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Abstract-The results of an experimental study of the convective flows engendered within the annular gap 
between concentric vertical cylinders are presented. The inner cylinder is rotating and heated, while the 
outer cylinder is stationary and cooled. Stationary horizontal endplates are used to seal the annulus, 
forming an enclosure. The working fluid is air. Of particular interest is the accurate prediction of the heat 
transfer rates, which are intimately linked to the structure of the flow field. In rotating systems, the existence 
of hydrodynamic instabilities may lead to a variety of secondary flows as the parameters describing the 
system are varied. Along with each transition in a flow, the transport mechanisms are altered, and usually 
result in markedly changed rates ofheat and momentum transport. Experiments are conducted to determine 
the interdependence between the heat transfer mechanism and the structure of the secondary flows. 
Specifically, a parametric study of the mean heat transfer rate across the annular gap is performed, as well 
as a qualitative study (using smoke visualization techniques) of the secondary flow characteristics of the 
rotating system. The results provide a qualitative description of the transition from a buoyancy-dominated 
flow regime to one dominated by rotation. A correlation for the heat transfer rate as a function of the 

rotational Reynolds number and radius ratio is obtained in the forced convection limit. 

INTRODUCTION 

HEAT AND mass transfer from rotating cylindrical 
bodies occurs in many practical applications, the most 
common being the cooling of conventional rotating 
machinery, such as electrical motors and turbines [I]. 
The development of new rotating devices has further 
stimulated interest in this area. Among these are clini- 
cal blood oxygenators [2], gas centrifuges [3], and 
‘barrel reactors’ used in the chemical vapor deposition 
(CVD) process [4]. Also, rotating heat exchangers 
operating in a variety of different ways are being intro- 
duced in the chemical, automotive, and nuclear indus- 
tries. Buoyant rotating flows also occur in nature (e.g. 
oceanic and atmospheric circulation), and provide 
useful models for study [5]. 

In spite of its technological importance, little work 
has been directed toward the study of heat transfer 
within rotating cylindrical annuli. The isothermal flow 
configuration, in contrast, has been the subject of 
much research. It is widely known that a critical speed 
of rotation exists, above which appears a stable, 
secondary mean flow consisting of regularly spaced 
toroidal vortices. This flow is commonly referred to 
as Taylor-Couette or Taylor-vortex flow, and results 
from an inherent hydrodynamic instability. A com- 
prehensive review of the general Taylor problem is 
provided by DiPrima and Swinney [6]. A considerable 
amount of research has also been conducted for the 
natural convection problem (with no rotation). The 
recent paper by Weidman and Mehrdadtehranfar [7] 
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investigates the stability of the natural convection flow 
in a tall annulus using the flow visualization technique, 
and also provides a good review of previously pub- 
lished results. 

The first efforts to study the combined problem with 
rotation and heat transfer were primarily exper- 
imental, and were usually coupled with an axial flow 
through the annular gap [8-141. Global heat transfer 
rates across the annular gap were reported, cor- 
responding to the different flow regimes which were 
observed. However, these studies were limited to the 
forced convection regime, and no effort was made to 
quantify the magnitude of the buoyancy effects (such 
as reporting values of the cylinder surface tem- 
peratures or the Grashof number). Furthermore, the 
role of the radius ratio as a parameter in this problem 
was neglected, and therefore some discrepancies 
between the heat transfer measurements in the studies 
cited above could not be explained. 

Later theoretical studies focused on the stability of 
the circular Couette flow in the presence of a radial 
temperature gradient [15-l 71. With the inner cylinder 
rotating, it was concluded that a positive gradient of 
temperature across the annular gap (i.e. a heated outer 
cylinder and a cooled inner cylinder) is destabilizing, 
while a negative temperature gradient is stabilizing. 
This can be explained by noting that a greater cen- 
trifugal force is exerted on a heavier (cooler) fluid 
particle. Thus, fluid particles adjacent to a cooled 
inner cylinder would have a greater tendency to be 
displaced by the rotating flow. In these analyses, the 
gravity force (buoyancy) was neglected. Walowit et 
al. [17] justified this seemingly severe restriction by 
noting that in the conduction regime (Gr & 103), natu- 
ral convection has little effect on the heat transfer, and 
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NOMENCLATURE 

d gap width, R, - Ri AT temperature difference across gap, T, - To 

g acceleration due to gravity V voltage supplied to inner cylinder heater 
Gr Grashof number, d3pgAT/v2 .7 axial coordinate. 
h convection heat transfer coefficient 
H height of annulus 
k wave number, or thermal conductivity Greek symbols 
k eq local equivalent conductivity, B thermal coefficient of volumetric 

hR In R,/R,jk = -hR In (q)/X- expansion 

R, inner cylinder radius I- aspect ratio, H/d 

RO outer cylinder radius 9 radius ratio, RJR, 
r radial coordinate V kinematic viscosity 
Re rotational Reynolds number, (RiO)d/v densiometric Froude number, GrlRe’ 

Ti mean inner cylinder temperature : angular speed of rotation of inner 

T0 mean outer cylinder temperature cylinder. 

can therefore be expected to have little effect on the 
stability of the flow. However, Snyder and Karlsson 
[ 1 S-201 concluded that the axial flow induced by buoy- 
ancy does, in fact, have a significant influence on the 
stability of the flow. They found that both positive 
and negative radial gradients of temperature are sta- 
bilizing, provided that the magnitude of AT is small. 
For larger AT, a spiral form of instability was 
observed. More recent experimental studies have also 
confirmed the stabilizing effects of a positive density 
gradient [21, 221. 

Numerical studies have also been reported in the 
literature for the mixed convection flows in a rotating 
annulus. These are discussed in refs. [23-261, in which 
the effects of buoyancy on the development of the 
Taylor-vortex flow are considered. The present paper 
is the experimental complement to those numerical 
studies. 

moderate speeds of rotation and electrical heating 
power. Prandtl number effects are not considered in 
this study. 

A schematic diagram showing the major components 
of the annular facility is shown in Fig. 1. The indi- 
vidual components can be loosely divided into three 
main subsystems : the actual test section, the supports 
and drive mechanism, and the slip ring assembly. Each 
of these subsystems will be described below. 

The test cylinders used in this study were manu- 
factured from commercial aluminum tube stock. 
Three different outer cylinders, with inner diameters 
of 5.725, 4.432, and 3.816 cm are employed. An 

EXPERIMENTAL FACILITY 

The experimental facility used to study the mixed 
convection flows within the vertical annulus is 
designed to encompass as wide a range of the relevant 
parameters as possible, so that a systematic investi- 
gation of the effects of both the buoyancy and the 
centrifugal forces on the overall flow stability and 
concomitant transport mechanisms can be 
accomplished. Specifically, it is desired to determine 
the quantitative effects of varying the Grashof number 
Gr (which characterizes the buoyancy force) and the 
Reynolds number Re (which characterizes the cen- 
trifugal force) on the mean equivalent conductivity 
k,,. The rotational parameter cr = Gr/Re* indicates 
the relative importance of the buoyancy and 
rotational effects. These effects are of comparable 
magnitude for values of e near unity, and conse- 
quently CT is used to delineate the different flow regimes 
in this study. The physical dimensions of the annulus 
were chosen so that values of 0 ranging from 
0.01 < cr < co could be obtained with reasonably 
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FIG. 1, Schematic diagram of experimental facility. 
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additional outer cylinder was constructed of Plexiglas 
for use in the flow visualization studies, with a nom- 
inal inner diameter of 5.715 cm. Due to the substantial 
machining requirements of the inner cylinder, only 
one was constructed and is used with each of the outer 
cylinders. The final outside dimension of the inner 
cylinder is 2.504 cm. The length of the ammlar test 
section is 50.64 cm in all cases. Thus, for the quan- 
titative heat transfer studies, the first facility has a 
radius ratio (inner to outer cylinder) of rl = 0.437 and 
an aspect ratio (height to gap width) of F = 31.44, 
while for the second facility q = 0.565 and F = 52.53, 
and 1 = 0.656 and I = 77.20 for the third. 

An additional thermocouple is used to measure the 
ambient room temperature. All of the electrical con- 
nections to the rotating inner cylinder are made 
through the use of a high-precision slip-ring assembly 
manufactured by Industrial Electric Reels, Inc., 
Omaha, Nebraska. 

There are several reasons for designing a facility 
with relatively large aspect ratios. The most important 
of these is to provide a large enough heat transfer 
surface so that the power supplied to the electrical 
heater can be measured accurately. Also, the impor- 
tance of the end effects associated with a finite 
geometry can be minimized. Finally, the larger cyl- 
inders are easier to work with during the machining 
process and construction of the facility. It is noted 
that the aspect ratio is expected to have little effect on 
the quantitative behavior of the flow for aspect ratios 
above I = 40 [271. In this range of F, the radius ratio 
is the only geometrical parameter observed to have a 
significant inthtence on the 0ow. 

The test cylinder is rotated by a 90 V, l/4 hp, per- 
manent magnet d.c. motor. A timing-belt system is 
used to achieve the transfer of torque to the cylinder. 
Timing belts allow for very quiet operation at constant 
rates of speed, with no slippage at lower velocities. A 
solid-state silicon-controlled rectifier @CR) is used to 
vary the speed of rotation. The motor is capable of 
driving the cylinder at speeds of up to 1735 r.p.m. For 
rotational speeds below approximately 120 r.p.m., the 
motor is used in conjunction with a worm-gear speed 
reducer to minimize any variations in the speed. With 
this arrangement, constant rotational speeds of as 
low as 1 r.p.m. can be achieved. The drive shaft is 
connected to the inner cylinder by a flexible coupling, 
virtually eliminating any alignment problems or the 
transmission of vibrations to the test cylinder. 

Data acquisition system 

The inner cylinder is heated by a 650 W cartridge 
heater. The heater is supported in the center of the 
test-section area by threaded metal plugs, which are 
screwed into the inner diameter of the cylinder. The 
heating power is provided by a d.c. power supply, and 
is varied through the use of a rheostat. The voltage 
and current are measured by two digital multimeters. 

The outer cylinder is mounted between two flanges, 
which have guides counterbored in them to ensure 
that the two cylinders are concentric. The flanges also 
serve as seals for the annulus, as the clearance between 
the inner cylinder and each flange is 0.025 cm. The 
outer cylinder is cooled by passing an ethylene glycol- 
water mixture through a flexible plastic hose which is 
coiled around it. The entire arrangement is encased 
within a foam rubber insulating pad. Two thermo- 
couples are sealed within the plastic tubing to measure 
the temperature of the coolant at both the entrance 
and exit to the coiled section. The cooling solution is 
maintained at a constant temperature by a refriger- 
ated circulating unit manufactured by PolyScience, 
Inc., Niles, Illinois. The unit has a l/6 hp compressor 
and a 1000 W heater, which are operated against each 
other by a proportional controller, allowing for a 
variation in bath temperature of less than +O. 1°C. 
With this arrangement, the outer cylinder could be 
held isothermal to within _+ 1 .O”C. 

In conjunction with the design of the experimental 
facility, a general purpose microprocessor-based data 
acquisition system was developed. The data acqui- 
sition system is centered around an Apple IIe micro- 
computer, and was assembled at about the same 
cost as a single, commercially available, one-function 
data-logging device. The computer is equipped with a 
real-time clock (purchased from Thunderware, Inc., 
Oakland, California) which is used as an event timer, 
triggering scans at any desired time or at preselected 
time intervals. Data can either be reduced and printed 
out in real time or stored on diskettes for later pro- 
cessing. 

For the purpose of measuring temperatures, a single- 
board microprocessor-controlled measurement sys- 
tem (Omega Engineering, Inc., Stamford, Connec- 
ticut, PMEGA 4000) is used, which can accept up to 
12 thermocouple inputs. It is connected to the Apple 
IIe through a serial interface. This device provides 
preamplification, scaling, and automatic multiplex- 
ing of the thermocouple input signals. Several types 
of thermocouples can be used. All conversions to en- 
gineering units, cold-junction compensation, linear- 
ization, and data output formatting are performed 
by the measurement system. For type T thermo- 
couples (copper-constantan), a resolution of 0.1 “C 
is obtained. Further details regarding the data acqui- 
sition system can be found in ref. [28]. 

Flow visualization system 
The surface temperatures of both the inner and For the visualization studies, a smoke generation 

outer cylinders are measured by thermocouples system was developed, in which a light petroleum 
imbedded within the cylinder walls. Five thermo- solution is rapidly heated to produce a dense white oil 
couples are used to measure the outer cylinder tem- fog. Commercially available smoke solutions, sold by 
perature at various axial locations, while a total of hobby shops for model locomotives, etc., were found 
seven thermocouples are used in the inner cylinder. to be ideally suited for this purpose. A schematic of 
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FIG. 2. Schematic diagram of flow visualiition system. 

the smoke-generating unit is shown in Fig. 2. In this 
unit, oil is allowed to drip from a reservoir through a 
tube and onto a small gutter, which directs the oil 
droplets to the heating surface. The droplet flow rate 
is controlled by a needle valve. The unit is tightly 
sealed, with two openings provided for a forced-air 
flow which is used to carry the smoke to the test 
section. 

The smoke is injected into the test section through 
a small plastic tube. One end of this tube is inserted 
into a port which was drilled into the wall of the 
Plexiglas outer cylinder. The other end of the tube is 
connected to the smoke outlet, where a valve can be 
used to control the flow of the smoke. In operation, 
a small amount of smoke is injected into either the top 
or the bottom of the annulus. As the smoke gradually 
diffuses into the interior of the annulus, the cellular 
flow patterns (if present) become visible. The flow is 
illuminated by a thin plane of light, which is produced 
by enclosing a long fluorescent lamp within a box that 
has a thin slit cut into one of its sides. The photographs 
are taken with a 35 mm SLR camera, using Ilford XP- 
1 film, which has a variable film speed that is ideally 
suited for low light applications. The camera is 
mounted on a tripod. Between successive pictures, the 
annulus is purged with fresh air and allowed to settle. 

Operation 

Three quantities can be varied independently in this 
system: the speed of rotation of the inner cylinder, 
the temperature of the cooling bath, and the voltage 
applied to the inner cylinder heater. For a given com- 
bination of these parameters, the temperature of the 
inner cylinder will eventually reach a certain fixed 

value. When this value is obtained, the system is in a 
state of equilibrium. This condition is ascertained by 
measuring the inner cylinder temperature at selected 
time intervals and observing any changes. When these 
changes become small (within +O.l’C), the steady- 
state condition is assumed. For every case studied, 
the equilibration time was approximately 1 h. To be 
certain that the values recorded are representative 
of the steady-state condition, measurements are 
extended for at least a further 1 h beyond the transient 
settling period, and the average of these values is used 
in the subsequent calculations. 

PROCESSING OF DATA 

The Grashof number Gr and the Reynolds number 
Re (which are defined in the Nomenclature) can be 
calculated directly from the raw data set {To, V, 0, 

Ti}. However, to calculate the associated heat transfer 
rate given by k,,i the convection heat transfer 
coefficient hi must be determined. This quantity can 
be calculated from a knowledge of the power supplied 
to the heater and the temperature difference across the 
gap, using the defining relation for the heat transfer 
coefficient 

Q convection = 4 4 ( T - To) 

where Ai is the total lateral surface area of the inner 
cylinder. 

The correct evaluation of Qconvection depends upon 
the proper treatment of the remaining modes of heat 
transfer, namely the radiative exchange between the 
two cylinders and the conduction interaction at the 
ends of the cylinders. In order to minimize both the 
conduction and radiation heat transfer, the magnitude 
of AT is kept small ( < 20°C). Furthermore, since it is 
difficult to insulate thermally a rotating test section 
from its bearings and support structure, it was decided 
to keep the inner cylinder at the ambient temperature 
and to obtain the desired value of AT by cooling 
the outer cylinder to below the ambient temperature. 
Since the outer cylinder is fixed, it could be easily 
insulated from its supports. On the other hand, since 
the inner cylinder is maintained at the same tem- 
perature as its supports, there is no significant tem- 
perature gradient to drive a heat loss (or gain). In 
operation, no more than a f 5% deviation from the 
mean temperature was measured on the inner cylinder 
surface, i.e. IT,(z) - TiI/Ti < 0.05, 0 < z < H. NO 
appreciable axial variation in surface temperature was 
found for the outer cylinder. It is noted that the outer 
cylinder cooling bath is never set below 0°C to ensure 
that no condensation develops (this is verified visually 
at the end of each run). 

Having minimized the conduction effects, the evalu- 
ation of the convective heat transfer becomes 

Q con”ection = Qe~ectnc - Qradiation. 

The radiation heat transfer is fairly simple to estimate, 
using the measured inner and outer cylinder tem- 
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perature. The radiative exchange between two long results was subsequently evaluated, and was found to 
cylindrical surfaces is given by be: Grf7.1%, Ref2.0%, af7.6%, andk,,if7.1%. 

RESULTS 
where a is the Stefan-Boltzmann constant, E the emis- 
sivity of the surfaces, Ai the lateral surface area of the 
inner cylinder, and A, the lateral surface area of the 
outer cylinder. Using a tabulated value of s = 0.04 for 
highly polished aluminum, the calculated radiation 
losses typically accounted for less than 3% of the total 
heat transfer, and were never greater than 5%. 

Global measurements 

UNCERTAINTY ANALYSIS 

The uncertainty analysis presented in this section 
is based upon the methods discussed by Kline and 
McClintock [29,30]. Four independent measurements 
are required for the completion of the experimental 
program. These measurements are for the follow- 
ing quantities : temperature, voltage, current, and 
rotational speed. From these measurements, the par- 
ameters of interest for each experiment can be cal- 
culated. The uncertainty associated with each 
measurement is discussed below. 

In this section, global measurements of the mean 
heat transfer rates for various values of the Grashof 
and Reynolds numbers are presented for three differ- 
ent radius ratios. All experimental measurements are 
for the inner cylinder. The first set of data considered 
is for the case rl = 0.437 (Fig. 3), the second is for 
rl = 0.565 (Fig. 4), while the third is for rl = 0.656 
(Fig. 5). All of these annuli fall within the wide-gap 
category. A common behavior is observed in all cases, 
with the data following a power-law trend in the 
forced convection region. 

For the range of voltages employed in this study, 
the voltage measurements have a maximum uncer- 
tainty of fOS% (of the reading in volts). The cor- 
responding uncertainty in the measurements of cur- 
rent is f0.75% (of the reading in amperes). These 
estimates of uncertainty are based on the manu- 
facturer’s specifications for the instruments used 
(John Fluke Mfg Co., Everett, Washington, Model 
8050A Multimeters). 

For each set of experiments, the heat transfer rates 
kq,i corresponding to different Grashof numbers Gr 
for the natural convection flows (no rotation) were 
first measured. These data are used to provide a base- 
line from which to compare and determine the effects 
of rotation on the heat transfer mechanism at various 
values of Gr. After a natural convection baseline was 
established, experiments were run to evaluate the 
effects of rotation of the inner cylinder on the heat 
transfer mechanism. 

The measurements of rotational speed are made 
with a phototachometer (Power Instruments, Inc.). 
The model used has a stated accuracy of + 1 r.p.m. 
This provides a maximum uncertainty of f 2.0% for 
rotational speeds above 50 r.p.m. for lower rotational 
speeds, where the relative uncertainty of the measure- 
ments is larger, the rotational speed is determined by 
direct visual observation (with a digital stopwatch) in 
order to maintain a maximum uncertainty level of 
&2.0%. 

The individual temperature measurements are esti- 
mated to have an uncertainty of +0.2”C. This value 
was determined after performing a careful calibration 
of the temperature measuring system. Each thermo- 
couple was individually calibrated, using an ice- 
water bath and boiling water as known references. 

In Figs. 3-5, the heat transfer rate is shown as a 
function of the Reynolds number for various values 
of Gr. The abscissa is chosen to be ReZ rather than 
Re, so that a direct comparison with a can be made. 
It is observed that the heat transfer rate is relatively 
constant up to a certain critical value of the Reynolds 
number, above which it increases as a power of Re. 
Since a power-law trend is observed, the data are 

2.51 
2.25 - 

In addition to the experimental measurements, the 
physical dimensions of the experimental apparatus 
are required. These dimensions have all been deter- 
mined to within a tolerance of + 0.001 in. (25.4 pm). 
Furthermore, the fluid properties are also required. It 
has been assumed that there is negligible uncertainty 
in those values, which have been taken from standard 
sources of reference (e.g. National Bureau of Stan- 
dards (U.S.) Circular 564, “Tables of Thermal Prop- 
erties of Gases”, 1955). 
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The propagation of these uncertainties into the 
FIG. 3. Variation of heat transfer rate with Reynolds number 

for different Grashof numbers, with tt= 0.437. 
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FIG. 4. Variation of heat transfer rate with Reynolds number 
for different Grashof numbers, with q = 0.565. 

plotted on a logarithmic scale. In all three cases, the 
data approach an asymptote in the forced convection 
region 

k = 0.78Re0.17 (q = 0.437) “I*’ 

k = 0 37Re0.30 eq.1 . (q = 0.565) 

and 
k = 0 22Re0.36 fXl.1 . (q = 0.656). 

The nature of the transitions to the forced-con- 
vection regime is similar for all sets of experiments. 
The initial increases in the heat transfer rates occur 
near a critical Reynolds number roughly corre- 

2.5 

2.25 

2.0 

(3 

1.0 CJ ’ I I hl I 

0.0 ” 10’ ,02 IO3 IO4 5 
10 1c 

ReynoMsNumber,Re2 

FIG. 5. Variation of heat transfer rate with Reynolds number 
for different Grashof numbers, with q = 0.656. 

sponding to u x 1. It is noted that the critical value 
of D increases slightly as Gr is increased for a given 
radius ratio. This is attributed to a stronger natural 
convection flow being established prior to the first 
transition, which tends to create an axial variation in 
the inner cylinder surface temperature. This allows 
the formation of Taylor vortices at slightly lower 
speeds of rotation. For a more thorough discussion 
of this effect, see ref. [25]. 

As Re increases beyond the critical value, the 
measurements quickly reach their asymptotic values. 
This is indicative of a transition from a laminar flow 
with no vortices to a Taylor-vortex dominated regime. 
The secondary flow greatly assists the transport of 
heat throughout the gap, and the corresponding 
increase in the heat transfer rate is large. The sec- 
ondary flow pattern rapidly becomes fully established, 
and further increases in speed only increase the vigor 
of the flow. Thus, the data rapidly approach the 
power-law asymptote. No further transitions in the 
flow were found within the experimental range of 
rotational speeds. 

A comparison of the heat transfer correlations for 
the three different radius ratios reveals that the 
exponent of the Reynolds number increases with q, 
while its coefficient decreases with q. The reason for 
this is that the heat transfer in the forced convection 
regime is accomplished through the action of the 
Taylor cells. As Re is increased for any particular 
value of q, the wave number remains fairly constant, 
with the cells increasing in vigor. As 1 is increased (i.e. 
the relative gap width is decreased), a greater number 
of Taylor cells emerge for any given annulus length. 
Thus, the effectiveness of the heat transfer mechanism 
is increased as q increases, and results in a larger 
exponent in the power-law relationship. 

Four of the studies discussed previously have also 
proposed power-law relations for the heat transfer in 
a rotating annulus in the forced convection regime 
[10-l 31. Bjorklund and Kays [lo] considered four 
different radius ratios, all in the narrow range 
0.8026 < q < 0.9488. They did not observe any sig- 
nificant difference in the heat transfer relationship 
with varying q in this small range. If their data are 
averaged, the relationship 

k “I = O.lORe’-’ 

can be inferred, with q = 0.8901. This is in agreement 
with the trend observed in the present study. Gazley 
[ 1 l] also proposed a relationship of the form 

k, = c(Re)’ ‘. 

In his study, the radius ratios used were q = 0.9044 
and 0.9930, but a direct comparison of his data to the 
present study could not be made. In any event, the 
trends observed are supported by his study. 

In the study by Aoki et al. [ 121, the effects of Prandtl 
number on the heat transfer were also considered. 
They proposed a heat transfer relation of the form 
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t _ 0.063 q -2.3034 Re 0.4614ln(3.3361q) 

FIG. 6. Correlation of heat transfer with Reynolds number 
and radius ratio. 

Nu = 0.22 Ta”.2sPro.3 

with a Taylor number defined as Ta = f12Rid3/(v/Fg), 
where FB is a geometrical factor dependent on rl. Thus, 
while they have considered the radius ratio to have an 
effect on the cc&IIcient in the power-law equation, 
they have neglected its effect on the exponent of Re. 
Finally, the study by Tachibana et al. [13] also con- 
siders Prandtl number effects, but as with Aoki et al., 
they do not fully account for the radius ratio effects 
by including them explicitly in their correlation. 

In Fig. 6, the results from all three radius ratios 
considered in this study are correlated and the fol- 
lowing relationship is proposed : 

& = 0.069 tl-2.9084 ~~0.4614ln(3.3361rl); 

0.437 < 9 < 1. 

This correlation is valid for air (Pr = 0.7) in the forced 
convection regime (Gr* < Re < 400). The measured 
values have a correlation coefficient of 0.97 with the 
above relation. To demonstrate its validity in the 
small-gap region, it is noted that this correlation is 
essentially equivalent to the one proposed by Bjor- 
klund and Kays [lo] for r~ = 0.89. The correlations 
proposed by Aoki et al. [ 121 and Tachibana et al. [ 131 
are also consistent with the one proposed for Pr = 0.7. 

The logarithmic dependence on tl of the exponent 
for Re is not entirely unexpected. Indeed, the defini- 
tion of the mean equivalent conductivity kq con- 
tains the term In (7). This dependence arises from the 
cylindrical geometry. The conduction heat transfer 
through an annulus is easily calculated, and is given 
by q = Znk(T,- TJ/ln (q). The action of the Taylor 
vortices can be likened to an enhancement of 
the effective thermal conductivity. This increased 
efficiency is reflected in the exponent of Re, as dis- 
cussed above. 

Flow vhmlization studies 
Flow visualization has traditionally had an impor- 

tant role in the field of fluid mechanics and heat trans- 
fer. Visualization studies always yield valuable quali- 

FIG. 7. Visualization of flow in vertical annulus with 
Gr = 7000, (r = 0.04. 

tative insight, and oftentimes quantitative results can 
also be obtained. One of the most interesting problems 
to study using visualization techniques is the Taylor 
problem, because of the striking nature of the tran- 
sition to the regularly spaced toroidal vortices. Most 
of the early studies of the Taylor problem included 
at least some visualization results. No visualization 
studies have been conducted, however, for the mixed 
convection Taylor flows where the inner cylinder is 
heated. 

In all of the results presented below, only one half 
of the annulus cross-section (in the r-z plane) is 
shown, with the inner cylinder on the right. It is also 
noted that the total width of the annulus in these 
results is 1.6 cm. The photographs taken are of the 
middle 16 cm of the annulus. 

In the classic Taylor-vortex flow with a rotating 
inner cylinder, evenly spaced pairs of counter-rotating 
cells develop above a critical speed of rotation. Figure 
7 shows the flow with Gr = 7000 and D = 0.04. The 
cellular nature of this flow is clearly evident. The wave 
number measured from the photographs for this flow 
is k = 6.4, where k is measured in units of RO, the 
outer cylinder radius. This value agrees substantially 
with the values reported by Chandrasekhar [31] for 
the isothermal case (a = 0). At this relatively low level 
of buoyancy, little distortion is observed and the cells 
retain their fairly regular appearance. It is also 
observed that the centers of each pair of cotmter- 
rotating cells are closer to each other than to their 
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FE. 8. Visualization of flow in vertical annulus with 
Gr = 3260, (r = 0.13. 

neighbors. This phenomenon has also been reported 
by Snyder [19]. 

A ‘matched’ pair of cells is defined by the direction 
of the flow between them ; for the normally occurring 
Taylor-cell modes, the direction of flow between each 
pair of cells is from the inner cylinder to the outer. 
In Fig. 7, the interface between each pair of cells is 
distinguished by a thin, dense line of smoke. The other 
interface, between the two cells belonging to different 
‘matched pairs’, is not nearly as distinct. This is 
because the flow is more vigorous at the interface 
between the ‘matched’ pairs, and the smoke has less 
time to diffuse to the interior of the cells. This is 
consistent with their centers being closer together. On 
the other hand, the opposite interface is less vigorous, 
and the smoke diffuses inward, blurring the dis- 
tinction between those adjacent cells. 

The remaining figures (Figs. 8-10) show the pro- 
gression of the flow as the relative amount of buoy- 
ancy is increased in the mixed convection regime (i.e. 
for increasing 0). It is emphasized that the results 
presented are largely qualitative in nature, and are not 
intended as an exact measure of the stability limits of 
the various flow regimes. Rather, the nature of the 
Aow structure in the mixed convection regime is of 
primary interest. Also, the nature of the flows is deter- 
mined completely by (T in the range of Gr and Re 
studied. That is, the same behavior was observed 
whether Re was held constant and Gr was increased, 
or Gr was held constant and Re decreased. Thus, since 
different combinations of Re and Gr yielding the same 

FIG. 9. ViSUakatiOn of flow in VertiCal annutus with 
Gr = 4545, c = 0.18. 

FE. 10. Visualization of flow in vertical annulus with 
Gr = 17 775, (i = 0.3. 
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value of ts produced photographs of different quality, 
Re and Gr were chosen to provide the sharpest images 
for a desired value of tr. 

As CT is increased from o = 0 to 0.1, a very slight 
distortion of the Taylor cells is observed, in which the 
upper cell in each pair has become somewhat larger 
than its counterpart. At this value of a, the buoyancy 
is beginning to exert a stronger influence on the flow, 
by assisting the upward flow of air along the heated 
inner cylinder surface while impeding the downward 
flow in the counter-rotating pair. With further 
increases in buoyancy, an interesting phenomenon is 
observed. The distorted Taylor cells are noticed to 
travel up the annulus. This optical illusion is caused 
by the formation of a spiral flow, shown in Fig. 8. 
With further increases in a, the spiral form becomes 
larger, and its appearance is much the same as a 
‘barber-shop pole’. This flow is shown in Fig. 9. The 
cellular pattern within the spiral consists of a fairly 
stagnant region along the outer cylinder, with a large 
region of upflow adjacent to the heated inner surface. 

As the increase in buoyancy is continued, the spiral 
form becomes unstable, with a stronger region of cir- 
culation developing adjacent to the outer cylinder. 
Eventually, two distinct regions of circulation re- 
emerge and the flow once again becomes axisym- 
metric. In this flow (shown in Fig. lo), it is observed 
that each pair of counter-rotating Taylor cells is con- 
siderably distorted, consisting of a large cell under- 
neath of a much smaller cell. The spiral form of flow is 
observed to be a transitory form between the distorted 
Taylor-cell modes and the nearly isothermal flow pat- 
terns, and occurs over a very small range of a, which is 
approximately 0.1 < a < 0.3. As u is increased above 
u z 0.3, the cellular structure is replaced by the for- 
mation of one large toroidal cell, typical of the natural 
convection flow. 

CONCLUSION 

It is observed that the qualitative behavior of the 
mixed convection flows occurring within vertical 
annular enclosures is entirely dependent upon the 
value of a for the range of experimental parameters 
considered. For values of IJ > 10, the buoyancy forces 
dominate the flow, which strongly resembles the natu- 
ral convection case. Similarly, for values of a < 0.01, 
the rotational forces are predominant, and the flow 
approaches the isothermal, Taylor-Couette situation. 
In the range 0.01 < Q < 10, both the buoyancy and 
the rotational forces affect the flow characteristics, 
with a transition between the respective flow regimes 
occurring near 0 z 1. Specifically, the form of the 
secondary flows occurring as a is decreased below 
unity consists of a cellular structure which is periodic 
in the axial direction. In the narrow range 
0.1 < Q < 0.3, this celhuar structure is replaced by a 
spiral form of flow, which in turn gives rise to a new, 
axisymmetric cellular flow with continued decreases 
in a. The physical appearance of the secondary flows 

is a&ted by buoyancy, until a value of e x 0.01 is 
reached with increasing rotational speeds. Below this 
value of Q, the cell pattern remains unchanged, 
although the secondary flow increases in vigor. These 
results are consistent with those of the numerical stud- 
ies cited previously [23-251. 

The action of the secondary flows on the heat trans- 
fer characteristics of the rotational systems is sig- 
nificant. Until the critical value of 6 a 1 is reached 
with increasing rotation (or decreasing buoyancy), the 
heat transfer rates remain fairly constant, at the value 
corresponding to the natural convection limit. With 
the onset of the hydrodynamic instabilities, however, 
a sudden and rapid rise in the heat transfer rates 
occurs. As the secondary flows become fully 
developed, the heat transfer rates for all buoyancy 
levels approach a common asymptote (for a given 
geometry), which can be described by a power-law 
relationship. These heat transfer rates have been cor- 
related, and are presented as functions of the Reyn- 
olds number and radius ratio. It is observed that a 
greater augmentation of the heat transfer rate with 
increasing Reynolds number is obtainable as the rela- 
tive gap width becomes narrower (i.e. for increasing 
values of the radius ratio q). 
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ETUDE EXPERIMENTALE DU TRANSFERT DANS UN ESPACE ANNULAIRE 
VERTICAL AVEC CYLINDRE INTERIEUR TOURNANT 

Resume-On presente les resultats d’une etude experimentale des ecoulements convectifs dans un espace 
annulaire entre cylindres concentriques. Le cylindre interieur est toumant et chaud, tandis que l’autre est 
immobile et froid. Des plans horizontaux immobiles ferment la cavite. Le fluide de travail est l’air. On 
s’interesse aux flux de chaleur qui sont intimement lies a la structure du champ des vitesses. Dam les 
systemes tournants, l’existence d’instabilites hydrodynamiques peut conduire a une varidte d’ecoulements 
secondaires. A chaque transition dans l’ecoulement, les m&nismes de transport sont alter&s et il en resulte 
des changements dans les transferts de chaleur et de quantite de mouvement. On conduit des experiences 
pour determiner l’interdependance des mecanismes de transfert de chaleur et des structures des ecoulements 
secondaires. On fait une etude parametriques du flux moyen de chaleur a travers l’espace annulaire, et 
aussi une etude qualitative (par visualisation a l’aide de fumte) des tcoulements secondaires. On obtient 
une description de la transition depuis le regime domine par le flottement jusqu’a celui domint par la 
rotation. Une formule est obtenue pour le flux de chaleur en fonction du nombre de Reynolds rotationnel 

et du rapport des rayons, dans le cadre de la convection for&e. 

EXPERIMENTELLE UNTERSUCHUNG DES WARMEUBERGANGS IN EINEM 
ZYLINDRISCHEN VERTIKALEN RINGRAUM MIT ROTATION DES INNEREN 

ZYLINDERS 

Zusammenfassrmg-Die Ergebnisse einer experimentellen Untersuchung der in einem Ringspalt zwischen 
konzentrischen vertikalen Zylindem auftretenden Konvektionsstromung werden vorgestellt. Der innere 
rotierende Zylinder wird beheizt, wlhrend der aul3ere unbewegliche Zylinder gekiihlt wird. Feste hori- 
zontale Endplatten werden als Begrenzung des Ringraumes verwendet ; damit wird ein abgeschlossener 
Raum begildet. Das Arbeitsmedium ist Luft. Von besonderem Interesse ist die genaue Berechnung der 
Warmeiibertragung, welche eng an die Struktur des Strbmungsfeldes gekoppelt ist. In rotierenden Systemen 
kann die Existenz von hydrodynamischen Instabilitiiten zu einer Vielzahl von Sekundarstriimungen fiihren, 
die so zahlreich sind wie die Parameter, die das System beschreiben. Mit jeder Anderung der Striimungsform 
werden die Transportmechanismen verlndert ; dies verursacht gewohnlich einen auffallend veriinderten 
Warme- und Impulstransport. Experimente zur Bestimmung der gegenseitigen Abhangigkeit zwischen dem 
Wlrmeiibertragungsmechanismus und der Struktur der Sekund%rstriimungen werden durchgefiihrt. Im 
besonderen wird eine Parameterstudie fiir die mittlere Wlrmetibertragung im Ringspalt ausgefiihrt, desglei- 
then eine qualitative Untersuchung (mittels der Anwendung von Rauchverfahren zur Sichtbarmachung) 
der Charakteristiken der Sekundlrstrijmung in dem rotierenden System. Die Ergebnisse gehen ein in eine 
qualitative Beschreibung des Ubergangs von einem durch dynamische Auftriebskrgfte beherrschten zu 
einem durch Rotation beherrschten Stromungszustand. Im Bereich der erzwungenen Konvektion erhalt 
man eine Korrelation fiir die WZirmeiibertragung als Funktion der durch die Rotation erzeugten Reynolds- 

Zahl und des Radienverhaltnisses. 
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3KClIEPHMEHTAJIbHOE HCCJIEflOBAHHE TEIIJIOIIEPEHOCA B BEPTkiKAJIbHOM 
KOJIbqEBOM KAHAJIE C BPAI&UOaHMCII BHYTPEHHUM qUJIklHJJPOM 

~IIpen~aameHar pe3ynbTaTnr 3kamepm4errranb~oro m33re~onamm KOHB~KTEIB~~~ ~OTOKOB 
~romue~o~3a30pe~ewyrommrrpm~ BepTnmJrbEblMH mmwtpa~~.Bay~pe~* rraw~np 
span~e~cs B mrpeeaem~, a BE& ~eno~~mrea a oxn~e~cs. Henommmme ropn3omammte 

Topseme macmm VT lromqemilxaaan,mMcahfbm 06pa3ya nomcrb. Pa6oqei rexy¶efi 

cpenoBa~~1~e~cn~o3nyx. Oc~6~ri%mrrepecnpe~c~a~3~rne~ ~~~oeon~camem~eHc~n~~~~~Ten~~onepe- 
mea, ~ecH0 CBIT~~H?IO~~ co CTpyKTypOfi nOJLP TWIeHEXHaJIEiWe IXwpOmaME~eCrOti HeycTo8nHBocm 

no epauamwixcn mmehmx MOX~T up~~ecm npn Bapbupom napmeTpoe, omicbmuomix 

~~eMy,Pnog&neHHK)pB3~bIXBTopHSBbD[TefePe~. Cna~~~oti mpecrpo~oiiTeqemrnMeiimoTc~~ 
hsexammm neperroca, n pe3ymTaTe per0 o6kmio 3mpHTeJlb HO H3MeEXKWCJl TiXKlKe EHTeHCEBHOCTH 

nepemoca Tema m HMny~.npoeeneHbI3xncncpHMe~no onpenenemm B~~HMOCB~~H hfexny rdexa- 

HA3MOMTennOnepeHocaEcrpynypoaBTOpwaaa TeneHldt.Bnacraocra,eccnenosaHanap~~En~- 

Las 3aBmmomb cpemieii mmic~~Hoclg Tennonepeeoca wpe3 ronbueBoti 3a3op, a Tame asynemd 

(rmro~o~ nbmdoeoi t3myam3aum Teqemn) xawcmemiue xapamepmmim nTopmmx Tened no 

spaummueiks cHcTer+ie. Pe3ynbTam npe~cTammo Tmiecmemoeomica~~e~~epexo~a o~pemf~ac 

qwirqtum~~o c~o6o~~o~oHnemi~mM Te=mne~ L penmy cnormmipym~~~~~ Tenetmew 06yc- 
noaneHWhi Bpamemehf. kiATeiicBBmcrb TennouepeHoca npewrasneHa xax &~mgin spawa~wxb~oro 

~~aPe~O~bA~AOTHOUleHRP~~BlZJUl~L(eJIbROTOCny9811CB060~OHOHBeKTHBHO~O~HMa. 


