = Gr*/Re?)
general function
rotation speed [s™']
reference property.
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=" 2

ges9™ =x=®=x

Subscripts

(), tensor notation

x; Cartesian coordinate in i direction [non dimensional]
t turbulent property

s sub-grid scale property.

Acronym
LES large-eddy simulation.

1. Introduction

Natural convection heat transfer from horizontal cyl-
inders placed in an infinite fluid medium has been studied
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extensively, both theoretically and experimentally. Many
studies have been developed accounting only for the natu-
ral convection effects, where only the average heat trans-
fer coefficients were obtained [1].

The literature on transient combined free and forced
convection is relatively scarce. Sharman and Sukhatme
[2] and Vilimpco et al. [3] studied the combined con-
vection heat transfer from a heated tube in a transverse
air stream and also in Newtonian liquids around the
circular cylinder. A particular case of this problem is the
combined convection around a rotating heated cylinder.
This type of flow is of interest in many technological
applications such as axis-bearing systems [4], rotating
waste burners [5], cooling of rotating machinery, the
design of rotating heat exchangers, the rotating heat pipe
and the drying of paper [6]. One of the first studies in
this area was realised by Dropkin and Carmi [7]. They
concluded that the convection heat transfer coefficient is
a function of three distinct regions: (a) the region where
the buoyancy force determines the heat transfer
coefficient and is independent of the rotation of the cyl-
inder; (b) the region where both the buoyancy and the
rotation are important and (c) the region where the con-
vection heat transfer depends only on the rotation of the
cylinder.

At low rotational speeds the flow has a behaviour like
natural convection. As the rotation increases the heat
transfer coefficient decreases until a minimum value is
attained at a critical rotation speed. After this critical
value it is found to increase with the increase of rotational
speed and depends only on this parameter. Etemad [8]
and Dropkin and Carmi [7] reported that this critical
point can be defined at a Froude number
0 = Gr*/Re’ = 1. On the other hand, Anderson and
Saunders [9] argued, based on analytical results, that the
transition point can be defined at ¢ = 0.84. Unfor-
tunately, there is not enough information to confirm this
point and hence there is not any conclusive answer to this
question.

Sharman and Sukhatme [2] and Vilimpoc et al. [3]
have studied the combined convection heat transfer pro-
cess from a heated and rotating tube in a transverse
air stream. They determined experimentally the average
Nusselt number. Ball [6] studied, numerically and exper-
imentally, the combined convection over a heated rot-
ating cylinder. His numerical investigation is limited to
small rotational speeds. Experimentally, he pointed out
that, for higher rotational speed, the flow around the
cylinder becomes three-dimensional and the associated
physical instabilities may be responsible for the increase
in the heat transfer coefficient.

Balparda et al. [10] developed a computational code
based on the finite volume method with an UPWIND
convective interpolation scheme with a precision of the
first order. They obtained some interesting results, like
the visualisation and the mean Nusselt number behav-

iour, as a function of the Reynolds number. Their results
are limited by the high numerical diffusion generated by
the UPWIND scheme.

In the present work a modified third order QUICK
scheme [11] has been implemented in this code, in order
to improve its performance. The Smagorinksy [12] sub-
grid scale turbulence model has been also implemented in
this code, which characterises the large-eddy simulation.
This code was used to study the combined convection
over the horizontal heated rotating cylinder.

The first part of the work has been dedicated to the
classical case of natural convection, without rotation.
The numerical results were compared with experimental
data and with other numerical results. The second part
was dedicated to the configuration of combined con-
vection over the rotating cylinder. The numerical results
were compared with the experimental results of Ball [6].
Finally the code has been used to perform various simu-
lations in order to obtain a correlation of the Nusselt
number as a function of the Froude and Grashof
numbers. The proposed correlation accounts for both the
buoyancy and the rotation effects.

2. Governing equations

The transient combined convection over a horizontal,
heated and rotating cylinder is governed by the conti-
nuity, the Navier—Stokes and the energy equations. The
flow is considered incompressible with constant physical
properties, except the density in the body force term,
which is modelled using the Boussinesq approximation.

Turbulence is fundamentally a three-dimensional
phenomenon. The present problem will be analysed with
a two-dimensional approximation due to its transitional
nature. As suggested by Ball [6] the three-dimensional
instabilities appear because the cylinder rotation effects
are more important compared with the buoyancy effects
(the inverse of the Froude number). As will be shown,
the results presented in the present work are limited to
the operational regimes characterised by low rotation
effects. In this situation two-dimensional LES is justified
only by the physical specificity of this particular flow.

In large-eddy simulation, every variable f is decom-
posed in one part related to the large scale and another
one related to the sub-grid scale:

SG 0 =G0+, 0). (M
This scale separation is performed with the help of a filter
G, defined as follows:

JG) = [GE—3) /() dx". )

Applying this filtering operation to the governing equa-
tions [14], the following equations are obtained:
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The bar over the variables indicates the filtering oper-
ation; the term #'#’ is the sub-grid Reynolds tensor and
w' T’ is the turbulent thermal energy flux. The Reynolds’s
tensor is modelled with the Boussinesq hypothesis:

)
—0 =208, ~ K3, (6)

where K is the sub-grid turbulent kinetic energy, ¢, is the
Kronecker delta and S, is the deformation rate, given by
the following equation:

~ lfom; On;
= 7. 7
S, 2<ax_/ + M_) ()
These general equations are rewritten in two-dimen-
sional cylindrical co-ordinates and the following non-

dimensional equations are obtained [10], using v, R and
AT for normalization:
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where v¥= v,/v is the dimensionless eddy viscosity. The
diffusion terms were linearised while the physical proper-
ties are not considered as constants in the calculations.
They are evaluated explicitly. The eddy viscosity v, is
calculated using the Smagorinsky model:

Uy = (Csl)zx/ 25_1'/‘5_':'/‘5 (12)

where Cg is the Smagorinsky constant. The characteristic
length /is defined as:

= /rAOAr. (13)

The turbulent thermal diffusion «, is calculated with the
turbulent Prandtl number v/a, = 0.6 [15, 16]. In these
equations, Pr is the Prandtl number, Gr* = gBRYq" v’k is
the Grashof number based on the heat flux ¢” and the
radius R. The reference parameters used to obtain the
dimensionless equations are: v/R for the velocities,
AT = ¢"R/x for the temperature difference and R*/v for
time. With these definitions one can also obtain the fol-
lowing dimensionless parameter:

CP = (pipso)/<p1j2 >5
R

as the pressure coefficient and Re = wR?/v, as the Rey-
nolds number, where o is the angular speed of the cylin-
der. The Rayleigh number is defined as Ra* = Gr*Pr.

To establish the boundary conditions it is necessary
to make some physical considerations. In the pure free
convection, the flow is symmetric about a vertical plane
containing the axis of the cylinder and the solution
domain can be taken as a half of the flow field. In the
rotating cylinder case this symmetry disappears and the
solution domain must be complete. This is done by using
an outer circular boundary. The radius of this domain is
chosen as a function of the inverse of the Rayleigh
number, as suggested by Qureshi and Ahmad [17]. In the
present work the Rayleigh number ranges from 10° to
10® and the radius of the domain is taken as one-eighth
of the cylinder radius.

This boundary is considered to be composed of an
inflow part, where the radial velocity is negative (u < 0)
and an outflow part, where the radial velocity is positive
(u > 0) as suggested by Wang et al. [18]. In order to
understand physically these boundary conditoins, the
natural convection case is taken, where the flow comes
from rest at infinity towards the cylinder and leaves the
domain in a developed flow condition. In the case of the
rotating cylinder, the boundary condition identification
is more complex and is performed by identifying the sign
of the radial velocity. Internally the cylinder is bounded
by the solid surface, where a non-slip condition and an
imposed heat flux condition are used. In order to have
an adequate description of the flow near the wall there is
a mesh refinement. The mesh size near the wall, in the
radial direction is approximately 0.01 R. Any wall func-
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tion has been used in this work. In this manner the fol-
lowing equations are established:

on the cylinder surface

oT
uR, 0,0 =0; v(R,0,)=0; ——-(R0,0=1
(14)

on the inflow and outflow regions
ou oT
5(0050)0 :0’ L(OO,@,Z) :Oa E(Oovevt) :Oa

(15)
The governing equations subject to these boundary con-
ditions are solved by using the following numerical
method.

3. Numerical method

The finite-volume method proposed by Patankar [19],
with staggered mesh, was recently considered with non-
staggered mesh by Marchi et al. [20] and used by Bal-
parda et al. [10]. The discretization volumes are illus-
trated in Fig. 1. A hybrid scheme is used for the time
discretization: the velocity and the temperature are cal-
culated explicitly and the pressure is calculated implicitly.
The space discretization is performed with a third order
QUICK scheme [21]. One can obtain the following
expression for the generalised variable ¢:

BP¢¢;+1 — AM,-‘:-L[p‘b]”“AV, (16)
where
Ap¢ = 2<anh¢yll\/B>+Bp¢(b]n7+L[S¢]9 (17)
AV
0 = AL (18)

Here L[p”] and L[S?] are the pressure and source terms
in their integral forms; 7 is the previous time; n+1 is the
current time; nb and NB are the neighbours values of the
variable ¢ at the interfaces and centres of control
volumes, respectively.

Fig. 1. Volume of discretization.

The linear system for the pressure is solved by a TDMA
line by line method [19].

4. Numerical results

In this section the numerical results are presented. The
calculations were performed in a cylindrical domain with
an outer radius of 8 times the cylinder radius. This
domain was discretized with a mesh of 112 x 30 points in
the radial and tangential directions respectively. The
mesh is regular in the tangential direction and grows
progressively in the radial direction. A PC DX4 100 MHz
was used and the CPU time, for each numerical exper-
iment, was about 30 h.

4.1. Natural convection and statistical results

The QUICK interpolation scheme is third order precise
but can provoke numerical instabilities [11]. These kinds
of instabilities can be controlled by numerical artifices as
proposed by March et al. [20]. It seems that it is also
possible to achieve this control using a turbulence sub-
grid scale model, which viscosity actuates in a similar
fashion to the present calculation.

The time evolution of the natural convection is shown
in Fig. 2(a)—(d). The temperature fields are visualised.

Numerical simulations were performed for various
values of the Rayleigh number. The mean Nusselt num-
bers were obtained for two cases: without and with sub-
grid scale model. We first present the results for the simu-
lation without sub-grid scale model. Figure 3 shows the
mean Nusselt number as a function of the Rayleigh num-
ber and the corresponding results due to Churchill and
Chu [22] and Qurechi and Ahmad [17].

We see that for Ra* < 10° there is good agreement
between the present prediction and the experimental and
numerical results used for comparison. In this interval of
operation regime the flow is laminar. On the other hand,
for Ra* > 10° the flow begins to be transitional and the

@ ®) © d

Fig. 2. Time evolution of the natural convection (the tem-
perature fields); simulation with sub-grid scale model; C, = 0.32;
Ra* =625x10% Pr=0.7,(@) t=1s; (b) t=25s;(c) t=3s;
(dr=4s.
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Fig. 3. Mean Nusselt number as a function of the Rayleigh
number, without sub-grid scale model, Pr = 0.7.

effects due physical instabilities become important. The
error for Ra* = 10% can be up to 15%.

The results obtained with a sub-grid scale model (LES)
are shown in Fig. 4 and the agreement with the available
results for all values of the Rayleigh number is good. One
also includes in this figure the result from Balparda et al.
[10], obtained with a UPWIND first order interpolation
scheme. It is interesting to observe that in this case
(UPWIND) there is an artificial heat exchange aug-
mentation due to the excess of numerical diffusion. We
present in Fig. 5, the temperature profiles at § = 90°C for
the LES simulation (with QUICK scheme) and for the
simulation with the UPWIND scheme. It is shown that
the fluid, at this tangential position, is heated more in the
LES simulation than in the UPWIND simulation. This
is due to the spreading of the heated streak downwind of
the cylinder, created by the numerical diffusion of the
UPWIND scheme.

The tangential velocity component function of the
radial position is presented in Fig. 6 for various values of
the tangential coordinate. We see that at 0 = +90°C
(vertical plane) this velocity component is zero due to the
symmetry of the flow as shown in Fig. 7 by the mean
temperature field and streamlines. At 0 = 0°C this vel-

26F -
[ [ |
| = Qureshi, 1987
22 ®  Churchill, 1975
[ | 4 Balparda, 1994
| v Present work, with
18} L turbulence model

103 104 105 106 107 108
Ra*

Fig. 4. Mean Nusselt number as a function of the Rayleigh
number; large-eddy simulation; C;=0.32; Ra* =1x10;
Pr=0.7.
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04 - UPWIND|

03y
T

0,2

0,1

Fig. 5. Temperature distribution in the radial direction;
UPWIND and QUICK interpolation scheme; 6 = 90°C;
Ra* = 1x10% Pr=0.7; C, = 0.32; calculations with QUICK
scheme.
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Fig. 6. Tangential velocity profiles; Ra* = 1x10% Pr=0.7;
C,=0.32.

(a)

Fig. 7. Mean temperature fields (a) and streamlines (b); large-
eddy simulation; Ra* = 1 x 107; Pr = 0.7; C, = 0.32.

ocity component reaches its maximum as expected physi-
cally, for the pure natural convection. It is also shown
that at r/R = 4.5 the temperature profile shows a behav-
iour corresponding to the boundary condition, equation
(15). We notice that the limit of ».R = 8 used in the
calculation is large enough to ensure a correct simulation.
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With these preliminary results for the classical case of
pure natural convection we see that the method seems to
be correct and consequently it will be used to simulate
the more complex case of combined convection. The
results are presented in the next section.

4.2. Large-eddy simulation of the combined convection

In this section the numerical results of the combined
convection, for four values of the Rayleigh number are
presented. The Froude number, defined as ¢ = Gr*/Re?,
is a measure of the importance of the buoyancy or free-
convection effects in relation to the inertia or forced con-
vection effects. In the present work the forced convection
is created by the rotation of the cylinder.

The following results are related to four values of the
Froude number: ¢ = c0; 2.0, 1.0 and 0.5. These values
correspond respectively to 0, 52, 75 and 110 rpm. In all
cases the Rayleigh umber is constant Ra* = 10°. Figure 8
shows the stationary flow regime for these four situations.
The temperature fields are visualised. It can be observed
that the flow is not symmetrical as in the previous case.
The flow accelerates in the right-hand side of the cylinder,
as shown in Fig. 9, where the effects of buoyancy and
rotation are superimposed. Contrarily, at the left-hand
side of the cylinder, the rotation effect is opposite to the
buoyancy effect and hence the flow is slowed down, as
shown in Fig. 10. Consequently the flow is distorted

(@) (b)

L

() (d)

Fig. 8. Temperature fields over the rotating cylinder;
Ra* =1x10% Pr=0.7; C;, = 0.32; (a) Re = 0, 6 = o0 (0 rpm);
(b) Re =290, 0 =2 (52 rpm); (c) Re =410, 6 = 1 (75 rpm); (d)
Re = 557,06 = 0.5 (110 rpm).

250
L ]
200} | Ra*=1E6 |
° |
150;‘ -
. s og=2 |
Vv A | . :_1 |
1007,
L
so0p *=
LA
LI TP I A
%0 2,0 3,0 4,0 5,0
R

Fig. 9. Tangential velocity as a function of the radial position,
for different values of ¢, at 0 = 0°C; Ra* = 1 x 10%; Pr = 0.7.
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Fig. 10. Tangential velocity as a fuction of the radial position,
for different values of ¢, at 0 = 180°C; Ra* = 1 x 10% Pr = 0.7.

towards the cylinder rotation sense (counter-clockwise).
It is interesting to observe that even for the high rotation
case, there is always a heated fluid stream rising up due
to the buoyancy effects (Fig. 8(d)).

The heat transfer coefficient depends only on the natu-
ral convection (buoyancy effects) for small values of the
rotational speed and depends only on the forced con-
vection for high values of the rotational speed. Obviously,
there is an intermediate regime in which the two effects
are equally dominant.

To demonstrate this problem, Fig. 11 shows the
streamlines close to the cylinder surface, for the three
values of the rotational speed, 52, 110 and 360 rpm.
The cylinder rotation traps the fluid particles which stay
entrapped and form a fluid layer which rotates with the
cylinder. It is clear from this figure that the thickness of
this layer increases as the rotational speed increases. This
layer creates an additional resistance to the convection
heat transfer. In the present two-dimensional calculations
this layer is stable, but in a three-dimensional analysis it
can degenerate in turbulence by successive bifurcation,
as in the case of two concentrically rotating cylinders, as
will be explained later. Consequently one can expect to
have three regimes of heat transfer in this system: the
first is governed only by the buoyancy effect (natural
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(©

Fig. 11. Streamlines over the rotating cylinder; Ra* = 1 x 10
Pr=0.7;C;=0.32; (a) ¢ = 2 (52 rpm); (b) ¢ = 0.5 (110 rpm);
(c) 0 = 0.15 (360 rpm).

convection); the second is governed by both the buoyancy
and rotation effects (combined convection) and the third
is governed only by the rotation effect (forced convec-
tion).

The local Nusselt umber is shown in Fig. 12 for four
values of the Froude number. The Nusselt number dis-
tribution, for ¢ = oo (natural convection) is symmetrical
about the vertical plane 6 = +90°C. The minimum value
is located at 8 = 90°C, the rear stagnation point (down-
wind stagnation point), where the diffusion heat transfer
predominates over the convection effects. The maximum
is located at 0 = 270°C where the convection accelerates
the heat transfer process.

As the process increases (Froude decreases) the point
of minimum heat transfer displaces in the counter-clock-
wise sense. For ¢ =2, for example, this point is
0 ~ 170°C. In reality it does not correspond to a stag-
nation point but represents a region of minimum velocity.
Indeed, as indicated on Fig. 11, the distance between the
streamlines in this region, is larger compared with the
right-hand side of this figure. Consequently the minimum
value of the Nusselt number is dislocated and this effect
increases as the rotational speed increases. On the other
hand the point of maximum Nusselt number decreases
more than the minimum increases. Consequently the
mean Nusselt number decreases with the rotational
speed.

Figure 13 shows the mean Nusselt number (this mean
value is calculated over the tangential coordinate 6 as a
function of 1/ and Ra*. The present numerical pre-
dictions are compared with the experimental results from
Ball [6]. The agreement is good for the interval

1
0<-<=~1
g
(small rotational speeds). For
1
l<—-<w
g

(high rotational speeds) the experimental results indicate

10

Nu 8

Fig. 12. Local Nusselt number as a function of the tangential
position, for different values of ¢; Ra* = 1 x 10 Pr = 0.7.
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Fig. 13. The mean Nusselt number as a function of ¢ for different
values of Ra*; Pr=10.7.

an increase of the Nusselt number as the rotation
increases [6]. In contrast, the present numerical pre-
dictions show a decrease in the Nusselt number. This
disagreement is basically due to the fact that the two-
dimensional formulation is not adequate enough to simu-
late the three-dimensional nature of the flow pattern.

As the rotational speed increases, the thickness of the
trapped layer (Fig. 11) increases and the flow near the
cylinder becomes similar to the Couette flow between two
rotating coaxial cylinders, as illustrated by Fig. 14(a).
The transition of this flow to the turbulent regime is
marked by the Taylor—Couette instabilities illustrated in
Fig. 14(b). We suppose that these instabilities are very
important to remove the inhibitive effect of this layer on
the heat transfer process. The Taylor—Couette insta-
bilities, being counter rotating, as indicated by Fig. 14(b),
will transport hot fluid from the cylinder surface towards
the external stream and cold fluid from the external
stream towards the cylinder surface. This process creates
a new mode of convection heat transfer and leads to an
increase in the Nusselt number as the rotational speed
increases. Consequently, a three-dimensional calculation
must be done in order to simulate these instabilities and
to obtain a more general Nusselt number correlation.

The above analysis indicates that the present numerical

|The Taylor-Couette instabilities

[Clelelelele)

0/ QOO
@ (®)

Fig. 14. Couette flow between two coaxial cylinders (a) and the
Taylor—Couette instabilities (b).

results represent the physical problem at small rotational
speeds as indicated earlier. Hence, a series of 44 numerical
simulations were performed to obtain a correlation for
the Nusselt number as a function of ¢ and Ra*. Rayleigh
number assumes the following values: 1.0x 10°,
5.25x10°% 1.8x10° and 6.0x10". For each Rayleigh
number, the inverse of the Froude number is equal to:
0.0, 0.2, 0.4,..., 2.0 (step of 0.2). The Prandtl number
is taken as being constant and equals 0.7. After some
adjustment of the parameters the following correlation
were obtained:

Nut = Nityge —3.35x 1078 x Ra* x ¢~ 73 (19)

where 1 < ¢ < o0 and 10* < Ra* < 10%. The term Nuyc
is the Nusselt number for pure natural convection, given
by the correlation proposed by Churchill et al. [22]:

Ra* \1/6)2
NuNC={0.6+O.321x<NM ) } (20)
NC

which is valid for 10* < Ra* < 10" The correlation pro-
posed in the present work, equation (19), allows the
evaluation of the heat transfer over a heated rotating
cylinder and is valid within the indicated intervals. The
error relative to the experimental results does not exceed
4%. It is important to observe that the difference between
the results obtained using the two precedent correlations,
equation (19) (combined convection) and equation (20)
(natural convection) increases as Ra* increases. For
Ra* ~ 10%, for example, if the rotation effect is neglected,
the error can reach 15%. This correlation is considered
as the principal contribution of the present work.

5. Conclusions

The principal objective of the present work was to
analyse and obtain the heat transfer correlation for a
heated rotating horizontal cylinder, by large-eddy simu-
lation. A two-dimensional code was developed using the
finite-volume method with non-staggered grid technique.
A third order QUICK interpolation scheme was used in
combination with a sub-grid scale turbulence model.

The code was first tested in the classical configuration
of natural convection giving good results. In sequence it
was applied to analyse the situation of combined con-
vection generated on a rotating heated cylinder. The pre-
dictions were found in good agreement with experimental
results for small values of the rotational speed. A cor-
relation for the heat transfer coefficient was proposed.
Even when the rotational speed is small, the effect of this
parameter is still important. Errors can reach 15% is
rotation effects are neglected.

In order to obtain a more general correlation, three-
dimensional calculations have to be done.
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