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Abstract-Axis-symmetric secondary flows occur in a vertical rotating cylinder with a temperature difference 
imposed on the top and bottom ends even under zero gravity and, consequently, enhance the heat transport 
between two ends. The mean equivalent conductivity for mixed convection in the vertical rotating cylinder 
increases at first and then decreases with the rotating Reynolds number. A dimensionless parameter group 
Gr/(36Re’ *“) to replace Gr/Re*, which is commonly used in mixed convections, is suggested to measure 

the relative importance of buoyancy and inertial force on the mean equivalent conductivity. 

1. INTRODUCTION 

MANY STUDIES have been made of natural convection, 
which is well known as a kind of thermally-induced 
fluid motion, namely thermal drive in a gravitational 
field. In contrast, there are still several open problems 
on the thermal drive in miscellaneous force fields other 
than gravity, for instance, centrifugal, surface tension 

and electromagnetic fields, although they may often 
appear in single crystal growth in space or on Earth, 

the cooling of rotating machinery or the centrifuges 
for isotope separation and the stability of arc plasma, 

etc. [l]. 
In centrifugal fields, the original force equilibrium 

in fluids may be destroyed when a temperature differ- 
ence is imposed and secondary flows are then pro- 
duced by body forces such as centrifugal and/or 
Coriolis forces. As a result, the primary velocity and 
temperature profiles are affected by secondary flows. 
Mori and Nakayama [2] have given a general review 
of the secondary flows in rotating ducts with emphasis 
on its effects on the heat transfer rate of the systems. 
For a vertical annulus with a rotating inner cylinder, 
it is widely known that a critical speed of rotation 

exists, above which occurs a stable, secondary flow 
consisting of regularly spaced toroidal vortices. This 

flow is commonly referred to as Taylor-Couette flow, 
resulting from an inherent hydrodynamic instability. 
A comprehensive review of the general Taylor prob- 
lem was provided by DiPrima and Swinney [3]. As 
stated by Ball et al. [4], the first efforts to study the 
combined problem with rotation and natural con- 
vection were usually coupled with an axial flow 

through the annular gap [5-81. The global heat trans- 
fer rates were reported, corresponding to the different 
flow regime. A numerical study was conducted of heat 
transfer in a vertical rotating annulus at low Reynolds 

numbers by Leonardi et al. [9]. It was found that 
there exists a critical value of Gr/Re* above which 
rotation does not influence the rate of heat transfer. 

Ball et al. [4] carried out an experimental study of 
heat transfer in a vertical annulus with a rotating 
inner cylinder. In rotating systems, the existence of 
hydrodynamic instabilities may lead to a variety of 
secondary flows as the parameters describing the sys- 
tem are varied, which usually results in markedly 
changed heat transfer. It was observed that the quali- 
tative behavior of the mixed convection flows and 

consequent heat transfer are entirely dependent upon 
the value of GrlRe’. 

In this paper, a mixed convection in a vertical rotat- 

ing cylinder with a temperature difference imposed on 
the top and bottom ends is investigated. The emphasis 
is on the physical mechanism of thermal drive and its 

reverse effects on the heat transfer rate under zero grav- 
ity, and under combined gravitational and centrifugal 
fields. Finally, dimensional analysis and numerical 
results show that the gravity-induced convection can 
be neglected if Gr/(36Re’.255), rather than Gr/Re2, is 
below its critical value. 

2. MATHEMATICAL FORMULATION AND 

SOLUTION PROCEDURE 

Consider a vertical cylinder of radius R and height 

L filled with air and enclosed by ends, as shown in 
Fig. 1. The rotation of the cylinder together with the 
ends round its axis will result in a motion of air in the 

cylinder. The air motion under the isothermal con- 
dition behaves as a ‘rigid body rotation’. An axial flow 
(sometimes called secondary flow) may be produced 
if a temperature difference is imposed between the top 
and bottom ends. Assume that the fluid properties are 
temperature independent except for the density in the 
body force terms (centrifugal force and Coriolis force 
as well as gravity). This is an extension of the Bous- 
sinesq approximation usually adopted in the numeri- 
cal study of natural convection. Thus, the governing 
equations for a steady, laminar flow with negligible 
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NOMENCLATURE 

.4 acceleration due to pravitv 
Cr Grashof number 
k thermal conductivity 

k’<, local equjvalent conductivity, 
fX+/&)]_~. ,), , 

K cqm mean equivalent conductivity, 
[Z 5; r(B/c;z) dv]/R* 

P pressure 

; 
Prandti number 
circulating flow rate, n ff j Vzj dr 

I radial coordinate 
R cylinder radius 
Re rotational Reynolds number 
T temperature 

7;) bottom end temperature 
7; top end temperature 
Y, , if_. V(, velocity components in the p-. :- 

and O-directions 

; axial coordinate. 

Greek symbols 

; 

thermal diffusivity 
thermat expansion coefficient 

I- aspect ratio 
0 circumferential coordinate 
0 dilnensionless temperature difference 
I’ kinematic viscosity 

0 density 
0 densiometric Froude number, GrjRe’ 
Ti* revised densiometric Froude number, 

Gr/(36Re’ =“) 

4 scalar-dependent variable (e.g. 0. 
C’,. v:;-) 

Y djmens~onicss stream function 
(0 rotational speed. 

viscous dissipation in the rotating cylinder may be 
written as follows : Fp. = Rw2kj, G,. = /!~?-C ??’ : 

,’ 2 

v*v = 0 (1) 

V.VV I: f! !?_ 
where R is the radius of the cylinder, (1) is the angular 
speed of rotation of the cylinder, T,, and T, are the 

PO r bottom and top end temperatures, respectively, /I,, 
represents the air density at ambient conditions lie 

(3) is the rotating Reynolds number, Gr the Grashof 
number and Fr the Froude number. Using the original 
symbols, except for the above-cited non-dimensional 

(4) parameters, equations (l)--(5) become 

Using R, R* (0, poR’w” and (r,,-- 7’J as scale fac- 
tors for length, velocity, pressure and temperature, 

v.v+G;$?@jY;_;; 

respectively, the dimensionless quantities are defined 
LIS V’ 

tr,R’ Re = _- 
1’ 

i 

Gr*Fr 
v.vl/, = - I- --- R~Z @ 

FIG. I. The geometry and the coordinate system. 

The boundary conditions for the problem can be 
written using no-slip conditions for velocity, constant 
temperature on the top and bottom ends and an insu- 
lated condition on the cylinder wall. That is 
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FIG. 2. Streamlines and isotherms for various rotational Reynolds numbers under zero gravity. 



163X Z.-Y. Guo and C.-M. ZHANG 

atr= I 

v,=o v,=o 
83 

& 
=o 

V,, = 1 (for rotating cylinder) 

Vf, = 0 (for statio~~ary cylinder) 

at Z = 0 

P‘, = 0 V, = 0 0 = 1 

V,, = Y (for rotating cylinder) 

V,? = 0 (for stationary cylinder) 

at:= 1 

v,.=o v,=o o=o 

V,, = r (for rotating cylinder) 

V,3 = 0 (for stationary cylinder). 

The governing equations and the associated bound- 
ary conditions are discretized by a control volume- 
based finite difference method. The finite difference 
procedure adopts a power-law scheme for the con- 
vection-diffusion formulation in the present study. 
An ADI iterative solution procedure is emptoyed here 
to obtain the steady-state solution of the problem 
considered. 

The convergence criteria used for all field variables 
4 are as follows : 

where n is the index representing iteration number. 
The extent of agreement between the energy input 
and output is also used to check the validity of the 
numerical scheme. The energy balance is maintained 
within t. 9/o. 

Uniform grids that discretize the r- and =-directions 
into 50 by 50 nodal points are used for the present 
calculations. The adequacy of the grid size selected 
was established on the basis of tests for numerical 

UNDER ZERO CFtAVlTy 

Re NUMBER 

accuracy on the refined grids until relatively small 
changes in the results were obtained. 

3. RESULTS AND DISCUSSION 

The flow and tempe~ture fields are calculated for 
air in both stationary and rotating vertical cylinders. 
The rotating Reynolds number of the cylinder ranges 
from zero to 6000 at fixed aspect ratio L/R = I and 
Grashof number varied from zero to 4.86 x IO’. Most 
of the numerical results are first presented in the form 
of streamlines and isotherm contour plots. The local 
and mean equivalent conductivities along the top and 
bottom ends are then given for the discussion on the 
interaction of fluid flow and heat transfer. 

As mentioned above axis-symmetric secondary 
flows in the plane containing the cylinder axis appear 
in the vertical rotating cylinder, as shown in Fig. 2(a), 
if the bottom end temperature T,, is higher than the 
top end temperature r,. tt is worth noting that the 
cause of such secondary Rows is mainly the centrifugal 
force rather than buoyancy, even in the combined 
centrifugal and gravitational fields. The following fact 
is good evidence for this argument : the same second- 
ary flows can still be produced except for the change 
in their clockwise direction as the top end temperature 
is higher (Fig. 2(b)). The physical mechanism for fluid 
motion is that the imposed temperature difference 
between the ends causes the axial variation of cen- 
trifugal force and consequently an axial pressure 
gradient which can by no means be balanced by the 
centrifugal force itself. As a resuh. an axial motion of 
fluid must be produced. 

The influence of secondary flows on the tcm- 
pemture field of air in the rotating cylinder is shown 
in Figs. 2(b) and (c). As the rotating Reynolds number 
Re increases, the position of the center of circulations 

FCC;. 3. Et%& of circulating flow rate on the mean equivalent FIG. 4. Local equivalent conductivity along the ends for 
conductivity under zero gravity. various rotational Reynolds numbers under zero gravity. 
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STREAMUNES FOR Re==O Gr-42000 WITHERMS FOR Raw0 Gr=42000 

!5TREAMUNES FOR Rem0 Gr-69000 

(a) 

(b) 

ISOTHERMS FOR Rep0 Gr=69000 

ISGTH~MS FOR Re=O Gr=278000 

FIG. 5. Streamlines and isotherms in a stationary cylinder for various Grashof numbers. 

moves outwards and the streamlines become more distribution-it makes the isotherms curved. This 
dense in the near-wall region than in the near-axis becomes more marked in the near-wall region at large 
region. The occurrence of the circulations not only Re. The intensification of heat transfer can be rep- 
intensifies the heat transport between the top and resented by the increase of the mean equivalent con- 
bottom ends, but also alters the form of temperature ductivity, rC,,, i.e. 
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2 
s 

R ao 
r--dr 

0 dZ 

K cqm = RU (11) 

The intensity of the circulations may he described h\ 
the circulating fow rate, QC, or 

i 

R 
Q, = 71 1 V;l dr. (12) 

“0 

It can be seen in Fig. 3 that the rising rotating 
Reynolds number leads to an increase of the cir- 
culating flow rate and consequently the mean equi- 
valent conductivity. The local equivalent conductivity 
along the top and bottom ends shown in Fig. 4 cor- 
responds to the local intensity of circulation, which 
reaches its maximum at Y = R. 

3.2. Buoyancy-induced.flow in a stationary cylinder 
Consider a stationary cylinder with the temperature 

of the bottom end higher than that of the top end, 
with no heat transfer through the cylinder wall. The 
fluid in the enclosed cylinder starts to move and cir- 
culating flows form as the Grashof number increases 
above its critical value. Its meridional flow pattern is 
illustrated in Fig. 5(a). With the Grashof number 
increasing, the combined action of inertial and viscous 
forces initiates a reverse flow at the top corner, shown 
in Fig. 5(b). When Gr is large enough, there exist 
bicellular flows nearly equal in size and opposite in 
direction and, as a result, symmetric isotherms (Fig. 

j(c)). 
Both the local and mean equivalent conductivities 

are largely dependent on the flow pattern. Figure 6 
shows that the local equivalent ~onductivities for two 
ends are quite different at relatively small Gr, while 
they are almost identical at large GY, which cor- 
responds to the case of symmetric circulations. The 
dependence of the mean equivalent conductivity for 

FIG. 6. Local equivalent conductivity along the ends in a 
stationary cylinder for various Grashof numbers. 

FE. 7. Variation of mean equivalent conductivity in a 
stationary cylinder with Grashof number. 

ends on Gr is given in Fig. 7. As anticipated. &,,,, 
initially increases with Gr because of the increase of 
circulating flow rate. However, as long as the reverse 
flows occur, more viscous dissipation makes the flow 
velocity lower and hence leads to the decrease of heat 
transfer. These are the results of variation of flow 
pattern. The peak of Kg,,, in Fig. 7 represents the case 
just before the onset of the reverse now. The formation 
of bicellular flows with equal size and opposite direc- 
tion corresponds to the situation of minimum eyui- 
valent conductivity, as shown in Fig. 7. Afterwards, 
the equivalent conductivity rises monotonically with 
the Grashof number due to the increase of the circu- 
lating flow rate without variation in the flow pattern. 

The flow pattern in a stationary cylinder under 
gravity, shown in Fig. 5(c), will graduaIly change 
when the cyiinder begins to rotate. The centrifugal 
force assists the clockwise circulation at the top but 
retards the anti-dockwise circulation in the bottom, 
as shown in Fig. S(a). With the further increase of 
rotating speed, the flow pattern becomes four hori- 
zontal ranked circulations (Fig. 8(b)). When the rotat- 
ing Reynolds number is large enough. only one cir- 
culation is left and its center moves toward the 
cylinder wall (Fig. S(c)). Figure 9 shows the local 
equivalent conductivities along the ends under differ- 
ent rotating Reynolds numbers. The flow pattern of 
four horizontal ranked circubtions results in a wavc- 
like distribution of local equivalent conductivity. In 
the case of high rotating Reynolds number there exists 
single circulation only and the circulating flow rate 
becomes much smaller in the central region than that 
in the near-wall region, which leads to the lower and 
higher local equivalent conductivity in the central 
region and in the near-wall region, respectively. 

The dependence of the mean equivalent conduc- 
tivity, Keqm, of the cylinder on the rotating Reynolds 
number with constant Grashof number is given in Fig. 
IO. KC,, increases with Re starting from zero. as in 
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(cl 
FIG. 8. Streamlines and isotherms in a vertical cylinder for various rotational Reynolds numbers; 

Gr = 2.78 x 105. 
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DIMENSiONLESS RAOIUS 

FIG. 9. Local equivalent conductivity along the ends for 
various rotational Reynolds numbers; Gr = 2.78 x 1i.Y. 

mixed convections of other types. This is due to the 
fact that the horizontal ranked circulations caused by 
cylinder rotation are able to transport heat between 
the ends more directly and efiiciently than the vertical 
ranked circulations caused by buoyancy. What differs 
from the other types of mixed convections is that KCqm 
decreases with increasing Re beyond a certain value, 
This is because the natural convection is suppressed 
by the rotations of high speed, which can be confirmed 
by the rapid drop of the circulating flow rate with 
the increase of Re (Fig. II). Furthermore, KC,,, will 
approach its value under zero gravity; that is, the 
contribution of natural convection disappears if Re is 
su~ciently high. 

The dimensionless parameter cr = Gr/Re* is usually 
used to describe the relative importance of the buoy- 
ancy to inertial force in mixed convections. Our results 
suggest, however, that the relative cont~bution of the 
buoyancy and centrifugal force to the mean equivalent 
conductivity not only depends on a. but also on Rr 
itself (Fig. 12). It can also be found from equations 
(6)-f 10) that 

0.0‘6 ..I......,.... IT.., 
1000 2000 tiw 4000 

Re NUMBER Re’/Gr 

FIG. IO. Variation of mean equivalent conductivity with Frc;. i2. Variation of mean equivalent c~~nduct~vity with I :CT 
rotational Reynolds number for different Grashof numbers. for different Grashof numbers. 

! 
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Re NUMBER 
Fro. I I. Elect ofcirculating how rate on the mean equivalent 

conductivity for Gr = 2.78 x 105. 

It turns out that I&m depends mainly on Gr/Re’ and 
Re since Fr is a function of Re for a given gas with a 
fixed geometry and Pr is a constant for a given gas. 1 t 
has been found through a sophisticated rearrange- 
ment of numerical results that the dimensionless par- 
ameter Gr/(36Re’~*‘“) can measure the relative 
importance of natural convection much better than 
(T (=Gr/Re*), as shown in Fig. 1.1. For values of 
G~/(36Re’.~“) 6 1 the rotation effects dominate the 
flow and buoyant effects can be neglected, and the 
peak values of KC,, for various Gr are located uni- 
versaily at Gr/(36Re’-‘sC) = 3. 

4. CONCLUDING REMARKS 

(If Axis-symmetric secondary flow wilt occur in 
a vertical rotating cylinder under zero gravity, if a 
temperature difference (no matter if it is positive or 
negative) is imposed at the top and bottom ends which 
enclose the cylinder with an adiabatic side wall. The 
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Rc. 13. Variation of mean equivalent conductivity with l/r? 
for different Grashof numbers. 

thermal drive of this kind can enhance the heat trans- 
port in the vertical rotating cylinder. With the increase 
of the rotating Reynolds number, the circulating flow 
rate rises, which results in the increase of the mean 
equivalent conductivity and the center of circulations 
moves toward the side wall, which leads to the local 
equivalent conductivity at the near-wall region being 
much higher than that in the central region. 

(2) With the rise of the Grashof number, buoyancy- 
induced flow in a stationary cylinder with an adiabatic 
side wall and two ends heated from below experiences 
a change in flow pattern from single circulation to two 
vertical ranked circulations, which weakens the heat 
transport between the two ends. As a result, the mean 
equivalent conductivity is a non-monotonic function 
of the Grashof number. 

(3) The mean equivalent conductivity for the mixed 
convection in the vertical rotating cylinder initially 
increases with the rotational Reynolds number due to 
the variation of flow pattern, then decreases with the 

rotational Reynolds number due to the rapid drop of 
the circulating flow rate, which implies the sup- 

pression of natural convection by the rotational 
effects. 

(4) A dimensionless parameter Grj(36Re’.255) is 
suggested to measure the relative importance of buoy- 
ancy and inertial force to the mean equivalent con- 
ductivity for the mixed convection in the vertical rotat- 
ing cylinder. For values of Gr/(36Re’.“‘) < 1 natural 
convection can be ignored and for Gr/(36Re’.“‘) = 3 
the mean equivalent condu~~ivities for the mixed con- 
vection reach their maximum. 
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CHAMPS ~ENT~INEMENT CENTRIFUGE TH~RMIQUE-CO~E~TION MIXTE 
DANS UN CYLINDRE VERTICAL TOURNANT 

R&nm&-Des houlements secondaires axisym&iques se produisent dans un cylindre vertical fournant B 
diff&ence de temp&ature imposQ sur les extrkmitks sup&ieure et infkrieure msme en l’absence de gravith 
et, en constquence, cela accroit le transfert thermique entre les deux extrkmiths. La conductivith Cquivalente 
moyenne pour la convection mixte dans le cylindn: vertical tournant augmente d’abord puis diminue 
ensuite avec ie nombre de Reynolds croissant. Le groupe sans dimension Gr/(36Re’,*s5) est proposB, & la 
place de Gr/Re’ qui est couramme~t utilis& en convection mixte, pour mesurer ~importance relative du 

flottement et de l’inertie sur la conductivit& kquivalente moyenne. 
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THERMISCHER ANTRIEB IN ZENTRIFUGALEN FELDERN-MISCHKONVEKTION 
IN EINEM SENKRECHTEN ROTIERENDEN ZYLINDER 

Zusammenfassung-In einem senkrechten rotierenden Zylinder mit einer aufgepragten Tem- 
peraturdifferenz zwischen oberer und unterer Stirnseite cntstehen. sogar unter Schwerelosigkeit. achsen- 
symmetrische Sekundarstriimungen, die den Warmetransport zwischen den beiden Enden verbessern. 
Die aquivalente mittlere Warmeleitfahigkeit fur die Mischkonvektion in dem senkrechten rotierenden 
Zylinder nimmt zunachst mit steigender Rotations-Reynolds-Zahl zu. urn dann spater wieder abau- 
nehmen. Es wird ein dimensionsloser Parameter Gr/(36Re ’ “‘) als Ersatz fur den Iblicherweise bei 
Mischkonvektion verwendeten Parameter GriRz’ vorgeschlagen, urn die relative Bedeutung der Auftriebs- 

und Tragheitskrafte fiir die aquivalente mittlere Warmeleitfahigkeit geeignet zu beriicksichtigen. 

TEI-IJIOI-IEPEHOC B IIOJIRX LJEHTPOEEXHMX CHJI. CMEIIIAHHAII KOHBEKqMJI B 
BEPTkIKAJIbHOM BPAIIJAIO~EMCII LIWJIMHAPE 

AIIIKVT~IVI-B BepTHKaJIbHoM epaI4aroiueMcn lwruiinpe npu HaJIOxeHm pa3HOcTH TeMnepaTyp Ha 

BepXHHii H HH)KHHfi T0pJ.W Aa2Ke B yCJIOBHKX HeBeCOMOCTB 803HHKaIOT OCeCHMMeTpH“HbIe BTO,_WWbIe 

TeWHUII, YTO ,‘BWIWlHBZT Tel-IJIOIle~HOC MeXA,’ TOPI&XMH. QEAHRR 3KBHBiiJIeHTHa8 TeMOl-,pOBO~OCTb 

npwch4euraHHoiiKoHBeKmiH BBepTsiKanbHoMnpawa~o~uebfcK nkinHHnpeceasana ybteHbmaeTcr,asaTeM 

yaenwweaeTcncpocrobfBpamaTenbHor0 wxa Peiitionbwa.&r 0npeneneHtUr wmuim nomehmofi u 
HHepmfOHHOfi CHJI Ha CperunOKI 3KBEiBaJleHTHylO TelI.i'lOIlpOBOaHOCTb npe&lIaraeTCK KpEiTepSifi 

Gr(36Re’*255) BMKTO Gr/Re’, 06brrHo Eicnonb3yebforo npu CMeluaHHoii KOHBeIwa¶. 


