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The heat transfer characteristics in an engine-like rotating multi-stage cavity with axial throughflow are
experimentally investigated. The cavity is a model of high pressure compressor in gas turbine, which has
a gap ratio of 0.24 and a radius ratio of 0.23. Herein, the effects of inertial force, centrifugal buoyancy
force, Coriolis force on the heat transfer coefficient (HTC) and the surface temperature distribution are
analyzed and discussed. The heat transfer coefficient is measured with an innovative HTC sensor whereas
the surface temperature is measured by embedded thermocouples when the shroud is heated by an
induction heater. The measurements are conducted in a wide range of non-dimensional parameters:
the maximum axial Reynolds numbers, rotational Reynolds numbers and buoyancy parameter can reach
9.87 x 10% 1.81 x 10 and 0.3, respectively. According to the experimental results, two regions with sig-
nificantly different heat transfer characteristics could be identified on both side of the interested disc,
namely, the forced convection zone caused by impingement cooling in the low radius area, and the
Rayleigh-Bénard-like convection zone in the medium and high radius areas. On both windward and lee-
ward sides of the disc, the heat transfer coefficients are zigzagging along the radial direction with two

observed peak values.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

In modern aircraft gas turbines, the compressed air is sucked
from the compressor to cool the high temperature components,
such as the combustors; turbines and bearings. The bled cooling
air then has to travel through the discs of high pressure compres-
sors to reach the cooling site. However, the cavities between the
compressor discs can generate the significant secondary flows,
which give rise to the resulting convective heat transfer between
the cooling air and the discs. Therefore, it is necessary to know
the temperature distribution and heat transfer characteristics of
the compressor discs since they influence the temperature of the
cooling air as well as the thermal stress of the rotating discs. The
convective heat transfer in rotating cavities has been widely inves-
tigated. The three dimensional unsteady flow inside the rotational
cavities attracts many research attentions due to its complexity
and importance. Both flow and heat transfer related investigations
have been conducted.
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1.1. Flow structure

It is recognized that the flow structure in the cavity with axial
throughflow depends strongly not only on the surface temperature
distribution but also on the geometric parameters. Farthing et al.
[1] made flow visualization and velocity measurements under
isothermal and non-isothermal conditions in the study of a simpli-
fied model for the flow that occurs between adjacent corotating
compressor discs. Isothermal tests were conducted over a series
of gap ratios with 0.133 < G=s/b < 0.533. For a gap ratio of G=
0.24, which corresponded to this study, the axial throughflow of
air created two toroidal vortices, one on top of the other
(Fig. 1a). Reducing the gap ratio G (or Rossby number Ro) resulted
in a weaker vortex. However, once the heated flow was involved,
the flow structure was significantly different, and it was no longer
axisymmetric. Both cyclonic and anti-cyclonic circulations were
observed in the cavity. The cold air entered the cavity through a
so-called “radial arm” (Fig. 1b). The low pressure of cyclonic circu-
lation and the high pressure of anti-cyclonic circulation led to the
pressure variations in the circumferential direction. The resulting
pressure gradient provided the Coriolis force for the radial flow
of fluid between two discs. Different from the heated disc, when
the shroud was heated, the multiple “radial arms” could be
observed [2]. More than single-stage cavities, Long et al. [3]
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Nomenclature

heat transfer area [m?]

inner radius of cavity [m]

outer radius of cavity [m]

radial coordinate [m]

axial space between discs [m]

mass flow [kg/s]

temperature [K]

gap ratio [=s/b]

nondimensional radius [=r/b]

Gr generic Grashof number |= ﬁ”gw‘z’(ziz’%)b"
0

h (HTC) heat transfer coefficient [w/(m?-K)]

XO~H3 v rToax

Nu Nusselt number [=hb/A¢]

Ro Rossby number [=W/(€2 - b)]

Re, axial Reynolds number {: %J

Re,, rotational Reynolds number [: %]
B volume expansion coefficient 1/k [: TH

ATnex  maximum temperature difference k [=Tg, — Ty]
2 heat power

) thermal conductivity [w/(m-K)]
U dynamic viscosity [kg/(m:s)]

0 density [kg/m?]

Q angular speed [rad/s]
Subscripts

0 mainstream parameters

max maximum

Sh Shroud

f reference value

w wall

net net value

loss heat loss

ses value of the sensor

std value of the calibration

ave average value

shroud

cyclonic circulation

0

(a)

conducted the flow visualization inside a heated multiple rotating
cavity with axial throughflow. The velocities inside the cavities
were in accord with the flow structure consisting of pairs of contra
rotating vortices.

Buoyancy-induced flow occurs in the cavities when the temper-
ature of the discs and shroud is higher than that of the air in the
cavities. Owen et al. [4] focused on the effects of buoyancy force
on the flow structure. The results showed that the velocity field
was three dimensional and highly unsteady due to the buoyancy
force. Moreover, the buoyancy-induced flow could be described
by the Ekman-layer equations, in which only the core flow and
the Ekman-layer were focused on [5]. Besides, Owen et al. [6]
had studied the buoyancy-induced flow occurred in the rotating
cavities with the principles of far-from-equilibrium thermodynam-
ics. These thermodynamic concepts could be used to explain how

radial inflow
(in Ekman layers)

radial outflow
/[ Inside a ‘radial arm’

anti-cyclonic
circulation

axial throughflow
of fluid at center

(b)

Fig. 1. Flow structures for an isothermal cavity (r-z-plane, a) and a heated rotating cavity (r-6-plane, b).

many vortex pairs are formed in the rotating cavities. As men-
tioned above, the buoyancy could drive the instable flows in the
rotating cavities [7,8]. The results indicated that two regions with
distinct characteristics could be identified: a free convection in the
high radius area and a forced convection in the low radius area. The
higher rotational Reynolds number or Grashof number resulted in
the lesser vortices, the stronger free convection, the weaker forced
convection and vice versa.

1.2. Heat transfer

The convective heat transfer in the rotating cavities majorly
depended on the flow parameters such as Re,, Re.,, Gr as well as
the temperature distribution of the rotating disc. Farthing et al.
[9] compared the heat transfer on the discs with the positive or
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negative temperature gradient in radial-outward direction. The
Nusselt numbers depended on the disc temperature distribution
significantly. Luo et al. [10] discussed the effects of Re, and Re,,
on the local heat transfer in a rotor-stator cavity with an inlet at
the low radius location. The heat transfer coefficient measured
with the transient thermochromic liquid crystal (TLC) technique
was mainly influenced by the rotational Reynolds number (Re,)
and the flow rate coefficient. Besides, Tang et al. [11] used the fin
equation to calculate the Nusselt numbers of rotating discs based
on the temperature data measured by Atkins and Kanjirakkad
[12]. Furthermore, Tang et al. [13] developed a theoretical model
to predict the Nusselt numbers and the temperature profiles on
the compressor disc based on the fin equation. The theoretical dis-
tributions of Nusselt numbers and disc temperature agreed well
with the experimental results, especially at the higher Grashof
numbers when the buoyancy-induced flow dominated.

The buoyancy effects on the heat transfer in rotating cavities
with axial throughflow have been well studied by researchers.
Owen and Powell [4] measured the Nusselt numbers in a heated
rotating cavity when the values of Re,, was up to 3.2 x 10% and
Re, up to 4.8 x 10%. The heat transfer on the disc was influenced
significantly by the buoyancy force when the values of Re, was
small. While the larger Re,, resulted in an increase in the heat
transfer at the low radius area, which was similar with the effects
of the axial throughflow of cooling air dominating the flow. It was
reported that the free convection was the dominate factor when
the momentum of the axial flow was low or the buoyancy force
was strong [14,15]. The buoyancy-induced flow instability
strengthened the convection in the cavity whereas the axial
throughflow elevated the flow mixing or depressed the vortexes.
Both of them resulted in a higher heat transfer of the rotating discs
[16]. More details about the buoyancy-induced flow in rotating
cavities could be seen in the review of Owen and Long [17].

1.3. Heat transfer measurements techniques

In order to measure the heat transfer coefficient of the heated
shroud or rotating discs, fluxmeters or thermocouples were com-
monly used in the previous mentioned literatures. In addition,
Newton et al. and Owen et al. [18,19] employed thermochromic
liquid crystal (TLC) technique for the measurements of “slow tran-
sient” cases and made an improvement of the transient TLC tech-
nique. According to their results, experimenters could quantify
and minimise the uncertainties in HTC resulting from the use of
narrow-band TLC in slow-transient heat-transfer experiments.
Such as the application to a rotating disc, Lock et al. [20] and Luo
et al. [21,22] analyzed the convective heat transfer of a simplified
model of a gas turbine rotor-stator system and added to the lack
of available experimental data concerning the heat transfer charac-
teristics. Also, the convective heat transfer on the rotating disc was
investigated by Pellé and Harmand [23,24| with infrared thermog-
raphy technique. Based on the surface temperature measured with
this technique, a new thermal balance equation was used to iden-
tify the local heat transfer coefficient. Uffrecht et al. [25] developed
an electro-thermal measurement system to measure the heat
transfer coefficients in gaseous flow with metallic boundaries. It
provided a new determination of the fluid reference temperature
and delivered always positive heat transfer coefficients. What is
more, the miniaturized HTC sensors with low energy consumption
fulfilled the requirements of the turbomachinery measurements
[26].

As mentioned above, the flow parameters such as Re,, Re,, Gr as
well as the disc temperature distribution are critical important in
influencing the flow and heat transfer in the rotating cavities. How-
ever, most investigations employed the single-stage cavities and
the simplified geometries as the model, which were different from

the real engine. Besides, aside from a variety of traditional heat
transfer measurements techniques in the rotating discs, and new
methods were kept developing and testing in the literatures.
Therefore, the objective of this work is to investigate the heat
transfer in an engine-like multi-stage rotating cavities with a novel
HTC measurements technique.

2. Experimental investigation
2.1. Test rig

As shown in Fig. 2, the experiments are conducted on a rotating
platform. The system consists of the air supply subsystem, the
heating subsystem, the test section and the data acquisition sub-
system. The rotating components are driven by a 30KW
thyristor-controlled electric motor and the maximum rotational
speed, which is measured (to an accuracy of +1rpm) with an
tacho-ratiometer, is 3000 rpm. The mass flow of the cooling air is
measured with a FCI-ST98 Thermal Flowmeter, and the uncertainty
is about +3%. The voltage outputs of the temperature and HTC sen-
sors are converted into digital data with an AD-converter module,
and then the digital data are transmitted to a computer using the
slip-rings. The pressurized air enters the rotating hollow shaft,
flows through the discrete holes to rectify the air, and then reaches
the test section.

The test section (Fig. 3) includes five stainless steel discs (four
cavities). The temperature and the heat transfer measurements
are performed on the third stage disc, and the associated second
cavity has a gap ratio of G=0.24 and a radius ratio of a/b =0.23.
There are a series of thermocouples and heat transfer coefficient
sensors on the windward and leeward surface of the rotating discs.
The surface temperature of the discs and air inlet temperature are
measured by the 0.3 mm (in diameter) T-type (copper-constantan)
thermocouples. The uncertainty of the thermocouple measure-
ments was calibrated to be +0.3 °C/100 °C. The beads of the ther-
mocouples are welded on the metal surface. Then the wires of
thermocouples and the HTC sensors are covered by stainless steel
sheets in order to avoid the flow disturbance. The HTC measure-
ments are introduced in the next section in detail. The locations
of the thermocouples and heat transfer coefficient sensors are
shown in Table 1. The disc shroud is heated by an induction heater
with a maximum heating power of 7 KW. The experimental param-
eters and the uncertainties are summarized in Table 2.

2.2. Heat transfer coefficient measurements

The convective heat transfer coefficient is an important index to
evaluate the strength of the wall-to-fluid thermal energy transfer.
Traditionally, the local and the average heat transfer coefficients
are calculated based on the Laplace’s equation and Newton'’s law
of cooling according to the boundary conditions measured by ther-
mocouples [27,28]. The HTC calculated by this method is negative
in some locations. Besides, this approach is an example of an
inverse problem where small uncertainties in the temperatures
could create large uncertainties in the computed heat transfer
coefficients [29]. In this work, we employed a new method, which
has been developed and validated by Quan et al. [30], to measure
the heat transfer coefficient with a small HTC sensor. The HTC
sensor is a cylinder with diameter of D = 10 mm and height of H
=7 mm. It includes heating plate, thermocouples, shell of the body
and adiabatic dope as shown in Fig. 4(a). The heating plate, which
is the key component, is made of lacquered wire winding
(d =0.06 mm) with double layer. The advantages of the heating
plate are: uniform heat flux and convenience for adding electric
field. To reduce radiant heat loss, the heating plate is covered with



Y. Quan et al./International Journal of Heat and Mass Transfer 119 (2018) 117-127

120
Cooling . Bypass i

air Compressor Gas-tank Pressurizer tank Filter Valve

}

Induction
heater
/ —
+ . < N
- Thermal Mass|
flowmeter

I10SUIS

damerddwd ],

Power
signal

|~ ]
[Moto:

Fig. 2. Scheme diagram of the rotating test rig.
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Table 1
Radial locations of thermocouples and heat transfer coefficient sensors.

The locations of the heat
transfer coefficient sensors

The locations of the
thermocouples

Number X=r/b Number X=r/b
T1-T4 1.056 Q1(Q2) 1
T5(T6) 1 Q3(Q4) 0.938
T7(T8) 0.946 Q5(Q6) 0.89
T9(T10) 0.845 Q7(Q8) 0.701
T11(T12) 0.755 Q9(Q10) 0.46
T13(T14) 0.654 Q11(Q12) 0.31
T15(T16) 0.532
T17(T18) 0.392
T19(T20) 0.268
T21 0.225

Table 2

Experimental parameters and uncertainties.
Parameters Range Uncertainty
w (rad/s) 62.8 <w <2094 +1 rad/s
m (kg/s) 0.08 <m<0.22 +3%
Tsn 333 =T, =373 0.3 K
Re, 5.42 x 10° < Re, < 1.81 x 10° 0.07-0.18%
Re, 3.73 x 10* < Re, < 9.87 x 10* 1.93-5.04%
BAT max 0.16 < BATmex < 0.3 1-1.86%

an aluminum foil. The shell is made of polyfluortetraethylene and
the insulations are used to reduce the conductive heat loss in radial
and axial direction. According to the Newton’s law of cooling, the
heat transfer coefficient, h, could be calculated as follows.

q)net

"= AT, - T

= (UI - (I)Ioss)/A(Tw - Tf) (1)
where @, is the net heat power, A is the heat transfer area on the
heating plate, T,, is the temperature of the heating plate which is
measured by the thermocouple 1 and Ty is the fluid inlet tempera-
ture. The total heat power of the heating plate is determined by

the voltage U and the current I. The heat loss (®,.) is calculated
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based on the temperature difference AT between the thermocouple
1 and 2 as shown in Fig. 4(a). In order to calibrate the relation
between the heat loss and the temperature difference, a separated
heat loss calibration experiment is conducted, in which the front
surface of the sensor is covered with the insulation (in this case,
h =0 and therefore Ul=®,;). A fitting relationship between the AT
and the heat loss (@) is obtained by changing the heating power
(which equals to @y,). When applying the sensors, the modified
heat loss could be calculated by submitting the real temperature
difference AT to Eq. (2).

®y5s = Ul = F(AT) 2)

The calibrations of the HTC sensors are conducted under both
non-rotating and rotating conditions. Firstly, the HTC sensors are
installed in a non-rotating rectangular pipe, as shown in Fig. 4(b)
which has an inner diameter of 0.048 m and a length of 4 m. The
distance between the sensor and the inlet of the pipe is 3.5 m
where the flow has been fully developed. Aside from the HTC sen-
sors, the calibration apparatus as shown in Fig. 4c (a carbon film
heater with a thickness of 0.2 mm) is installed in the channel to
measure an average heat transfer coefficient as the reference. The
carbon film is the key component whose role is similar to the heat-
ing plate of the HTC sensors. Different from the HTC sensors, the
thermal insulation of the calibration apparatus is better with the
effects of the large-area polystyrene board (the cross-sectional
dimensions: 320 x 80 mm, thickness: 100 mm). Therefore, the cal-
ibration apparatus can use the Eq. (1) to obtain the HTC which is
more accurate. Moreover, two heat transfer correlations are com-
pared with the results of the calibration apparatus in the Appendix
A. The calibration results of the HTC sensor under the constant
inlet Reynolds number are shown in Fig. 5(a). There is a good
repeatability although the temperature difference AT between
the thermocouple 1 and 2 is different. However, heat transfer coef-
ficients measured by the sensors are not equal to the calculated
HTC with the calibration apparatus. Therefore, a correlation factor
K, which is the ratio between the heat transfer coefficient mea-
sured by the sensor and that measured by the calibration appara-
tus, is introduced as K= hge/hsy. Fig. 5(b) shows that the
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Fig. 4. (a) The magnified view of the HTC sensor. (b) Schematic diagram of the non-rotating calibration system. (c) The cross-section of the calibration apparatus.
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correlation factor K is kept at a constant of around 1.97 for a variety
of inlet Reynolds numbers. Secondly, the sensors are assembled on
a rotating stainless steel disc with a diameter of 800 mm and a
thickness of 25 mm, the sensor is installed at the location with
the radius 250 mm. In both cases, the outputs of the sensors are
compared with the calibration apparatus in each configuration,
and the results show that the K has the same value under non-
rotating and rotating state. It is calibrated that the relative uncer-
tainty of the HTC measurements is less than 5%. Besides, artificial
factors have important influence on the manufacture of the sen-
sors, so different sensor has different value of K.

3. Experimental results and analysis

In a rotating cavity, the flow and heat transfer is normally influ-
enced by the following factors: the momentum of the axial flow,
the rotation induced Coriolis force, and the rotation induced buoy-
ancy. Therefore, the effects of Re,, Re,,, and BAT,q are investigated
and discussed individually.

The local temperature and HTC distributions presented below
could be better explained by flow models given by the previous
research of Farthing et al. [1] and Long et al. [3] described in the
introduction. Previous research by Owen et al. [4] showed that
the flow inside heated rotating cavities is three-dimensional and
unsteady, especially the effects of buoyancy-induced vortex struc-
tures in the r-0-plane, seen in Fig. 1(b). The assumed, time-
averaged flow structures for the investigated flow cases are shown
in Fig. 6. A flow structure in the r-z-plane with two toroidal vor-
tices is assumed, corresponding to flow visualizations by Farthing
et al. [1] shown in the Fig.1(a) as a result of the supposed radial
symmetry and the time-averaging at thermal steady state
conditions.

3.1. The effect of the inertia force of the axial flow

In order to investigate the effect of Re, on the wall temperature
distribution, the rotational Reynolds numbers and the buoyancy
parameter BAT are fixed at 9.03 x 10° and 0.23, respectively.

The temperature distributions on the windward and leeward
surface are not identical as shown in Fig. 7. The temperature on
the windward surface decreases when the Re, which represents
the effect of inertia force, increases from 3.73 x 10* to 9.87 x 10%,
Besides, the temperature changes significantly (about 27.92% at
X =0.268) in the low radius area which is mainly impacted by the
axial throughflow, this is because the increase of inertia force could
strengthen the forced convection and heat transfer. In the high
radius area (X =0.946), the temperature variation is only about
7.61%. The reason could be inferred that the free convection is dom-
inant in the high radius area due to limited axial throughflow. Our
temperature distributions are in agreement with the results of the
theoretical model of Owen et al. [13], for a given value of Gr, the val-
ues of the Nusselt numbers decreased as Re, decreased, which
caused an increase in the temperature of the disc.

Fig. 8 compares the variations of the average temperature in the
low radius area of windward surface and leeward surface. Here,
Tave is the average of the temperature at the location of X = 0.225,
0.268 and 0.392. In general, the average temperature on the lee-
ward surface is higher than that on the windward surface, and
the temperature drop is smaller with the higher Re,. It indicates
that the influence of inertia force on the heat transfer on windward
surface is more significant. Moreover, the difference between the
average temperatures on the two surfaces is enlarged with an
increase in Re,. The possible explanations are proposed as follows.
First, a small fraction of the axial throughflow flows into the second
cavity and cools the windward surface. Once it mixes with the
mainstream, the flow temperature at the downstream locations,
such as in the third cavity, increases which results in a decrease
of the local convective heat transfer on the leeward surface. Sec-
ond, the windward surface is prone to be effected by the axial
throughflow induced impingement, whereas the leeward surface
is majorly influenced by the backflow. Therefore, a more significant
influence is observed on the windward surface.

The radial variations of heat transfer coefficients on windward
and leeward surfaces, as shown in Fig. 9, are significantly non-
symmetrical. On the windward surface, the HTC is zigzagging in
the radial direction, and two peaks could be identified (see Fig. 9
(a)). The first peak appears at the higher radius X =0.46 instead
of the lowest radius area (the border of central wheel rim and disc)
on the disc due to the impingement effect of the axial flow. There is
a location (X =0.701) of the local minimum of the HTC due to the
border between the inner and outer vortices. Then, owing to the
direction of the rotation of the outer vortex, cold air impinges in
this area and the HTC increases there (from X=0.701 to X=
0.89). So, the second peak appears at X=0.89, which should be
induced by the highly unsteady flow around the outer vortex.
The heat transfer coefficients at the first three points (X<=0.701)
increase significantly with an increase in Re, (see Fig. 9(b)). The
most significant heat transfer enhancement (about 36.05% from
Re,=3.73 x 10 to Re, = 9.87 x 10%) is observed at the location of
X =0.46 where the first peak is measured. It supports our previous
assumption that the inertia force plays more significant role in
influencing the heat transfer in the low radius area. This is also
consistent with the findings of Owen et al. [4] who found that
the effects were consistent with the circulation created by the
cooling air dominating over the buoyancy-induced flow.

On the leeward surface, as shown in Fig. 9(c), an apparent dif-
ference can be distinguished. Firstly, the point with the lowest
radius presents the highest heat transfer in the forced convection
zone (among the first three points). Then, it decreases in the
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Fig. 7. The temperature distributions on the disc when AT, = 0.23 and Re,, = 9.03 x 10°.

radial-outward direction. In general, the heat transfer coefficients (X=0.31), and it increases by about 31.82% when the axial Rey-
are smaller than that on the windward counterparts. Besides, the nolds number changes from Re,=3.73 x 10* to Re,=9.87 x 10*
most significant heat transfer increase is found on the first point (see Fig. 9(d)). The reason could be inferred as follows. The axial
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flow generates vortexes after traveling through the center hole of
the rotating disc. The area with the lower radius is closer to the
strong inner vortex, and therefore, has the higher heat transfer.

In general, the HTC and the axial heat flux can evaluate the
strength of the wall-to-fluid thermal energy transfer for thermal
steady-state measurement. It is interesting to find that our radial
distributions of the HTC are in consistent with the axial heat flux
measured by Giinther et al. [31] with a two-cavity teat rig (the
gap ratio of G=0.27 and the radius ratio of a/b=0.21). Both of
the radial distributions are zigzag and there are two peak values
along the radial direction, one at smaller radius and the other at
larger radius, especially on the windward surface. Between the
two peaks, there is a location (X = 0.701) of the local minimum of
the HTC due to the border between the inner and outer vortices
as shown in Fig. 6. By comparing the location of the minimum, it

—8— Re =3.70x10" —— Re =4.94x10"
—A— Re =6.17x10" —v— Re =7.40x10"

—<—Re =8.64x10" —»— Re =9.87x10"

can be found that the result of Giinther et al. [31] seems to be X
= 0.65 for different flow cases. Besides, the measurement by Patou-
nas et al. [32] in a test rig with real engine components shows the
locations of the “turning-points” in the same region (X = 0.7). How-
ever, different from the previous investigations, the two peak val-
ues are our research focus. Further investigations to clarify these
turning-points should be done.

On both windward and leeward surfaces, the cavity could be
separated into two parts in radial direction based on the heat
transfer measurements. In the low radius area (X <0.701), the
effect of Re, is significant whereas the axial flow rate plays little
role in the high radius area (X > 0.701). The results agree well with
the previous investigations [3,7], in which the flow in the heated
rotating cavity is a mixture of the forced convection and the
Rayleigh-Bénard-like convection in the centrifugal force field if
the temperature gradient shares the same direction with the cen-
trifugal acceleration, therefore, different heat transfer characteris-
tics are observed in the two zones.

3.2. The effect of centrifugal buoyancy force

Compared to the non-rotating cavity, the rotation influences the
flow and heat transfer by two different means: disturb the flow in a
non-heated cavity and generate the buoyancy field in a heated cav-
ity. In order to separate the two effects, the rotational effect on the
non-heated cavity is firstly investigated. Then the effect of buoy-
ancy is analyzed in the heated cavity.

As mentioned, two peaks of heat transfer are observed on each
surface. The following analysis focuses on the locations where the
peak values are observed. Fig. 10 shows the effect of rotational
Reynolds number on the heat transfer at those four points. In
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Fig. 9. (a, ) The radial distributions of the HTC and (b, d) Effects of Re, on the HTC when AT, =0.23 and Re, = 1.35 x 106,
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Fig. 10. Effects of Re., on the peak values of HTC when BAT. ~ 0 and Re, = 4.94 x
10%.
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general, the heat transfer is enhanced by the rotation on every
points. The most significant enhancement (around 21.69%) is
observed on the point of X =0.89, windward surface. It is higher
than the heat transfer on the low radius peak instead of the previ-
ous case which is higher in low radius shown in Fig. 9(a). The rea-
sons could be inferred as follows: the rotation breaks the vortices
and promotes the mixing of the axial flow and the cavity flow,
therefore, elevates the heat transfer in general.

The above measurements and analysis are performed in an
isothermal disc whose temperature is equal to the inlet tempera-
ture of cooling air, where the buoyancy plays no role. However,
in the real application, the buoyancy force influences the flow
and heat transfer due to the large temperature gradient. Therefore,
it is interesting to investigate the effect of the buoyancy in the cav-
ity. The strength of the buoyancy is normally described by the
buoyancy parameter of the fluid (AT 4). In order to investigate
the effect of Centrifugal buoyancy force on the convective heat
transfer, the rotational and the axial Reynolds numbers are kept
at constants. As shown in Fig. 11, the heat transfer significantly
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Fig. 11. Effects of BATq on HTC variations when Re,, = 9.03 x 10° and Re, = 6.17 x 10%.
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Fig. 13. The comparison with the heat transfer correlations. (a) Re = 4.34 x 104, (b)
Re=5.66 x 10%,

decreases while the buoyancy parameter increases. The most obvi-
ous HTC decrease is measured as 56.98% at X = 0.89. The study of
TIAN [7] turned out that the free convection dominated the flow
in the cavity as Centrifugal buoyancy force increased. However,
the enhancement of the free convection made it difficult for cool-
ing air to flow to high radius area. As a result, the heat transfer
in high radius area decreased.

3.3. The effects of the Coriolis force and centrifugal buoyancy force

In this section, the axial Reynolds number and the buoyancy
parameter are fixed at Re, = 3.7 x 10% and fATnq = 0.23 separately.
As shown in Fig. 12(a), the overall heat transfer coefficients
increase with an increase in Re,. A significant heat transfer
increase is observed in the high radius area, for example, the heat
transfer is enhanced by about 34.35% at the location X =0.938 on
the windward surface when the rotational Reynold number
increases from Re, =5.42 x 10° to Re,=1.81 x 10° (shown in
Fig. 12b). Besides, the two peak values are approximately equal
instead of the previous case shown in Fig. 9(a) which is bigger in
low radius and smaller in high radius with increasing axial Rey-
nolds number. Given that the inertia force of the axial flow is
mainly influencing the low radius area, the heat transfer in the
high radius area is largely affected by the Coriolis force and cen-
trifugal buoyancy force. Meanwhile, centrifugal buoyancy force
strengthens the Rayleigh-Bénard-like convection and weakens
the forced convection. In the low radius area, the heat transfer is
affected in two different ways. On one hand, the Coriolis force
enhances the flow mixing, and in turn elevates the heat transfer.
On the other hand, the increase of the mass fraction of the axial
flow, which is sucked into the cavity, results in a weaker impinge-
ment effect and a lower heat transfer rate. As a result, the heat
transfer in the low radius area has a modest increase with an
increase in rotational Reynolds numbers.

In general, the heat transfer on the leeward surface is lower
than the windward side (Fig. 12c). The heat transfer in the low

radius area (X =0.46) increases by about 25.87% (Fig. 12d) when
Re,, increases from 5.42 x 10° to 1.81 x 10° whereas the heat
transfer coefficient increases by about 43.83% at X=0.938 in the
medium and high radius areas. The reasons could be inferred as
follows: the heat transfer in the medium and high radius areas is
affected by two mechanism. On one hand, the area dominated by
the Rayleigh-Bénard-like convection expands. Therefore, the
enhancement of the medium and high radius areas is more signif-
icant. On the other hand, the increase of the mass flow which flows
into the cavity causes the flow field of this area more disorderly.

4. Conclusions

The heat transfer in an engine-like multi-stage rotating discs is
investigated. Based on the measured heat transfer coefficient and
surface temperature distributions, two different regimes could be
identified: the forced convection zone caused by the impingement
of axial flow in the low radius area and the Rayleigh-Bénard-like
convection zone in the medium and high radius areas. On both
windward and leeward surfaces, the heat transfer coefficients are
zigzagging along the radial direction. The two peaks are located
in the forced convection zone and the Rayleigh-Bénard-like con-
vection zone, respectively. However, different from the windward
surface, the peak value which is located at the forced convection
zone on the leeward surface appears at the lowest radius area on
the disc and is smaller than that on the windward surface.

The inertial force of the axial flow mainly influences the flow
and heat transfer in the low radius area of the cavity and the effect
on the windward surface is greater than the leeward side. The disc
surface temperature decreases with an increase in Re, (i.e. inertial
force). Also, the two peak values of the heat transfer coefficients
increase, especially the one located in the forced convection zone.

The Coriolis force and the centrifugal buoyancy force mainly
influence the heat transfer in the medium and high radius areas.
The Rayleigh-Bénard-like convection and heat transfer in the med-
ium and high radius areas are significantly enhanced with an
increase in Re,,. However, the heat transfer in the low radius area
is slightly influenced by them.
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Appendix A

As shown in Fig. 13, the results of the calibration apparatus are
compared with the Dittus-Boelter and Gnielinski correlations
when the Reynolds numbers are 4.34 x 10* and 5.66 x 10%. The
empirical correlations are obtained based on experiments under
special experimental conditions. Compared with the correlations,
the HTC measured with the calibration apparatus has a certain
error due to the different experimental conditions. The limits of
the experimental error are 4.6-8.5% compared with the Gnielinski
correlations and 2.8-6.0% compared with the Dittus-Boelter corre-
lations when the Reynolds numbers is 4.34 x 10%. While when the
Reynolds numbers is 5.66 x 10% the limits of the experimental
error are 2.5-5.9% compared with the Gnielinski correlations and
7.5-8.9% compared with the Dittus-Boelter correlations.
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