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A centrifuge for the study of fluid mechanics phenomena in a rotating frame has been constructed at the Center for Energy Research at the
National University of Mexico (UNAM). The centrifuge has a 1.5m long arm and is designed to rotate at a maximum rate of86 rpm which
corresponds to a maximum centrifugal acceleration of13 g. This paper describes the mechanical characteristics of the centrifuge and its
instrumentation. The potential of the system for performing fluid mechanics experiments in a rotating frame of reference is also discussed
and sample results of natural convection in a cavity are presented.
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Se construýo una centŕıfuga para el estudio de fenómenos de la dińamica de fluidos en un marco de referencia rotatorio. La centrı́fuga tiene
un brazo de giro de 1.5 m de longitud y se diseño para rotar a una tasa máxima de 86 rpm, la cual corresponde a una aceleración de 13g.
Este art́ıculo describe las caracterı́sticas mećanicas de la centrı́fuga y su instrumentación. Se muestra el potencial del sistema en el desarrollo
de experimentos de mecánica de fluidos en un marco de referencia rotatorio y se presentan algunos resultados de la visualización de la
conveccíon natural en una cavidad.

Descriptores:Centŕıfuga; dińamica de fluidos; microgravedad; convección natural; fuerza de Coriolis.

PACS: 01.52.+r; 47.27.Te; 47.32.-y

1. Introduction

Centrifuges have been used to explore a large variety of phys-
ical phenomena with augmented gravity, ranging from the
study of statics and failure of materials used in civil engineer-
ing to the determination of human response to time dependent
supergravity. A specific application of centrifugation that has
an enormous potential for applications in microelectronics,
solar energy, and other fields is crystal growth. The improve-
ment of the quality of the semiconductor crystals is the ever
present goal of material science researchers and manufactur-
ers. With this aim in mind, some sophisticated experiments
were performed in the MIR station and German sounding
rocket TEXUS 24 some years ago. The main objective was to
clarify the role played by the buoyancy force that generates
the convective motion in a crucible in the quality of crystal.
Buoyancy is the force which is exerted on a fluid due to vari-

ations of density and in the presence of a gravitational field.
Fluid parcels with lower density move in a direction opposite
to that of the body force and fluid parcels with higher density
move in the same direction as that of the body force. It has
been found that the absence of the force of gravity increases
the crystal homogeneity when crystals are grown in crucibles,
for example with the Czochralski method. However, because
of their enormous costs, the extraterrestrial methods for crys-
tal growth are impractical. In a further effort to explore the
effect of body forces on the crystal growth process and as
an alternative approach, crystals were grown in centrifuges.
Furnaces were mounted in centrifuges and rotated to obtain
centrifugal accelerations of up to50 g (g is the terrestrial ac-
celeration constant;9.81 m/s2). The results of these experi-
ments were successful in the sense that specific values of the
rotation rate yielded enhanced crystal quality. However, con-
siderable difficulties have been encountered by many mate-
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rial scientists around the world to use centrifuges to perform
crystal growth experiments since most centrifuges were con-
structed for other purposes. The centrifuge used by the Soviet
team lead by L. Regel to perform crystal growth experiments
was a18 m arm with a rotation velocity at36.5 rpm ma-
chine at Star City near Moscow. This centrifuge was used to
train cosmonauts to withstand high accelerations during take
off and reentry of spacecrafts. The results of these pioneer-
ing work has been described by Burdinet al. [1]. The5.5 m
maximum arm centrifuge used by Rodotet al. [2] to perform
crystal growth experiment at Nantes in France belongs to the
Department of Roads and Bridges and is used mainly for civil
engineering studies on small scale models. Another relevant
centrifuge used occasionally for materials processing, is the
C CORE (Centre for Cold Ocean Resources Engineering )
which is located on the campus of Memorial University of
Newfoundland, Canada. Its principal use is geotechnical re-
search. This Acutronics680 − 2 is capable of generating up
to 200 g, and has a5 m nominal radius, its maximum rota-
tional speed being about189 rpm see Ref. 3. At the Tsukuba
Space Center, the National Space Development Agency of
Japan (NASDA) built a centrifuge with 7.25m arm, which
reaches up to10 g with an angular velocity of35 rpm. This
device was used to reproduce several of the German rocket
TEXUS 24 experiments as described by Hibiyaet al. [4].

A centrifuge constructed specially for materials process-
ing research and related flow visualization, is the HIRB (High
Inertial Rotating Behemoth) at the International Center for
Gravity Materials Science and Applications in Clarkson Uni-
versity. It has a1.5 m arm, with a maximum attainable rota-
tion rate of 90rpmand a maximum acceleration of13.8 g. A
complete description of this instrument is given by Deribail
et al. [5]. The Erlangen University group constructed a cen-
trifuge in 1980, with a0.75 m arm and velocity range of12–
250 rpm, capable of generate up to50 g. Subsequently, the
centrifuge design was modified to incorporate two arms, one
of 2.6 m and an other of1.6 m. This centrifuge was used
to test the effects of Coriolis and centrifugal forces in sev-
eral crystal growing experiments. Some of the results are re-
ported in Refs. 6 - 8. Many experiments were done in these
centrifuges for the development of new materials like high-
quality semiconductors for the microelectronics industry. An
important source of information on the progress of under-
standing the physics of the phenomena occuring in rotating
systems in the context of materials research is the series of
books that contain the proceedings of the Clarkson confer-
ences on centrifugal phenomena. [9, 10, 11].

In this paper we present the design and details of the con-
struction of a centrifuge. Also we describe sample results
obtained with this device. It is important to remark that in
contrast with other centrifuges, this equipment was designed
and constructed with the principal objective of studying the
effects of centrifugal and Coriolis forces in fluid dynamics
phenomena.

2. Definition and design criteria
The long-term objective of the project which encomposses
the design and construction of the centrifuge, is the study
of several physical phenomena that occur in a non-inertial
frame as seen from the laboratory frame of reference. Of par-
ticular interest is the effect of virtual forces on the motion of
nonisothermal flows. For this reason, one important design
criterium is the modularity and flexibility to allow modifica-
tions or changes in the relative position of the components. In
the two following subsections, we present the design criteria
of the centrifuge, emphasizing the features that are required
for the study of natural convection in cavities where a tem-
perature difference is imposed. In this spirit, we will restrict
the discussion to the study of flows in closed cavities where
a temperature difference is imposed externally. The physical
phenomena that occur in the centrifuge are modified by the
presence of the centrifugal and Coriolis forces. The centrifu-
gal force is a conservative force and has the form

Fcent = −ρ

2
∇|ω × r|2 ,

whereρ is the density,r is the distance from the rotation vec-
tor, andω is the angular velocity. The Coriolis force is defined
by the expression

FCoriolis = 2ω × u,

whereu is the local velocity. From its definition, it is seen that
the Coriolis force occurs only if the system is in motion and
therefore, has an influence only under dynamic conditions.

2.1. Geometrical considerations

The phenomenon of natural convection in a rotating frame of
reference depends fundamentally on the relative orientation
and position of three vectors. First, there is unavoidable grav-
ity acceleration vector, then the rotation vector, and finally
the temperature gradient vector, which indicates the direction
of the temperature difference imposed on the cavity. Ideally,
we are interested in a situation in which the rotation vector
is perpendicular to the temperature gradient vector, in such a
way that the centrifugal force can be oriented along the axis
of the cavity and parallel to the temperature gradient vector.
This situation is illustrated in Fig. 1 for a natural convective
cavity composed of a cylindrical container, where the plane
walls are held at constant but different temperatures. In the
absence of terrestrial gravity, this arrangement would lead
to a simple situation where essentially the only new effect
would be that of the Coriolis force. Although the generation
of these physical conditions is not possible due to the ever
present gravity force, the following very convenient arrange-
ment can approximate these conditions: at the end of the arm
of the centrifuge, a container that houses the experimental
equipment is attached by a hinge that allows rotation around
a horizontal axis. When the centrifuge is set in motion, the
container aligns itself with the vector sum of the centrifugal
and gravity forces, as shown in Fig. 2. Under these conditions
the sum of conservative forces is parallel to the temperature
gradient vector.
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FIGURE 1. Ideal set up for testing the influence of Coriolis force in
a natural convective cavity.

2.2. Physical considerations

The most basic information required for the design of the
centrifuge are the ranges of the nondimensional parameters
of relevance in the natural convective flows. As is well estab-
lished, the qualitative properties of natural convective flow
are described by two parameters: the Prandtl and Rayleigh
numbers [12]. The Prandtl number is the ratio of kinematic
viscosityν to thermal diffusivityα ( i.e. Pr = ν/α). There-
fore, it indicates the ability of a material to transfer momen-
tum as compared to its ability to transfer heat. We are in-
terested in studying natural convection of liquid metals, air,
water and Silicon oils, covering a range of Prandtl number
from 10−2 to 102. This requirement does not impose techni-
cal difficulties except for visualization. In the present design
we restrict ourselves to transparent materials. The Rayleigh
numberRa is defined by

Ra = gβ∆TL3/αν,

whereβ is the volumetric expansion coefficient,L is a char-
acteristic length of the cavity and∆T is the temperature dif-
ference.

FIGURE 2. Realistic arrangement for observing the influence of
Coriolis force in a centrifuge.

It is recognized now that the nonrotating natural convec-
tion in cavities exhibits essentially three different qualitative
behaviors:

a) nonconvective regime, where the velocity is zero and
heat is transferred solely by conduction,

b) steady state convection where the flow is laminar, and

c) unsteady regime that includes chaotic and turbulent
regimes.

Figure 3 shows a Ra vs aspect ratio(Γ = L/D) map in-
dicating the regions where different qualitative flows occur,
for the particular case of a cylindrical container with circular
cross section andPr = 6.7. Our interest is to design a de-
vice such that it allows us to observe the influence of rotation
on all three (nonrotating) regimes. In a rotational flow, sev-
eral nondimensional numbers have been defined [13]. In the
context of the centrifuge project, the most relevant one is the
Taylor number defined by

Ta = 4ω2L4/ν2.

This nondimensional parameter relates the effects of Cori-
olis and viscous forces, a vanishing Taylor number indi-
cates no rotation. Qualitative modifications of natural con-
vective patterns have been observed to occur for a fluid with
Pr = 0.13 at a Rayleigh number of 105, [7].
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FIGURE 3. Rayleigh number versus aspect ratio map of qualita-
tive dynamic behavior for a cylindrical container withPr = 6.7.
Adapted from Ref. 14.

De la Cruz [13] found that the Taylor number required to
supress oscillatory flows for aPr = 5 fluid at aRa = 4×105

wasTa = 5 × 106. In principle, it would be convenient to
build a centrifuge capable of rotating at large enough rates
to explore the reported modifications in the qualitative be-
havior of the natural convective flow. Therefore we estab-
lished the range0 < Ta < 108 for working fluids with
ν = 3.0 × 10−5 m2s−1 as a minimum design require-
ment for the centrifuge, given that the visualization equip-
ment of the convective cavities imposes a minimum height
of about0.02 m. The rotation rate required to reach the de-
sired ranges of Taylor numbers for the smaller cavity is ap-
proximately 80rpm. The Ekman number is alternative nota-
tion for the Taylor number and is defined byEk=ν/2ωL2.
Another nondimensional parameter is the Rossby number
Ro = U/2ΩL, whereU is the local velocity of the system,
L is the characteristic length andΩ is the rotational velocity.
This number is the ratio between inertial and Coriolis forces.
If Ro À 1, the influence of rotation is small. In the other
case, whenRo ¿ 1 the rotation motion determines the flow
regime and its patterns. Boubnov and Golitsyn [12]. It would
be desirable to predict the characteristic velocity of the flow.
A tempting idea would be the use of the so-called free fall
velocity which arises from the balance between inertial and
buoyancy effects,

u = (gβ ∆T L)1/2.

This expression however overestimates the velocity by
a factor that depends on the aspect ratio of the container,
since it does not take into account the influence of the walls.
Experimental observations indicate that for aspect ratios of
L/D v 2, and water as test fluid, the vertical velocity
approaches is of orderu ∼ 4× 10−4ms−1.

Once the ranges of the variables presented in the previ-
ous paragraphs have been established, it is possible to deter-
mine the ranges of nondimensional parameters that describe
the physical effects present in the system. Table I gives defini-
tions and involved of nondimensional parameters including

TABLE I. Main nondimensional parameters

PrandtlPr ν/α 10−2-102

RayleighRa gβ∆TL3/να 105-107

TaylorTa 4ω2L4/ν2 0-109

EckmanEk ν/2ωL2 3× 10−5-∞
Rossby∗ Ro U/2ωL 10−4

Reynolds∗ Re UL/ν 10−1-30

FroudeFr (ω2L/g).(H/L) 0 - 10−1

Rotational RayleighRar aβ∆TL3/να 105- 108

∗We used the experimental velocityU = 4× 10−4ms−1, as
the characteristic velocity.

the ranges of these parameters that can be achieved with the
centrifuge.

3. Mechanical design and instrumentation

The main components of the centrifuge are the nonrotating
components, the rotating structure, two baskets, a bridge,
and a security fence. In this section we describe in detail
the mechanical properties of these components. Here we
also present the equipment housed in the experimental bas-
ket which was used to obtain the experimental results given
in the last section of this article. The two most relevant fea-
tures of the rotating system are an arm length of1.5 m and a
maximum angular speed ofω = 86 rpm (9 rad/s).

3.1. Nonrotating components

The nonrotating components of the centrifuge are the base,
the central support frame, the bearings, the motor, and the
transmission system, as displayed in Fig. 4. The centrifuge
base is a rectangular steel plate0.6 m wide,1.2 m long, and
0.012 m thick, which is fixed to the foundation by six expan-
sion high resistance screws. The motor and the central sup-
port frame are anchored to the base. The transmission system
is composed of two belts and two pulleys. The rotation of
the centrifuge is generated by a1 HP , three phaseAC mo-
tor capable of developing a maximum torque of142.35 Nm
(1260 lb plg) at 1750 rpm. Its electrical characteristics are
(208 − 230)/460 V and4.2/2.1 A in the stator. The motor
velocity control is made by a digital inverter (VS mini C se-
ries), with frecuency range of0 to 400 Hz [16]. The power
transmission usesV belt drivers of trapezoidal cross section
with efficiency of70 − 90% to absorb shocks and operate at
low bearing pressure. The transmission system has two alu-
minium pulleys with a diameter0.152 m (6”), one of them
fixed to the axis of rotation with a double belt. An important
feature of the transmission system is the reduction of the me-
chanical vibrations to a minimum when the centrifuge is in
operation.

Rev. Mex. F́ıs. 48 (3) (2002) 255–266



A CENTRIFUGE FOR STUDIES OF FLUID DYNAMICSPHENOMENA IN A ROTATING FRAME OF REFERENCE 259

FIGURE 4. Nonrotating elements of the centrifuge. Bearings are
under the plates of the central support frame and therefore not
shown in the figure. Also the pulleys are hidden by the lower plate
of the central support (see Fig. 5).

3.2. Rotating structure and power supply

This arrangement is composed of the shaft, and five mod-
ules: one central, two intermediate, and two terminal, as
shown in Fig. 5. The shaft is a4140 steel,0.101 m (4”) di-
ameter and1.10 m long rod that sits vertically in the central
frame held by two bearings of0.0762 m (3”) diameter, and
separated a distance of0.328 m. The diameter of the lower
extreme of the shaft was reduced to0.038 m (1.5”) to fit
the pulleys and the lower bearings. All modules are made
of structural carbon steel tubes with a rectangular0.0254
m2 (1” × 1”) cross section. The intermediate and termi-
nal modules are fixed at opposite sides of the central struc-
ture. The central module is a prism0.4 m × 0.4 m × 0.6
m that holds the central shaft with two bearings sitting in
two steel plates. This module also houses two batteries and

the DC/AC inverter. The intermediate modules are trape-
zoidal prisms; the intermediate ones having large cross sec-
tions 0.4 m × 0.4 m facing the central module of and a
small cross section of0.4 m × 0.14 m in contact with the
terminal modules. The length of the intermediate modules is
0.645 m. The terminal modules are also trapezoidal prisms,
the larger cross section is of0.4 m × 0.14 m and the small
cross section is of0.4 m × 0.09 m, and their total length is
0.645 m. At far end of the terminal modules small steel plates
that hold wall bearings are placed. This arrangement supports
0.53 m long stainless steel rods with a diameter of0.02 m
(9/8”) that constitute shafts that allow horizontal rotation of
the swinging baskets located at the end of the arms of the cen-
trifuge. All modules are fixed with high resistance hexagonal
head screws. As will be described in more detail below, the
maximum total weight of each basket is10 kg , and since the
maximum rotation rate is86 rpm and the arm length is1.5
m, the upper limit of the centrifugal force exerted at the end
of the arms is1215 N.

Given the design of the centrifuge and in order to avoid
the use of slipping rings, it was deemed necessary to mount
on board the rotating section of the centrifuge a power source.
This design strategy has the advantage of providing a ver-
satile power supply that can support present and future
power demands from the various instruments used in the data
acquisition and visualization. The instruments that require
electrical power are: the on-board CPU (power consump-
tion ∼ 50 W ), the laser power source used in the visual-
ization system (power consumption∼ 30 W ), the thermo-
electric devices required for maintaining constant tempera-
ture walls (power consumption∼ 8 W ), and control circuits
(power consumption∼ 2 W ). Taking into account that of
these instruments and allowing for future increases, it was
estimated that the total power demand would be200 W .

FIGURE 5. Rotating structure of the centrifuge.
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FIGURE 6. Electronic circuit of the DC/AC inverter.

The primary power source is constituted by two12 V, 60 A
hr capacity, lead-acid batteries located near the axis of ro-
tation. With these design parameters and considering an au-
tonomy of3 hours, theDC/AC inverter was designed. Fig-
ure 6 shows the electronic circuit of this device. The alter-
nating system is anRC oscillator composed of theU2(555)
integrated circuit,R1 and R2 resistors, andC4 capacitor.
These components determine the oscillation frequency. The
U1(7473) integrated circuit divides the frequency of the out-
put signal ofU2 by a factor of four with a duty cycle of
50%. In additionU1 controls the bipolar transistorQ1 cou-
pled in a common emitter configuration with the primary coil
of transformerT1. This device and capacitorC1 are the reso-
nant load of the collector circuit. This array yields two signals
with opposite phase and a long enough time delay to prevent
the simultaneous conduction in theM1andM2 MOSFET
transistors. These devices are used as power amplifiers to-
gether with theT2 transformer which increases the voltage to
125 V ac. C5 smoothens the waveform of the output voltage.

There are two important features of the design of this
DC/AC inverter that should be emphasized. In contrast with
the voltage signal provided by theAC line which is a125
Vrms, sine wave with a frequency of60 Hz, the signal pro-
vided by theDC/AC inverter is a160 Vrms square wave at
240 Hz. The wave form was choosen to let the power transis-
tors work in a cut-and-saturation mode to minimize dissipa-
tion. Also the voltage and frequency have been tailored to the
capacitive input of the CPU power supply to further enhance
the power conversion and transfer.

3.3. Experimental and counterweight baskets

At the end of the arms of the centrifuge two rectangular bas-
kets were set, one of them is the experimental and the other
is the counterweight basket. When the centrifuge rotates, the
position of the baskets will have a tilt due to the simultaneous
action of the centrifugal and the gravity forces. The baskets
are constructed with DEXION steel angle and have the same
dimensions:0.55 m long, 0.28 m height, and0.22 m wide.
The baskets are coupled to the arms by a horizontal shaft and
two journal bearings0.0254 m (1”) in diameter and sepa-
rated0.22 m from each other. The journal bearings operate
like a hinge giving the basket a free rotation around a horizon-
tal axis. Its floor and walls are wooden pieces. Three rubber
plates located in the center of the basket and fixed to the floor
by screws constitute the counterweight. The center of mass of
the counterweight is at the same geometrical position as that
of the experimental basket. The weight of the basket is ap-
proximately9.8 kg . The experimental basket was built with
the same materials as the counterweight basket. Its floor is
a wooden platform where cuts were made to accommodate
the videocamera and the base of the cavity. Inside the exper-
imental basket are located the optical arrangement for flow
visualization composed by a laser lamp, a cylindrical prism,
a collimating lens, and a cube beamsplitter. All components
are located on the same side of the videocamera. As com-
mented before, this arrangement sits on a custom-made sup-
port. Detailed description of the design of the visualization
system is provided in the following section. Figure 7 shows
the spatial distribution of the various parts of the equipment
in the experimental basket.
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FIGURE 7. Distribution of the elements in the experimental basket.

3.4. Experimental cavity

The experimental basket holds the natural convection cavity
and the visualization and control auxiliary equipment. The
cavity is located at the center of the basket, seated on the
floor. The control circuit and a multiplexer board are located
on one side of the cavity and the videocamera on the other.
The cavity is constituted of a lateral wall made of a pyrex
tube of17 mm inner diameter with1.5 mm wall thickness
and two flat upper and lower walls made of copper. The ends
of the test cell are two copper pieces that house one thermo-
electric device each. The temperatures of the ends are con-
trolled to produce the desired axial temperature difference in
the cavity. The thermoelectric characteristics are8 W max-
imum power consumption at12 V dc and operating temper-
ature range of (−79 to 79 )◦C. Next to each thermoelectric
device and opposite to the cell, a thermal dissipator and a fan
are affixed. This heat sink (or source) provides an ambient
temperature zone for the thermoelectric devices. The height
of the cell is0.030 m and therefore, its aspect ratioΓ = 1.76.
At a height of0.0235 m from the bottom and diametrically
opposed two small0.005 m diameter glass tubes are located,
through these two thermocouples Omega copper constantan
“T” type are positioned to record the temperature of the con-
vective flow. The thermocouples are located at a horizontal
distance of0.003 m from the cavity walls. The schematic di-
agram of the cavity is shown in Fig. 8.

The voltage of the thermoelectric devices is controlled
with a electronic circuit that keeps constant but different
temperatures at the top and bottom cavity walls. The elec-
tronic circuit is composed of two parts: a) the power circuit
and b) the control circuit. The control circuit for one of the
thermoelectric devices is shown in Fig. 9. Control is achieved
by U1(35) integrated circuit operating in thermometer mode.

FIGURE 8. Schematic diagram of the cavity.

This circuit monitors the temperature of the thermoelectric
face closer to the horizontal wall of the convective cell con-
tinuously and yields an output voltage proportional to the
reading with a constant of10 mV/◦C. An adjustablevoltage
divisor constituted by the resistancesR1 and R3 and the
potentiometerR2 provides the set voltage. The output of
thisvoltage divisor is applied to the input of theU2(358) dif-
ferential amplifier which is used used as a voltage compara-
tor. ResistancesR4, R5, R6, andR7 together with their cor-
responding capacitors determine the gain and the response
time. The output of this section is called the error signal and
is fed into a Darlington power transistor(Q1) that controls
the electric current that goes through the thermoelectric de-
vice. The reference voltage is set with a variable resistance
and the thermal sensors placed in direct contact with the ther-
moelectrics provide the input control signal. The control cir-
cuit generates the signal to maintain a temperature at the cav-
ity flat wall of rises to0.47◦C/s and oscillates around the set
value with ripples less than± 0.5◦C.

3.5. On-board CPU and accesories

On the top of the central module of the centrifuge sits a tower
that houses the on-board CPU and other instruments. A simi-
lar tower is fixed to the ceiling of the room and its lowermost
face is separated0.05 m from the uppermost face of the ro-
tating tower fixed to the central module of the centrifuge. The
rotating tower is1.10 m high and has five shelves. In the first,
the laser lamp power supply is located, the second compart-
ment houses the on-board CPU and in the third shelf the hard
disk is located. The rest of the space is empty at present in
preparation for future use. The on-board CPU is a Pentium II
and has one PCLab board. On top of the rotating structure,
a circular UHF antenna that is plugged to the video camera
output is located. At the end of the fixed structure and sepa-
rated0.0254 m (1”) from the rotating structure another UHF
antenna is placed. This antenna picks up the signal and sends
it to the videorecorder and to the monitor to be displayed. The
convective motion can be seen in real time.
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FIGURE 9. Diagram of the control circuit.

3.6. Security fences and bridge

Security fences were built around the centrifuge to protect the
laboratory personnel. The fences are constructed with tubular
steel tubes. The inner rectangular area formed by the tubular
frame, is covered with a stainless steel mesh,0.01 m (3/8 ”).
These accessories protect the rest of the area of the labora-
tory from possible accidents. To reach all of the instruments
located at the center of the centrifuge a steel tubular bridge
was situated over the centrifuge. Two in-built ladders are lo-
cated at the bridge feet. The bridge has a loading capacity of
more than 100kg. All of these components are anchored to
the floor of the laboratory.

3.7. Foundations

A special foundation platform was constructed to mount the
centrifuge on, in order to reduce vibrations caused by other
pieces of equipment in the laboratory and also to damp the
self-originated vibration due to associated to the rotation of
the centrifuge. The foundation area is a rectangular section
with the following dimensions 1.5m2 and 0.18m deep. The
anti-vibration foundation is constructed with two alternated

layers of neoprene, polyfoam and cork. A concrete platform
0.11 m deep sits on top of the anti-vibratory sandwich. Fi-
nally, on the top of the concrete base, a stainless steel plate
is anchored to the concrete. The wiring required to supply
power for the motor is embedded in the concrete floor.

4. Instrumentation and sensors

The data acquisition system of the centrifuge is composed
of independent arrangements that allow the recording of
temperature at various locations of the convective cavity,
acceleration at a position close to the cavity, and visualiza-
tion at the midplane of the test. In this section we describe
the instrumentation used to record these variables.

4.1. Temperature

The sensors used for monitoring the temperature are copper-
constantan thermocouples (type T thermocouples). These
sensors are recommended for measuring temperatures below
100 ◦C. The copper wire diameter is0.43 × 10−3 m and the
constantan wire diameter is0.071 × 10−3 m. These sensors
are duplex OMEGA [17] teflon insulated fine gage. Two ther-
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mocouples are placed in the bottom plate and two in the top
plate. One of the thermocouples in the bottom plate is placed
in a small hole drilled at the center of the base of the con-
vective cavity. A similar position is occupied by one of the
thermocouples in the upper plate. These sensors measure the
temperature near the bottom and top of the convective cavity.
A thermocouple is located in the bottom plate near the upper
face of the thermoelectric device to measured the tempera-
ture for control purposes. A similar arrangement is used for
the top thermoelectric device.

Temperature readings were captured by an Advantech
PCL-818L [18] card with a resolution of12 bits, linearity of
±1 bit, and maximum conversion rate of40 kHz. The PCL -
818L uses a PCLD - 789 [19] amplifier/multiplexer board.
This board is the front-end signal conditioning and channel
multiplexing daugtherboard for the analog input channel. An
instrumentation amplifier provides a gain of200. The mul-
tiplexer also contains a cold junction sensing circuit to al-
low direct measurement of thermocouple transducer+24.4
mV/◦C at 0.0 V of 0.0 ◦C. The multiplexer board is fixed
close to the electronic control circuit in the experimental bas-
ket. We use a flat cable1.5 m long for connections between
the PCLD-789 and PCL-818L, which is inside the on-board
CPU fixed on the centrifuge central structure. After an exper-
iment is completed and the centrifuge rotation has stopped,
the data are sent via the laboratory network to a mainframe
to be permanently stored. A overall view of the centrifuge is
shown in the plate 1.

4.2. Acceleration

Another important variable in the centrifuge experimentation
is the acceleration. Accelerometers are transducers which
transform acceleration into an electrical signal. Variable ca-
pacitive accelerometers that measure acceleration signals
down to zero hertz use micromachined silicon and variable
capacitance elements; these devices have a high sensitiv-
ity and minimal response to thermal transients. Specifically,
the sensors used are uniaxial K-Beam Kistler accelerometers
type 8303A50 [20, 21], with typical sensitivities of approx-
imately 19 mV /g at 30 Hz, 3 g rms and a bias voltage of
2.5V. The exact sensitivity varies slightly with the individual
device. The transverse sensitivity is approximately 1.0%, its
reference range± 50g peak, and output impedance≤ 500 Ω.

Three accelerometers are used in the centrifuge. The first
one is located in the external module of the centrifuge at a
distance ofr = 1.472 m from the axis of rotation. Its ori-
entation is at90◦ from the gravitational acceleration vector.
This device measures only the centrifugal accelerationω2r.
The second device is oriented parallel tog and is placed on
top of the basket. When the centrifuge is standing still, its
horizontal distance to the axis of rotation isr = 1.445 m and
its vertical distance to the basket axis of rotation is0.0313
m. This accelerometer reads the terrestrial acceleration when
rotation is zero. At the moment that the centrifuge is oper-
ated, the basket will tilt freely and this accelerometer will
reada, the resultant acceleration of the vector sum ofg and

the centrifugal accelerationω2r k wherek is a unit horizontal
vector pointing away from the rotating axis, ω is the rotation
velocity, andr is the distance to the rotation axis. The third
sensor is vertically aligned with the second accelerometer at
a distance r = 1.445 m, from the centrifuge rotation axis
and at a vertical separation of0.228 m from the basket axis
of rotation. This accelerometer sits at a position close (and
dynamically equivalent) to the convective cavity. When the
centrifuge is not rotating, its orientation is horizontal. This
device also measures the accelerationa of the convective
cavity. The acceleration data are sent from the centrifuge to
the laboratory computer using two wireless WaveLan/IEEE
Turbo 11 Mb PC Card.

4.3. Data acquisition software

The software package that we used to capture the data was
Genie, a data acquisition and control software designed to
run in the Microsoft Windows environment. Those system
displayed the temperature histories of the two internal ther-
mocouples, the four thermocouples located at the plates and
that of the environment temperature. The readings of these
seven thermocouples provide convenient, real time informa-
tion to assess the progress of the experiment.

4.4. Visualization system

The flow visualization is a specialized tool used to better un-
derstand complex flow structures. Flow visualization is made
using a planar light sheet projected onto a fluid suspension of
reflecting particles and viewed at right angles to the plane of
illumination. We created a light sheet with a uniform narrow
thickness of0.002 m. This illumination was created with an
optical arrangement mounted on the experimental basket at
the side of the cavity. The visualization system is composed
of the following parts: a solid state50 mW laser lamp, wave-
lengthλ = 543.5 nm, a cylindrical prism0.004 m in diam-
eter, a collimating lens, and a cube beamsplitter (0.028 m ×
0.04 m × 0.04 m). The laser lamp power supply is on-board
and is situated on the first shelf of the central structure. The
laser lamp is fixed on the platform on the experimental basket
with a block base. This platform has three sections. One has
a square section base (0.075 m × 0.075 m × 0.078 m) with
a semicircular form in the middle to hold the laser lamp. The
second section is a base that supports the collimating lens.
The third section is a rectangular base (0.04 m × 0.04 m
× 0.063 m) that holds a cube beamsplitter. All sections are
fixed to the platform. ATR403Sony CCD videocamera is
also housed in the basket to capture the images of the flow in
the experimental cavity. The video signal is transmitted to a
UHF circular antenna located at the upper part of the central
structure. This antenna is separated0.025 m from the other
UHF circular antenna situated on the fixed structure. The sig-
nal is transmitted between these two antennas. The fixed an-
tenna is connected to a videorecorder and the signal is sent
to an external TV monitor. The visualization system just de-
scribed allows real time monitoring of the flow in the rotating
cavity. The plate 2 shows the experimental basket.
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4.5. Particles tracers

The tracers used to visualize the flow inside the cavity are
liquid crystal particles. This tracers can be obtained in the
form of slurries in water with diameters centered in the range
of 10 to 15 µm from Hallcrest [22]. Liquid crystals are or-
ganic compounds that exhibit a behavior midway between an
isotropic liquid and a nonisotropic crystalline solid. The con-
venience of using a specific kind of tracers is defined by their
capacity of following the flow and of displaying the flow pat-
terns. Although an in-depth analysis of the performance of
the tracers can be extremely sophisticated as discussed, for
instance, in Ref. 23, the overall performance of the tracers
can be easily inferred from the cross validation of the ex-
perimental observations with corresponding numerical sim-
ulations. Also, we measure the fluid temperature with these
liquid crystals in preliminary experiments.

5. Sample results

Once all data and image acquisition systems were working
in a satisfactory manner, exploratory runs were performed to
test the centrifuge as a unit. From these initial tests we present
sample results of the acceleration as a function of time and
rotation rate, temperature as function of time, for zero and a
constant rotation rate, and two snap–shots of velocity fields
as time functions. These results are not to be considered as
exhaustive and not even a detailed description of the flow,
but just as examples of the kind of scientific information that
can be obtained with the device described in this article.

5.1. Acceleration

Using the sensors and auxiliary hardware and software de-
scribed in Sec. 4.2 and Sec. 4.3, the centrifugal and the total
acceleration were measured at three points by the centrifuge.
Experimental measurements made with the accelerometer lo-
cated at the extreme of one arm of the centrifuge yield read-
ings that coincide with the calculated value ofω2r within
less than 0.1m/s2 in all cases, and in most cases less
than 0.04m/s2, indicating the consistency between the ac-
celerometer and tachometer readings. Accelerations at the
quoted position as a function of time for two rotation rates,
ω=1.15 rad/s and ω =2.41 rad/s are shown in Fig. 10.
Two kinds of regimes are identified. One where time average
acceleration is virtually independent of time and the accelera-
tion displays electronic white noise with amplitude of±0.025
m/s2. This regime exists fort < 700 s and706 s < t in
Fig. 10. In the other regime which starts att = 720 s when
we change the rotation rate of the centrifuge, and lasts for six
seconds, the acceleration displays an approximate linear in-
crease. Given that the response time of the accelerometer is
1/30 s for the calibration used, it can confidently be asserted
that the acceleration readings reflect the inertia of the system.

FIGURE 10. Acceleration as a function of time at the extreme of
the arm.

The measurements from the accelerometers located in the
experimental basket during the constant acceleration periods,
which correspond to constant centrifuge rotation velocity, can
be calculated using the formula

a =
[
g2 +

(
ω2R

)2
]1/2

,

whereR is the distance from the sensor to the axis of rota-
tion which can be numerically calculated from geometrical
considerations as follows:

R = ro + r1

ro is the length of the arm from the rotation axis to the basket
shaft centerline;r1 = rs cosα, wherers is the distance from
the basket shaft to the sensor position andtan α = g/(ω2R).
The difference between the experimental records from the
two accelerometers in the baskets and the theorical values
does not exceed within 13%. The error in the measured ac-
celeration is due to inherent electronic noise, orientation, in-
exact mounting, and bearing friction in the output reading.

5.2. Temperature and velocity measurements

In this section we present the temperature history as moni-
tored by the internal thermocouples and the velocity fields at
specific times. The working fluid is water at room tempera-
ture and thereforePr = 6. The aspect ratio isΓ= 1.76 (see
the Sec. 3.4). Figure 11 a) shows the temperature recorder by
the internal thermocouples,T1 andT2 placed in the opposite
place site of the cylinder cavity at the same distance from the
bottom. In the first stage, there is not axial temperature differ-
ence in the cell (Ra = 0) and the centrifuge does not rotate
(Ta = 0). At t = 300 s the second stage begins, the lower
thermoelectric turned on to produce the axial temperature dif-
ference in the cavity of0.158 ◦C/mm, (Ra = 2.25 × 106)
and the centrifuge continues in stationary mode(Ta = 0).
The third stage att = 1800 s when the centrifuge is set in
rotation with angular velocity ofω = 2.33 rad/s (22 rpm)
with Ta = 1.71 × 107 having aRar = 3.25 × 106. The
final stages begins att = 2700 s when the centrifuge stops
rotation having aRa = 2.06 × 106.
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FIGURE 11. Temperature as a function of time a) during a sample experiment with four different stages. and b) amplification of the stage 3,
Rar = 3.25× 106, Pr = 6, andTa = 1.71 × 107.

In the first stage the temperatures are almost constant.
In the second stage the temperatures increase monotonically
during the first1300 s before attaining an almost constant
temperature. A small temperature difference exists between
the two thermocouples in the second stage. When the rotation
begins the temperatures display a dramatic change in quali-
tative behavior. The temperature oscillates at a frecuency of
about 0.0033 Hz (see the amplification in Fig. 11.b). In the
fourth stage, when rotation stops, the oscillation of the tem-
peratures is damped, attaining a similar behavior of the one
before onset of rotation [24]. Figures 12 a) and 12 b) show
the mean velocity fields in the central plane of the cavity for
two different states. In the upper left hand corners, we note a
zone without vectors due to the thermocouples mounting sys-
tem. Each mean velocity field in the average of 449 velocity
fields of each velocity field is obtained from a cross correla-
tion, made with the Flow Manager PIV software of Dantec,
of a pair of images taken at time intervals of 0.033 s. In the
Fig. 12 a) we can observe a single convective cell rotating in
the counterclockwise direction. This pattern is obtained dur-
ing the second stage, whenRa = 2.25 × 106 andTa = 0.
The center of the convective cell is not positioned at the cen-
ter of the cavity. At 0.65 of the cavity height a strong vertical

movement occurs at the right side. The velocity field shown
in Fig. 12 b corresponds to the rotation stage (third stage)
with Ra = 3.25 × 106 andTa = 1.71 × 107. The flow
pattern displays a marked difference from the non-rotation
pattern (Fig. 12 a). In the middle section of the cavity a gen-
eral downward movement is observed. One can also note a
diagonal movement in the center of the cavity. A comprehen-
sive description of the flow without and with rotation, will be
given in a future publication.

6. Concluding remarks

We have designed and constructed a low cost centrifuge. The
instrumentation is versatile and can perform a variety of fluid
dynamic experiments in a rotating frame of reference. The
rotating velocity and arm length can be changed easily allow-
ing a reasonably wide range of experimental conditions. The
highest centrifugal acceleration is approximately13 g. Using
the centrifuge in its present configuration, we have been able
to record temperature, acceleration, and images of particle
tracers that contain information of the two dimensional ve-
locity field. Future uses of the centrifuge could include crys-
tal growth and material deposits with chemical baths, com-
bustion and others.

a) b)
FIGURE 12. Convective flows a) in the nonrotating cavity,Ra = 2.25 × 106, Pr = 6, Ta = 0 andt = 1380 s. and b) in rotating cavity,
Rar = 3.25× 106, Pr = 6, Ta = 1.71 × 107andt = 1920 s.
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PLATE 1. Overall view of the centrifuge.
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