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Abstract

This work experimentally investigates the heat transfer characteristics of Taylor–Couette–Poiseuille flow in an annular channel by
mounting longitudinal ribs on the rotating inner cylinder. The ranges of the axial Reynolds number (Re) and the rotational Reynolds
number (ReX) are Re = 30–1200 and ReX = 0–2922, respectively. Three modes of the inner cylinder without/with longitudinal ribs are
considered. A special entry and exit design for the axial coolant flow reveals some interesting findings. The value of Nusselt number
(Nu) is almost minimal at the inlet of the annular channel, and then sharply rises in the axial direction. The average Nusselt number
ðNuÞ increases with Re. Nu increases rapidly with ReX at low Re (such as at Re = 30 and 60) but that the effect of ReX decreases as
the value increases (such as at Re = 300–1200). The ratio Nu=Nu0 increases with ReX and exceed two at all Re and in the test modes.
The heat transfer is typically promoted by mounting longitudinal ribs on the rotating inner cylinder, especially at Re = 300 and 600.
When Re = 300 or 600 and ReX > 2000, the Nu of the system with ribs reaches around 1.4 times that of NuA (Nu in mode A). Under
a given pumping power constraint (PRe3), the Nu of the system with ribs (modes B and C) generally exceeds that without ribs (mode
A), while the difference between the values of Nu in modes B and A slowly falls as PRe3 increases. Additionally, mode B (with ribs)
is preferred for high heat transfer when PRe3 < 4.5 � 1013 but mode C (with cavities on ribs) is optimal for high heat transfer when
PRe3 > 4.5 � 1013.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Many engineering applications involve rotating machin-
ery components. They include rotating membrane filters,
co-axial rotating heat pipes, rotating extractors, cylindrical
bearings, and rotating power transmission systems [1–5]. A
basic configuration for rotating machinery components is
the annulus with a stationary outer cylinder and a rotating
inner cylinder. The flow in such an annulus is called
Taylor–Couette flow, in which the famous Taylor vortices
0017-9310/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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appear when the rotational speed exceeds a critical value.
These Taylor vortices (or the stability of the flow) have
been studied extensively. These investigations [6–10] dem-
onstrated the effects of the centrifugal force and the Corio-
lis force on the flow characteristics and showed that the
following five dynamical transitions occur in the following
order, as the rotational speed is slowly increased; laminar
Couette flow ? laminar Taylor vortex flow ? wavy vortex
flow ? quasi-periodic wavy vortex flow ? weakly turbu-
lent wavy vortex flow ? turbulent vortex flow. Addition-
ally, the combination of Taylor–Couette flow and axial
flow (Taylor–Couette–Poiseuille flow) has motivated many
studies. Some works [11–13] have examined the generation
and evolution of the vortex flow and have shown the
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Nomenclature

L length of the inner cylinder (m)
Nu local Nusselt number, Eq. (5)
Pr Prandtl number of fluid
q wall heat flux (W/m2)
ri radius of the inner cylinder (m)
ro radius of the outer cylinder (m)
Re axial Reynolds number, Eq. (2)
Ree effective Reynolds number, Eq. (8)
ReX rotational Reynolds number, Eq. (3)
Tb fluid bulk temperature (�C)
Tw wall temperature (�C)
Ta Taylor number, Eq. (1)
Va average axial velocity through the annular chan-

nel without ribs (m/s)
z axial coordinate (m)

Greek symbols

l viscosity (kg/m s)
q fluid density (kg/m3)
X rotational speed of the inner cylinder (rad./s)

Superscript

– average

Subscript

0 stationary state
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damping effect of the imposed axial flow on the internal
motions of the vortices.

Excessive thermal stress can damage rotating machinery
components. This fact has motivated numerous interesting
studies on the mechanism of heat transfer in Taylor–
Couette flow or Taylor–Couette–Poiseuille flow. Becker
and Kaye [14] analyzed the effect of the radial temperature
gradient on the stability of Taylor–Couette flow. They
found that heating the inner rotating cylinder stabilizes
the flow, while heating the outer stationary cylinder desta-
bilizes it. They also plotted the Nusselt number against the
Taylor number. The Taylor number is defined as

Ta ¼ q2X2½ðro þ riÞ=2�ðro � riÞ3

l2
ð1Þ

Their data showed that the Nusselt numbers remained con-
stant until the Taylor number exceeded a critical value, at
which the Taylor vortices appear, beyond which they in-
creased with Taylor numbers. Hayase et al. [15] numeri-
cally studied convective heat transfer in Taylor–Couette
flow with periodically embedded cavities on the outer sur-
face of the inner cylinder or on the inner surface of the out-
er cylinder. Their three-dimensional calculations indicated
how the flow in a cavity interacts with Taylor vortices in
the annular space to enhance heat transfer. Embedding
cavities into the inner cylinder increases the transport of
heat by a factor of 1.2 and embedding cavities into the out-
er cylinder increases the transport of heat by a factor of 1.1,
relative to the heat transfer in the case with coaxial cylin-
ders with smooth surfaces. Gardiner and Sabersky [16]
measured the heat transfer coefficients in the Taylor–
Couette problem with superimposed axial flow. The effects
of the Taylor number, the axial Reynolds number and the
Prandtl number on the heat transfer were elucidated. Their
tests involved two rotors. One had a smooth surface, and
the other had 30 longitudinal slots. Their data revealed that
the heat transfer coefficients were normally higher in the
latter case . They also reported that the motion of Taylor
vortices decayed as the axial Reynolds number increased.
These results are consistent with those of Simmers and
Coney [17]. These researchers developed a Reynolds anal-
ogy solution to determine the heat transfer characteristics
of combined Taylor vortices and axial flows. Lee and
Minkowycz [18] measured the mass transfer of naphthalene
to determine the heat transfer coefficients in a Taylor–
Couette–Poiseuille problem. In their tests, the surfaces of
the cylinders that comprised the annuli were either smooth
or one was smooth and the other was grooved parallel to
the axis. They found that the Nusselt number increased
with the axial Reynolds number at low Taylor numbers
but that the axial Reynolds number fell as the Taylor num-
ber continues to increase. Additionally, a critical Taylor
number exists for a given axial Reynolds number, beyond
which the Nusselt number increases sharply. Jakoby et al.
[19] measured the flow field in the Taylor–Couette–Poiseu-
ille flow using a time-dependent laser Doppler anemometer
(LDA) and obtained the heat transfer from the hot gas to
the rotating inner cylinder by a steady-state method. They
produced a stability map to describe the evaluation of
secondary Taylor-vortex flows based on the interactions
between the Taylor–Couette flow and the axial flow. They
also presented the relationship between the Nusselt number
and the effective Reynolds number. The cited investigations
have improved our understanding of the heat transfer
mechanism in Taylor–Couette flow and Taylor–Couette–
Poiseuille flow. Some have suggested the use of longitudi-
nal cavities, slots, grooves or ribs in the annulus to promote
heat transfer.

This work experimentally investigates the heat transfer
characteristics of Taylor–Couette–Poiseuille flow in an
annular channel by mounting longitudinal ribs on the
rotating inner cylinder. Unlike in the literature, herein,
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three cavities were cut on the top surface of each longitudi-
nal rib. This is a new configuration. As far as the authors
know, the thermal performance of this configuration has
not been studied. Additionally, the presented system has
a specially designed entry and exit for axial coolant flow
in practical applications (for example, in the rotary blade
coupling of a four-wheel-drive vehicle). The axial coolant
enters the front shield of the annulus through four inlet
holes, and flows from the rear shield of the annulus
through five outlet holes. These side shields affect the fluid
flow characteristics. Therefore, the pertinent thermal
behaviors in such a system are of great interest. Various
axial Reynolds numbers and rotational Reynolds numbers
are considered in the experiments conducted in this work.
The results obtained herein indicate that the modified con-
figuration with cavities on the ribs has potential in cooling
the rotating machinery components.

2. Experimental apparatus and test section

The experimental apparatus presented in Fig. 1 was
designed for measuring the heat transfer coefficient from
the rotating inner cylinder to the air in the annular channel
Fig. 1. Experim
with axial air flow. The apparatus comprised four main
parts: 1. rotating system; 2. test section; 3. data acquire-
ment system, and 4. air supply system. The rotating system
employed a 5 HP AC induction motor that drove the rotat-
ing shaft using a belt pulley system. The rate of rotation
could be adjusted using an inverter to a maximum of
2000 RPM. Rates of rotation of 0, 73, 103, 230, 325, 727
and 1028 RPM were tested. The rate of rotation was mea-
sured using a photo-electronic tachometer. The assembly of
the rotating system and the test section was dynamically
balanced. The test section had a rotational inner cylinder
and a stationary outer housing. The inner cylinder with a
length of 120 mm and an outer diameter of 120 mm was
made of 40 mm-thick Teflon. Teflon has a very low con-
ductivity and can reduce heat loss through the inner cylin-
der. The outer housing, made of 20 mm-thick aluminum
alloy, consisted of three parts: 1. front shield; 2. outer cyl-
inder, and 3. rear shield. The outer cylinder was 165 mm
long and had a diameter of 134 mm. The inner-cylinder
configuration had three test modes, as shown in Fig. 3.
Mode A involved an inner cylinder with a smooth outer
surface. In modes B and C, four longitudinal aluminum
ribs were periodically mounted on the outer surface of
ent setup.



Fig. 2. Test section and detailed thermocouple positions.
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Fig. 3. Comparison with others’ data for the system with smooth wall.
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the inner cylinder. In mode C, three cavities were mounted
on the top surface of each rib. Fig. 3 displays the dimen-
sions of the ribs and the cavities and the positions of
embedded TT-T-30SLE thermocouples. Twelve thermo-
couples were embedded in the inner cylinder with equal
spacing in the axial direction. Three thermocouples were
used to measure the ambient temperature, the air tempera-
ture at the channel inlet and the air temperature at the
channel outlet. Five thermocouples were used to monitor
the temperature on the outer surface of the outer housing.
They were connected to a YOKOGAWA 2500E data
recorder through the data slip ring and the passage in the
inner cylinder and the rotating shaft. A film heater was
attached to the outer surface of the inner cylinder. It was
heated by a dc power supply through a brush and a power
slip ring. The input power to the heater was determined as
the product of the voltage and the current, read using a
precision shunt resistor. The axial air flow was blown into
the air tank by the air compressor. The air initially flowed
through a filter to remove the oil, the water and the parti-
cles, then it entered the buffer chamber through the four
inlet holes in the front shield before flowing into the annu-
lus to carry the heat from the rotating inner cylinder, and
finally impinged on the rear shield before running from
the five outlet holes in the rear shield. The diameter of
the inlet and outlet holes was 12.7 mm. Air flow rates of
11, 22, 111, 222 and 444 l/min were used in the tests, as
determined by a flow meter. The system was assumed to
be in the steady state when the temperature did not vary
by more than 0.2 �C in 15 min. Pressure data were obtained
at the channel inlet and the channel outlet using pressure
transmitters.

3. Data reduction and uncertainty analysis

The measured fluid velocities, the rotational speeds and
the pressure drops are used to determine the axial Reynolds
numbers (Re), the rotational Reynolds numbers (ReX) and
the dimensionless pressure drops (P), using

Re ¼ qV aðro � riÞ
l

ð2Þ

ReX ¼
qðriXÞðro � riÞ

l
ð3Þ

P ¼ Dp

0:5qV 2
a

ð4Þ

where Va represents the average velocity through the annu-
lar channel without ribs; ro is the radius of the outer cylin-
der; ri is the radius of the inner cylinder; X is the rotational
speed of the inner cylinder, and Dp represents the pressure
drop through the present system.
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The local heat transfer coefficient (h) is evaluated as the
ratio of the wall heat flux (q) to the difference between the
local wall temperature (Tw) and the local coolant bulk tem-
perature (Tb). The wall heat flux from (q) the outer surface
of the inner cylinder to the flowing air is determined by
subtracting the heat loss from the power supplied to the
film heater. Ref. [20] presents the details of the heat loss
test. The loss of the total input power is 6.3% in extreme
cases. The fluid bulk temperature (Tb) can be determined
by considering the local energy balance of input heat, esti-
mated heat loss and the fluid enthalpy change. The annular
channel is divided into 12 heating elements. The upstream
bulk temperature of the first heating element is the mea-
sured inlet air temperature, and then the downstream bulk
temperature can be evaluated by the method of the energy
balance. Using the downstream bulk temperature of the
previous heating element as the upstream bulk temperature
of the following heating element, the bulk tempera-
tures throughout the annular channel can be obtained.
Finally, the Nusselt number is calculated by the following
definition:

Nu ¼ qðro � riÞ
ðT w � T bÞk

ð5Þ

Nu ¼
X12

i¼1

ðNuDzÞi

 !,
L ð6Þ

The thermal conductivity (k) of air is based on the local
bulk temperature; L is the length of the inner cylinder.

The maximum experimental uncertainty in the axial flow
rate was around ±3.7% at 11 l/min. The rate of rotation
was measured using a tachometer with some oscillation.
The uncertainty in the rate of rotation was ±2.2%. The
uncertainty in the pressure was ±6.4%. The errors in the
temperature measurements were resulted from the inaccu-
racies in the recorder readings (about ±0.2 �C). Heat loss
was responsible for an experimental uncertainty in the heat
balance of ±6.5%. The analysis involved uncertainties in
the thermophysical properties of air. Uncertainties in
parameters were estimated using the root-sum-square
method of Kline and McClintock [21] and Moffat [22].
The measured value and its uncertainty were given by
R = R ± dR. The uncertainties in the axial Reynolds num-
ber (Re), the rotational Reynolds number (ReX), the
dimensionless pressure drop (P) and the average Nusselt
number ðNuÞ were estimated to be ±4.4%, ±3.0%, ±7.5%
and ±7.6%, respectively.

4. Results and discussion

In this work, the axial Reynolds numbers (Re) and the
rotational Reynolds number (ReX) vary from 30 to 1200
and from (zero OR 0) to 2922, respectively. Three modes
of the inner cylinder without/with longitudinal ribs are
tested. A series of experiments are conducted to determine
the effects of Re, ReX and test mode on the convective heat
transfer of Taylor–Couette–Poiseuille flow in an annulus.
4.1. Experimental validation

Data concerning the system without ribs, obtained by
Gardiner and Sabersky [16] and Lee and Minkowycz [18],
are compared with the data herein to examine the validity
of the present experiments. A description of the convective
heat transfer based on effective velocity, provided by Gaz-
ley [23], is also employed. The effective velocity combines
the average axial velocity (Va) and the peripheral velocity
(riX) of the rotating inner cylinder and is expressed as

V e ¼ ½V 2
a þ ðriX=2Þ2�0:5 ð7Þ

The effective Reynolds number is given by

Ree ¼ qV eðro � riÞ=l ð8Þ
Fig. 3 compares the results using the dimensionless param-
eter, Nu/Pr0.4. As shown, the most of the data at Re = 30
and 60 lie on the curve extended from that fitted to the data
presented by Lee and Minkowycz [18]. However, the data
at Re P 300 clearly exceed those reported by Gardiner
and Sabersky [16] and Lee and Minkowycz [18]. The
dependence of Nu/Pr0.4 on the Reynolds number at
Re P 300 is much weaker than the values 0.5–0.8 as pre-
sented by Jakoby et al. [19]. The deviation is caused by
the system configuration used herein. The system herein
is not a typical one for solving the problem of Taylor–Cou-
ette–Poiseuille flow. It includes a specially designed entry
and exit through which axial coolant flows (Fig. 2) for
use in practical applications. The axial coolant initially en-
ters the buffer chamber through four inlet holes in the front
shield, before flowing into the annulus to carry the heat
from the rotating inner cylinder, and finally impinges on
the rear shield and runs away from five outlet holes in
the rear shield. Therefore, the following types of fluid flow
promote the heat transfer in the present system; (1) axial
flow through the annular channel; (2) suddenly expanding
flow at the outlet of the annular channel; (3) swirling flow
near the rear shield and the rear part of the annular chan-
nel when the inner cylinder rotates; (4) Taylor–Couette
flow in the annular channel when the rate of rotation of
the inner cylinder exceeds a critical value. In a typical case,
the heat transfer in the Taylor–Couette–Poiseuille flow is
only affected by the axial flow and the Taylor–Couette
flow. However, in real applications, such as the system
herein, an additional complex flow caused by the rear
shield must be considered.

4.2. Thermal behaviors in the stationary state

Fig. 4 presents the local Nusselt number (Nu0) in the
axial direction when the inner cylinder is stationary. The
data indicate that the distributions of Nu0 are generally
smooth in the axial direction. This heat transfer character-
istic differs from that associated with the channel flow, in
which the local Nusselt number is typically maximal at
the leading edge of the heating surface and slowly declines
in the direction of the stream. The rear shield used herein is
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Table 1
The corresponding factors of correlation on the Nusselt numbers without
rotating

Nu0 ¼ mRen, 30 6 Re 6 1200

Mode A Mode B Mode C

m 0.12 0.13 0.36
n 0.65 0.68 0.48
rms (%) 2.2 3.3 1.2

Re
0
208
293
654

Ω
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responsible for this difference, as causes the impinging and
suddenly expanding flow to promote the transfer of heat at
the rear of the annular channel. Additionally, Nu0 increases
with the Re. Furthermore, the mounted ribs cause Nu0 in
mode B to exceed that in mode A. Nu0 is best in mode C
when Re is small (as at Re = 30) but is worst in mode C
when Re is large (as at Re = 600 or 1200). Fig. 5 shows this
result, by plotting the average Nusselt number ðNu0Þ as a
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Fig. 5. Average Nusselt number as a function of axial Reynolds number
for the inner cylinder in the stationary state.
function of the axial Reynolds number when the inner
cylinder is stationary. This finding can be explained as
follows. The system in mode C has ribs on the inner
cylinder with three cavities in each rib. The cavities increase
the effective surface to dissipate heat at small Re. However,
at strong axial flow, heat accumulates in the cavities, reduc-
ing heat transfer. Fig. 5 also shows that Nu0 of the system
herein exceeds that reported by Carpenter et al. [24] when
Re exceeds about 200, because the impinging and suddenly
expanding flow near the rear shield in the system herein.
Finally, the measured data yield the following relationship
between Nu0 and Re.

Nu0 ¼ mRen ð9Þ
where m and n, presented in Table 1 for various test modes,
are the corresponding factors in Eq. (9). The average devi-
ation between the experimental data and those evaluated
by Eq. (9) is under 4%. The range of application is
30 6 Re 6 1200.
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4.3. Thermal behaviors in the rotating state

Fig. 6 plots the Nusselt number distributions (Nu) in the
axial direction for a rotating inner cylinder. The data reveal
that Nu is almost minimal at the inlet of the annular chan-
nel and rapidly increases in the axial direction. It differs
greatly from that reported by Jakoby et al. [19], whose
experimental findings showed that Nu is high in the inlet
of the annular channel, and slowly falls along the axis until
the thermal boundary layer is fully developed, and rises
slightly because of the transition of the flow. The rear
shield in the system herein explains the difference between
the results herein and those in the literature [19]. The com-
bination of the rear shield and the rotating inner cylinder is
responsible for three fluid flow behaviors near the rear
shield and the rear part of the annular channel: (1) the flow
impingement on the rear shield; (2) the sudden expansion
of the flow; (3) the swirl of the flow. These three fluid flow
behaviors promote the dissipation of heat from the heated
surface. Their impact is stronger further downstream in the
annular channel. Fig. 6 plots the data obtained when the
inner cylinder is stationary. The rotation clearly promotes
the heat transfer. As aforementioned in Section 4.1, in
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Fig. 7. Average Nusselt number results for the inner cylinder in the
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the system herein, the rotation of the inner cylinder yields
two types of flow; (1) swirling flow near the rear shield
and the rear part of the annular channel; (2) Taylor–Cou-
ette flow in the annular channel. These two flows promote
heat transfer, especially at the rear of the annular channel.
Notably, in Fig. 6, Nu increases markedly with ReX when
Re is small (such as Re = 30). However, when Re becomes
large (such as Re = 600 or 1200), the increased ReX only
slightly increases Nu, because the high flow rate in the axial
direction prevented the Taylor vortex from appearing.
Fig. 7 plots the Nu results obtained when the inner cylinder
is rotating. The data demonstrate that Nu increases with
Re. They also indicate that the Nu increases rapidly with
the ReX at low Re but less quickly at higher Re, revealing
that the critical Taylor number, above which Nu increases
rapidly, increases with Re. Fig. 7 also plots the relationship
between Nu and ReX at zero axial flow reported by Becker
and Kaye [14] as the baseline.

4.4. Enhancing heat transfer

The ratio of Nu to Nu0 is introduced to elucidate the
effect of ReX on the enhancement in heat transfer. Fig. 8
plots Nu=Nu0 as a function of ReX. The results indicate that
Nu=Nu0 increases with ReX and exceeds two at all Re and in
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Table 2
The corresponding factors of correlation on the Nusselt number ratios with varying rotational Reynolds numbers

Nu=Nu0 ¼ aReb
X, ReX 6 2922

Mode A Mode B Mode C

Re = 30 60 300 600 1200 Re = 30 60 300 600 1200 Re = 30 60 300 600 1200

a 0.011 0.23 0.65 0.49 0.42 0.021 0.11 0.81 0.25 0.22 0.019 0.096 0.77 0.62 0.91
b 0.74 0.34 0.10 0.11 0.16 0.62 0.40 0.14 0.21 0.17 0.60 0.36 0.14 0.15 0.11
rms (%) 2.00 0.36 0.94 0.99 0.26 0.34 1.07 0.18 0.16 0.38 0.40 0.37 0.57 0.02 0.18

ReΩ
0

208 Correlation
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all test modes. In this figure, open symbols represent the
data; the lines through these symbols are least-square fits,
and the basic correlation function is

Nu

Nu0

¼ 1þ aReb
X ð10Þ

Table 2 presents the coefficients a and b at various Re and
in various test modes. The average deviation between the
experimental data and those obtained by Eq. (10) is less
than 2%. The range of application is ReX 6 2922. Notably,
the dependence on ReX (i.e. b in Eq. (10)) at Re = 30 ranges
is given by b = 0.6–0.74, and at Re = 60, by b = 0.34–0.40,
and at Re = 300–1200 by b = 0.10–0.21, indicating again
that Nu increases rapidly with ReX at low Re but less rap-
idly at higher Re. The effect of the test mode on heat trans-
fer enhancement is now considered. NuA (Nu in mode A) is
used as the baseline. The ratio of Nu to NuA is considered to
investigate the effect of the test mode on the increase in heat
transfer. Fig. 9 plots Nu=NuA against ReX. Mounting longi-
tudinal ribs on the rotating inner cylinder normally in-
creases heat transfer, especially at Re = 300 and 600.
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When Re = 300 or 600 and ReX > 2000, Nu of the system
with ribs reaches around 1.4 times NuA.

4.5. Heat transfer for at given pumping power constraint

Two important characteristics – heat transfer perfor-
mance and pressure drop – are examined by performing
experiments on fluid flow and heat transfer. The experi-
mental results presented in the preceding sections clearly
show that the heat transfer performance of the system with
longitudinal ribs is better than that of the system without
ribs. However, the ribs may obstruct the flow and increase
the pressure drop in the annular channel. Therefore, more
power is required to maintain the same flow rate as in the
annular channel without ribs. Fig. 10 indicates that the
dimensionless pressure drop (P) through the system herein
declines as Re increases. Open symbols represent the data
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Fig. 10. Dimensionless pressure drop through different test modes.



Table 3
The corresponding factors of correlation on the dimensionless pressure drop with varying axial Reynolds numbers

P = cRed, Re = 30–1200

Mode A Mode B Mode C

ReX = 0 208 924 2922 ReX = 0 208 924 2922 ReX = 0 208 924 2922

c 1.20e10 1.86e10 1.60e10 1.00e10 1.62e10 1.73e10 1.24e10 1.00e10 1.77e10 2.06e10 1.27e10 1.27e10
d �1.71 �1.81 �1.77 �1.67 �1.76 �1.79 �1.68 �1.63 �1.78 �1.82 �1.69 �1.68
rms (%) 8.39 8.13 7.12 13.84 16.40 7.15 7.51 15.97 7.80 6.01 11.63 5.36
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obtained for various ReX and test modes; the lines that pass
through these symbols are least-square fits, and the basic
correlation function is

P ¼ cRed ð11Þ

Table 3 lists the coefficients c and d for various ReX and in
various test modes. The average deviation between the
experimental data and those obtained by Eq. (11) is
approximately 9.6%. The range of application is 30 6
Re 6 1200. Notably, the variations among the dimension-
less pressure drops at various ReX and in various test
modes seem to be negligible, suggesting that most of the
pressure drops are caused by the inlet and the outlet of
the system. Additionally, a dimensionless pumping power
(PRe3) is introduced to determine the optimal test mode
for high heat transfer. Fig. 11 plots the relationship be-
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Fig. 11. Average Nusselt number as a function of dimensionless pumping
power.
tween Nu and PRe3 based on Eqs. (9)–(11). The results re-
veal that Nu increases with PRe3 at various ReX and in
various test modes. The Nu also increases with ReX. The
figure shows an interest finding concerning the effect of
the test mode on the heat transfer. The Nu of the system
with ribs (modes B and C) usually exceeds that without ribs
(mode A). However, the difference between the values of
Nu in modes B and A slowly decrease as PRe3 increases.
Moreover, mode B (with ribs) is preferred for high heat
transfer when PRe3 < 4.5 � 1013 but mode C (with cavities
on ribs) is the optimal configuration for high heat transfer
when PRe3 > 4.5 � 1013.

5. Conclusions

This work experimentally investigates the effects of the
axial Reynolds numbers (Re), the rotational Reynolds
number (ReX) and the test mode on the convective heat
transfer of the Taylor–Couette–Poiseuille flow in an annu-
lus. Re and ReX are varied from 30 to 1200 and from 0 to
2922, respectively. Three modes of the inner cylinder with-
out/with longitudinal ribs are tested. The specially designed
entry and exit of the axial coolant flow (Fig. 2) yield some
interesting conclusions.

(1) The distributions of the Nusselt number (Nu0) for a
stationary inner cylinder are generally smooth along
the axis in all test modes and all values of Re used
herein. Additionally, Nu0 increases with Re. The
Nu0 values of the system with ribs (mode B) exceed
those without ribs (mode A). Among all test modes,
the Nu0 of the system with cavities on the ribs (mode
C) is best at small Re (such as Re = 30 and 60) but is
worst at large Re (such as Re = 600 and 1200).

(2) The Nusselt number (Nu) for the rotating inner cylin-
der is almost minimal at the inlet of the annular chan-
nel and then sharply rises in the axial direction. The
average Nusselt number ðNuÞ increases with Re. Nu

increases rapidly with ReX at low Re (as at Re = 30
and 60) but less rapidly at high Re (such as at
Re = 300–1200).

(3) Nu=Nu0 increases with ReX and exceeds two for all
values of Re and in all test modes. Mounting longitu-
dinal ribs on the rotating inner cylinder typically pro-
motes heat transfer, especially at Re = 300 and 600.
When Re = 300 or 600 and ReX > 2000, Nu of the sys-
tem with ribs reaches around 1.4 times NuA.
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(4) The inlet and outlet of the system are responsible for
most of the pressure loss. For a given pumping power
constraint (PRe3), Nu of the system with ribs (modes
B and C) normally exceeds that of the system without
ribs (mode A). The difference between the values of
Nu in modes B and A slowly decline as PRe3

increases. Additionally, mode B (with ribs) is pre-
ferred to maximize heat transfer as PRe3 < 4.5 � 1013

but mode C (with cavities on ribs) most promotes
heat transfer when PRe3 > 4.5 � 1013.
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