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the simplified rotating cavity with two-plane discs, a shaft and a cylindrical rim has been investigated numeri-
cally and compared with the available measurements. The numerical results in agreement with the available ex-
periments show large-scale instabilities. The disk local Nusselt numbers show mainly radial rising distributions
for the heated disks with radial rising temperature profiles.
20000, the disk local Nusselt numbers are the correlations of the local Grashof number to the power of 1. 89~
2.6, and the value of the power is increased as the rotational Reynolds number goes up. At the rotational
Reynolds number of 800000, the local Nusselt numbers are the correlations of the local Grashof number to the
power of 0. 68~2. 6, and the value of the power is decreased as Reynolds number goes up. The area-averaged

disk Nusselt number is the correlation of the Reynolds number to the power of 0. 479 and the rotational Gra-

:1000-8055(2012)03-0566-06

Analysis of the buoyancy-induced heat transfer
in a rotating cavity

TIAN Shu-qing'*, XUE Hang®, GAO Chao', LI Ying’

(1. Technology Department, Aviation Industry Corporation of
China Commercial Aircraft Engine Company Limited, Shanghai 200241, China;
2. Institute of Steam and Gas Turbines,
Rheinisch-Westfaelische Technische Aachen University, Germany;
3. Civil Aircraft Marketing &. Sales,
Aviation Industry Corporation of China International Holding Corporation,
Beijing 100101, China;
4. School of Jet Propulsion, Beijing University of Aeronautics and Astronautics,
Beijing 100191, China;
5. Hekou Oil Production Plant of Shengli Oilfield Sinopec Group,
Shandong Dongying 257200, China)

Abstract: In order to get a better knowledge of the heat transfer in compressor cavities of aero-engines,

shof number to the power of 0. 12.

Key words: buoyancy force; Coriolis force; rotating cavity; heat transfer; turbine

In the present work, at the Reynolds number of
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Nomenclature

Nu=qr/AAT local Nusselt number AT=T,— T, temperature difference between
Gr:@lsﬁAT local Grashof number wall and inlet

I AT ax maximum temperature differ—
Gry =ReiBAT maximum Grashof number ence between wall and inlet
Re=2pcr;/p axial Reynolds number ¢ mean axial velocity at the inlet
Rey=pQr /1 rotational Reynolds number l=ro—Ar—r; characteristic length
T temperature q heat flux
T, temperature of the wall r radius
T inlet temperature of the cool- Ti radius of the inner shaft

ing air o radius of the shroud
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Ar radial gap for inlet and outlet

of cooling air

s disk gap

t time

U.= Vz./p friction velocity
Greek letters

A heat conductivity

7 dynamic viscosity

Tw total shear stress at the wall

A great potential for further development of
aero-engines as well as land-based gas turbines
lies in the improvement of component efficien-
cies. Consequently, the higher gas temperatures
at the turbine inlet and the higher pressure ratio
are used to increase the thermal efficiency. In
connection with this trend attention has to be
paid to the mechanically and thermally highly load-
ed components. Some cooling air extracted from
the compressor is fed through rotating cylindrical
cavities to cool certain engine components with

high temperatures, as shown in Fig. 1.

‘|Cavity

Cooling air

Inner shaft
Fig. 1 Rotating cavity with axial through flow in

an aero-engine high pressure compressor

Compressor disks can be simplified as two
pierced rotating discs in the axial direction and
the cylindrical rotating shroud in the outer radial
direction and the compressor shaft, which is
called a “rotating cavity”. High temperature
gradients lead to material stresses, which short-
en the fatigue period of the compressor disks.
The assurance of the system security requires a
detailed understanding of the flow and heat
transfer phenomena in the rotating cavities.

A substantial number of relevant experi-

mental and numerical studies have been conduc

ted using idealized plane disk geometries with a

\% velocity components in Carte-
sian coordinate
y generalized wall distance

yh=yU, /v wall distance Reynolds number

o density

0 angular velocity of the cavity

central axial throughflow of cooling air. Far-
thing P R et al. "™ conducted flow visualization
and LDA (laser Doppler anemometry) measure-
ments and showed that the flow patterns and
heat transfer in the rotating cavity were func-
tions of the Rossby number and the cavity geom-
etry ratio. They found that the flow in a rotating
cavity with heated disks was non-axisymmetric
and time-dependent. For the disks heated with
radial increasing temperature profiles, the local
Nusselt numbers have radial increasing profiles,
which were dependent on the local Grashof num-
ber with Gr'/*, similar to the free convection on
a vertical plate under gravity.

], (331

Tian et a computed the flow and heat

transfer in a rotating cavity based on the geome-
try of Farthing P RM et al. Their 3-D(three-di-

mensional ), steady, turbulent computations
captured the unstable flow structures with multi-
cell circulations. The centrifugal buoyancy force
was analyzed to be the key factor that leads to
the unstable flow. The heat transfer depends on
the Rayleigh number and the Reynolds number.

1. "7 investigated the centrifugal-

Sun et a
driven convection in the rotating cavity numeri-
cally and confirmed the large scale unsteady flow
structure. In addition, they found that the LES
(large eddy simulation) model can achieve better
agreement with flow and heat transfer measure-
ments than RANS (Reynolds-average Navier-
Stokes) model.

Owen et al. 1 conducted experimental and
numerical studies on the rotating cavity. It was
reported that the buoyancy induced flow occurs in
the rotating cavity with heated walls. The flow is

unsteady and 3-D with multi-cell flow structure
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thought to comprise of one, two or three pairs of
vortices. These flows display the characteristics
of self-organizing systems, which are associated
with the MEP (maximum entropy production)
principle. The most probable macrostates corre-
sponds to the maximum sum of the heat and
work transfer to the system. King M P and Wil-
son MM showed a similar flow structure in a
rotating annulus cavity with a heated outer cy-
lindrical surface. The computed time-averaged
Nusselt numbers are in good agreement with the
correlations for Rayleigh-Bénard convection.

Bohn D et al. *%! performed flow visualiza-
tion and heat transfer experiments and calcula-
tions in the rotating cavity with heated disks.
These results confirmed the 3-D, unsteady flow.
Furthermore, it was reported that the Nusselt
numbers at the disks are dependent on the axial
Reynolds and Grashof numbers.

This paper presents the numerical investiga-
tions for the heat transfer in a rotating cavity
with symmetrical heated disks and an axial
through flow of cooling air, and compares with
the available experiments. The heat transfer
with linearly radial rising temperatures towards
the shroud at different Reynolds numbers and
Grashof numbers are analyzed in detail. The in-
fluence of the buoyancy force on the heat trans-

fer is discussed.
1 Numerical algorithm

1.1 Governing equations

The numerical analysis is carried using a
commercial CFD(computational fluid dynamics)
code, Fluent. The 3-D time-dependent compres-
sible RANS equations were solved in the rotating
frame of reference. The governing equations are

presented in Eq. (1) ~Eq. (3).

dp c(HV) =
L HV (V) =0 (1

%(pV) + Ve (VV) == Vp+py VV—
202 XV —pQ X QXr (2)

I %(pT) +c, Ve (oTV) = At VT (3

The buoyancy force is performed by the
density variation, which is calculated according
to the ideal gas law with the constant pressure
because of the small pressure variation in these
calculations.

The equations governing the fluid motion
were solved using FV (finite-volume) method
with SIMPLE (semt-implict method for pressure
linked equations) pressure-velocity correction al-
gorithm. The second-order-upwind space-dis-
crete, PRESTO ( pressure staggering option)
pressure-discrete and second-order implicit time-

step were employed.
1.2 Test cases and solution domain

In the experiments with symmetrical heated
cavity disks, a co-rotating inner rotor shaft was
included, and the approximately linearly radial
rising temperature profiles are shown in Fig. 2.
The two lines are the linear temperature profiles
used in the numerical calculations. The shroud
surface is isothermal by a temperature of 378 K
for casel~caseb5, and 353K for case6~casel3.
The inlet temperature is 298 K. The geometrical
parameters of the cavity are shown in Table 1
and the dimensionless parameters of the investi-
gated cases are listed in Table 2. Experimental

details can be found in Bohn D et alt'*'™,

1.2
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02 L o**? OCase 4.4 Case 5[JCase 6~13
—Case |===Case 2(Num)
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0
03 04 05 06 07 08 09 10 1.1

rir,

Fig. 2 Radial distribution of AT/AT,.x
for heated disks'"*"

Table 1 Test rig dimension parameters’'*

s/ro ri/ro Ar/r ro/m

0.2 0.3 0.15 0.4
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The geometry model of the numerical analy-
sis is defined according to the dimensions of the
test rig. The sketch of the solution domain and
the corresponding computational grid are shown
in Fig. 3. The number of the total cells is about
265000 with 3010 in the r—z plane and 88 in the
tangential direction. The grid spacing near walls
is refined using geometric expansions, and the
maintained

closest off-wall node spacing is

at y+<1.

Table 2 Dimensionless parameters of

the investigated casest'> '

Case Re/10" Rey/10° Gry/10M
1 2 2 0.1073
2 2 4 0.4293
3 2 8 0.1717
4 4 8 1.717
5 7 8 1. 717

6~13 2~6 10~40 1.845~29.52

P
Upstream Downstream —
disk disk
/

Shroud

Fig. 3 Sketch of the solution domain and

the computational grid

The RNG (re-normalized group) ke turbu-
lence model was used together with an enhanced
wall function model close to the walls. No-slip
conditions were used on the walls. A linear pro-
file was used to fit the measured temperature on
both disks, a uniform temperature was set on
the shroud, and the other surfaces were adiabat-
ic. At the inlet, a uniform velocity condition was

used. The pressure condition was defined at the

outlet. The magnitude of the time step was 5ms
for Re, =400000 and Re=20000.

2 Results analysis

2.1 Numerical results

Fig. 4 shows the heat transfer comparison
between the computations and measurements.
The measured values of Nu were time averages,
and the numerical values were circumferential
space averages at certain time step, which were
in good agreement with the time averages.

I — Num
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Fig. 4 Computed and measured radial

distribution of Nu

The Nusselt numbers on both disks show
similar radial distributions, which can be divided
into three parts: the near center part [ 0.33<C
r/ro<0. 36, the near shroud part [[[ 0. 96 <
r/r,< 1, and the main part [[ 0. 36 <<r/r, <
0. 96, which is also the main area of the measure-
ments. The computations on both disks in part
[ are in good agreement with the measure-
ments, the heat transfer goes up with radius ris-
ing. In addition, the rising slope of Nu in the re-
gion of 0. 36 <r/r,<C0. 8 is gentle, and in the
higher radius region of /7,>>0. 8, the ascending
speed of Nu is fast, which can be explained that
the Rayleigh-Bénard convection induced by the
centrifugal buoyancy force has more influence on

the heat transfer in the higher radius region.
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In part [ , near the center, the heat trans- O Case3 B Cased O Case (measurements)™
fer is especially high because of the strong forced — (Case 3 — Case 4 — Case 5 (calculations)
. . 250
convection flOWy and in part ]]1 near the ShI‘OUd, ‘;\;"11:2_46(6",’,'1Ollijz‘ﬁtlh J
the heat transfer goes down fast because of the 200F  Nu,=27.971(Gr10)27
. . Nu =69.098(Gr/10')"7
back flow vortices at the corners of disk-shroud. 150 F '
. . . =
The phenomenon in these two regions is not cap- o
tured in the experiments.
50 =
2.2 Measurements analysis S
Fig. 5 shows the radial distributions of Nus- 03 04 05 06 07 08 09 1.0

selt number at upstream disk at different rota-
tional Reynolds numbers in the region of Grg/
Re?>=26.825~429. 25 and Re=2X 10", The e-
quations of f (Nu, Gr) are derived from the
measurements. In the definition of Gr, the char-
acteristic lenghth of [ is (+,—Ar—r;). It can be
seen that the local Nusselt numbers with radius
rising profile are dependent on the local Grashof

number with Gr-%7%¢,

As the rotational Reyn-
olds number Re, goes up, the power of Gr in-
creases, which means that as Re, increases the
heat transfer in higher radius region is increased

faster.

O Case 1 m Case?2 0O Case 3 (measurements)!'!
== (Case | — Case 2 — Case 3 (calculations)

200

Nt =819.83(Gr/101)'5%9
:‘\"u2=73.379((}rf1 ()\11)1,141

1501
;‘\"u§=2.46((;r/l(}'")2 606 .

2 100

50

Fig. 5 Nusselt number distributions of upstream

disk at Re=2X10*

Fig. 6 shows the radial distributions of Nus-
selt number at upstream disk at different inlet
Reynolds numbers in the region of Gry/Re* =
33.367 ~429. 25. It can be seen that the local
Nusselt numbers with radius increasing profile
are dependent on the local Grashof number with

Gr(), 68~2.6

Gr decreases, which can be explained that as the

With the increase of Re,the power of

inlet Reynolds number increases, the heat trans-

Fig. 6 Nusselt number distributions of upstream
disk at Rep =8X10°
fer in lower radius region is increased larger than
that in upper region, thereby the flatter slope of
Nu profile.

Based on the analysis of Fig. 5 and Fig. 6, it
can be concluded that the heat transfer in the
cavity is the combination of the forced convec-
tion and the Rayleigh-Bénard convection, the
former one has more influence on the Nu in the
lower radius region and the latter one has more
influence on the Nu in the upper radius region.

Fig. 7 lists the average Nusselt numbers at
different parameters, in which the black dots are
the calculated data using the Eq. (4), which is

derived from the 13 measurements.

Nu,, = 55. oo4<&)°‘“" <§;5$ )mz

o 4)

B Calculations

3-15
(o] Measurements!'?%1

160
)
o
]
L n
120 o
]
= 8 .
80 -
o 8
o ™
| o
a0 8 I

[
0.01 0.10 1.00 10.00
Gr /10"

Fig. 7 Variations of the average Nusselt numbers

In Eq. (4), it can be seen that the average

Nusselt number is dependent on the Reynolds

0.479

number with Re and the rotational Grashof

number with Gri'

10*~7 X 10" and Gr,=1. 073 X 10" ~ 2. 952 X

in the region of Re= 2 X
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10",

heat flux to the fluid, thereby estimate the tem-

This equation can be used to calculate the

perature increase of the outlet fluid.

3 Summary and conclusions

The heat transfer in an annular rotating cav-
ity with cooling air axial through flow and with
disks symmetrically heated has been investigated
numerically and compared with the experiments.

The computed values of Nu are in reasona-
bly good agreement with the measured data. The
local Nusselt numbers at disks show a mainly ra-
dius ascending distribution for the disks heated
The

Rayleigh-Benard convection induced by the cen-

with a radius rising temperature profile.

trifugal buoyancy force has more influence on
the heat transfer in the upper radii region. In the
region of Re=2 X 10" and Grg/Re* = 26. 825 ~
429. 25, the local Nusselt number are dependent
on the local Grashof number with Gr'-*~*%  As
Rey goes up, the power of Gr increases. In the
region of Rey, =8 X 10° and Grg/Re* =33, 367 ~
429. 25, the local Nusselt numbers are depend-
ent on the local Grashof number with G*%7%¢,
As Re goes up, the power of Gr decreases. The
average Nusselt number is dependent on the

%47 and the rotational

The derived heat

transfer equations can be used to estimate the

Reynolds number with Re

Grashof number with Grg™ "

heat transfer to the fluid.
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