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a b s t r a c t

A closed temperature chamber with multiple distributed heat sources, used in a multi-parameter com-
bined environmental test, was presented. Coupling effects in it between centrifugal acceleration and tem-
perature fields were studied. Fluid governing equations in non-inertial coordinate system were given.
Flow and temperature fields of the air in the closed centrifugal cavity was analyzed. Numerical simula-
tion was done by the FLUENT software and corresponding experiments were carried out. The results
show that thermal buoyancy, centrifugal buoyancy and Coriolis force affect the temperature distribution
obviously, and the temperature distributions differ as the magnitude of centrifugal acceleration changes.
Non-uniformity of the air temperature increases with the magnitude of centrifugal acceleration. More-
over, the convective heat transfer is enhanced by the centrifugal acceleration. This study will provide the-
oretical basis for the multi-parameter combined environmental test concerned with centrifugal
acceleration and temperature.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Sensors and electronic devices on spacecraft suffer from com-
plex combined environmental factors, including linear accelera-
tion, vibration, temperature, pressure and noise, etc. In order to
test the reliability of these devices, it is essential to setup multi-
parameter combined environmental test devices on the earth.
However, different environmental factors may affect each other
seriously. Generally, linear acceleration is simulated by centrifugal
acceleration, which is generated by centrifuges in the laboratory. In
a multi-parameter combined environmental test device that in-
cludes a centrifuge with a temperature chamber on the end of it
[1], temperature field will be affected by centrifugal acceleration.
In detail, fluid in the cavity is affected by the thermal buoyancy,
centrifugal bouyancy as well as the Coriolis force, which makes
the flow and temperature fields very complicated.

Convection in a rotating cavity concerned with different ther-
mal boundaries has been studied widely in the past. A typical prob-
lem is the rotating Rayleigh–Bénard convection [2,3], which
focuses on the flow and temperature fields in a rotating cavity with
vertical temperature difference. Much attention has been paid to

the onset of convection caused by temperature gradient and the
stability of the flow as well as the flow pattern [4]. A similar prob-
lem to the rotating Rayleigh–Bénard convection is the convection
in the rotating cubic cavity heated differentially on its vertical
walls. In other words, the temperature gradient exists in the hori-
zontal direction. Lin et al. studied this problem and found that
when the Coriolis and centrifugal forces are high enough, signifi-
cant effects on the flow and heat transfer appears [5]. The experi-
mental data suggested that the rotation of the cavity results in flow
stabilization at low rotation speed and the flow can be destabilized
when the cavity is in fast rotation [6]. The oscillation of tempera-
ture field was discussed as well [7]. Jin et al. [8] found that rotation
reduces heat transfer performance in the low rotation speed range
and increases it in the relatively high speed range. Ji [9] studied the
characteristic of fluid flow and heat transfer with centrifugal effect
by the field synergy principle [10]. Also the synergic relation
among velocity field, pressure field and temperature field of the
fluid was discussed.

These studies mainly focused on the effects of rotation on the
onset of convection and the overall heat transfer at different Ray-
leigh numbers. Most of the concerned cavities rotate about their
symmetric axes and fixed temperature difference of different walls
is always assumed. We have ever set up a combined environmental
test device, in which the coupling effects between heat transfer
and centrifugal acceleration has been studied [11]. However, only
one inner heat radiator was placed in an unclosed cavity and the
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uniformity of the temperature field could hardly be realized. Thus a
new temperature chamber with multiple heat sources on its sur-
rounded walls for the multi-parameter combined environmental
test device is designed, in which the temperature chamber rotates
about an axis parallel to its symmetric axis. In this case, the struc-
ture and thermal boundary conditions are different from the pres-
ent researches. In this study, effects of centrifugal acceleration on
the temperature field in a closed cavity will be discussed by
numerical simulations and experiments, focusing on the non-uni-
formity of the temperature field and the evolution of Nusselt num-
ber with varied centrifugal acceleration.

2. Modeling and solution method

2.1. Physical model

Fig. 1 shows the top view of the temperature chamber, in which
inner air and the aluminum enclosure are shown. Four heaters are
distributed on the out wall and eight temperature sensors named
as S1–S8 are distributed in the cavity. The origin of rotating refer-
ence frame Oxyz lies in the center of the fluid. The axes of static
Cartesian reference frame O0x0y0z0 are parallel with the axes of Oxyz,
respectively. The whole model rotates at a constant angular speed
X about the z0 axis. S2(1) suggests that the x and y coordinates of
sensors 1 and 2 are the same and sensor 1 lies below sensor 2, as
well as the other six sensors.

In order to obtain the temperature distribution and characteris-
tics of heat transfer, the following assumptions are made: (a) the
specific heat of the air is constant. (b) The radiation of the air is ne-
glected. (c) As the Boussinesq approximation [12] is adopted, the
change of density can be approximately expressed as

q� q0 ¼ �q0bðT � T0Þ: ð1Þ

2.2. Governing equations

Fluid in the rotating reference frame is affected by the Coriolis
and centrifugal force. The governing equations of transient and
incompressible flow can be described as follows.

Differential continuity equation is

@q
@t
þ divðqwÞ ¼ 0: ð2Þ

Differential momentum equation is

q
@w
@t
þqw � rw¼�rPþ f � 2qX�wþq½g�X� ðX� rÞ�: ð3Þ

Considering the gradient of static pressure

rP ¼ rPm þ q0½g �X� ðX� rÞ� ð4Þ

and applying the Boussinesq approximation, the differential
momentum equation can be rewritten as

q
@w
@t
þqw �rw¼�rPmþ f �2qX�wþq0bðT�T0Þ½g�X�ðX�rÞ�: ð5Þ

Differential energy equation is

cpq
@T
@t
þw � rT

� �
¼ w � rP þ divðk � rTÞ þ QV þU; ð6Þ

Nomenclature

acen centrifugal acceleration, RX2

cp specific heat at constant pressure
cs specific heat of the solid
f shear stress
g magnitude of gravity acceleration
g gravitational acceleration vector
k thermal conductivity of air
ks thermal conductivity of the solid
L reference length
Nu local Nusselt number
Nu average Nusselt number
P thermodynamic pressure
Pm motion pressure
q local heat flux
QV heat flux of heat source in the air
Qs

V heat flux of heat source in the solid
r position vector defined in the rotating reference frame
R distance between origins of the static and moving refer-

ence frame
Ra Rayleigh number, gbDTL3qcp/mk
Rax rotational Rayleigh number, X2(2R + H)bDTL3qcp/mk
t time
T temperature of air

T0 reference temperature
Ta Taylor number, X2H4/m2

Th temperature of the hot wall
Ts temperature of solid
Twall wall temperature
w velocity vector of the fluid in the rotating reference

frame

Greek symbols
a surface heat transfer coefficient of the air wall
as surface heat transfer coefficient of the solid wall
b thermal expansion coefficient
m kinematic viscosity
DT temperature difference
X magnitude of angular rotation speed
X vector of angular rotation
q density of air
q0 air density at temperature T0

qs density of the solid
U viscous dissipation
oX boundary of the computational domain

Fig. 1. Top view of the temperature chamber rotating about z0 axis.
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