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Abstract

In the cavity between the co-rotating compressor discs in gas turbine engines, the flow is very complex because of the multiple driving
forces including the centrifugal buoyancy force, the Coriolis force and the inertial force. Numerical analysis was carried out in a simple
rotating cavity with cooling air axial throughflow and a heated shroud. Efforts were focused upon the flow structure and its variations.
The results reveal the non-axisymmetrical flow structures with cyclonic and anti-cyclonic circulations, which slip relative to the rotating
cavity in the opposite direction (that is, rotate with a slower speed than the cavity) and the patterns remain unchanged. These structures
are not unique, and four types with one, two, three, four pairs of circulations are obtained. For any particular set of conditions, the final
structure can depend on the path taken: as axial Reynolds number is increased the number of circulation couples increases, and as
Grashof number is increased the number of circulation couples decreases. At high Grashof number, the variation of Nu,, with Gr is

consistent with the Rayleigh-Bénard convection.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In modern gas-turbine aero engines, cooling air extracted
from the compressor is ducted through rotating cylindrical
cavities to cool certain engine components. It is important
for the engine designer to get an accurate knowledge of
the flow and heat transfer behaviour in these cavities to fur-
ther improve the engine efficiency. A simplified high-com-
pressor drum is shown in Fig. 1, which comprises two
pierced discs and a cylindrical shroud. All the surfaces of
the cavity rotate with an angular velocity 2, and an axial
throughflow of cooling air enters and exits the cavity
through the center holes of the discs.

The buoyancy-affected flow in this rotating cavity is
known to be complex. Previous experiments and numerical
tests found large-scale instabilities although the boundary
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conditions are stable. Farthing et al. [1] conducted flow
visualization experiments and found that the flow patterns
in the rotating cavity with heated discs were non-axisym-
metric and time-dependent. There were one pair of cyclonic
and anti-cyclonic circulations in the axial mid-plane, as
shown in Fig. 2. Between theses circulations were the dead
zone and the “‘radial arm”. Cooling air invaded the cavity
through the “radial arm” towards the rim. The rotational
speed of the whole flow structure was slower than that of
the cavity.

Tian et al. [2] numerically investigated the flow and heat
transfer in a rotating cavity with a heated shroud based on
the geometry of Farthing et al. [1]. Their 3D, steady, turbu-
lent computations showed that the flow in the cavity com-
prised two parts: the Rayleigh-Bénard convection in the
larger radius region, and the forced convection in the cen-
tral region. There was a critical Rayleigh number above
which the flow becomes unsteady and time-dependent.
The centrifugal buoyancy force was found to be the key
factor leading to flow instability.
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Nomenclature
a inner radius of cavity
b outer radius of cavity

Bo Buoyancy parameter, Gr/(Re.)> = PATRe; /Re2

C, specific heat capacity

G gap ratio, s/b

Gr Grashof number, ﬁATRe(Z]5

n iteration step

N number of circulation pairs in cavity

Nu Nusselt number, gb//AT

P pressure

Pr Prandtl number

q heat flux

r, 0, z radial, tangential and axial coordinates, respec-
tively

Ra Rayleigh number, Pr - Gr

Re. axial Reynolds number, Wa/v

Rey  rotational Reynolds number, Qb*/v

s axial distance between discs

T temperature

To inlet air temperature

Ton shroud temperature

u, v, w radial, tangential and axial velocities, respec-
tively

U, friction velocity, +/7,,/p

w axial inlet velocity

X dimensionless radial coordinate, r/b

y generalized wall distance

y* wall distance Reynolds number, yU./v

Z dimensionless axial coordinate, z/s

Greek symbols

AT temperature difference, Ty, — T

Q angular speed of cavity

p thermal expansion coefficient, 1/T;
A thermal conductivity

u dynamic viscosity

v kinematic viscosity

0o characteristic density

Tw total shear stress at the wall

—
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Fig. 1. Rotating cavity with an axial throughflow of cooling air.
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Fig. 2. Schematic of flow structure [1].

Tucker and Long [3.,4] carried out time-dependent com-
pressible CFD calculations for the rotating cavity. They
obtained a reasonable qualitative agreement with flow visu-
alization observed by Farthing et al. [1]. They found that
the flow structures were significantly influenced by the cav-
ity surface temperature distributions, and the instability
was caused by vortex breakdown.

Sun et al. [5] conducted numerical investigations on the
buoyancy-affected flow in the rotating cavity. Their LES
(large eddy simulation) and RANS (Reynolds-average
Navier-Stokes) computations both confirmed the three-
dimensional, unsteady flow, and suggested that the LES
can achieve better agreement with flow and heat transfer
measurements than RANS model.

Long et al. [6,7] carried out a combined computational
and experimental study for this heated rotating flow, and
found that some of the axial throughflow invaded the
region near the rim of the cavity, cyclonic and anti-cyclonic
circulations were observed near the heated shroud. The
cause of the instability was concluded to be the rotationally
induced buoyancy forces.

Bohn et al. [8,9] conducted experimental and numerical
studies on the rotating cavity with both discs heated and
obtained the similar results to those of Long et al. [6,7].
The large-scale unsteady flow phenomenon was confirmed.
A flow pattern changing between single pair and multi-
pairs of vortices was found.

Owen et al. [10-12] performed experimental and numer-
ical investigations on the Buoyancy-induced flow in a rotat-
ing cavity with one heated disc. The analysis also revealed a
three-dimensional unsteady flow with multi-cell flow struc-
ture thought to comprise one, two or three pairs of vortices.
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These flows display the characteristics of self-organizing
systems, which are associated with the maximum entropy
production (MEP) principle. The most probable macro-
states corresponds to the maximum sum of the heat and
work transfer to the system.

King et al. [13,14] numerically studied the Buoyancy-
induced flow and heat transfer in a sealed rotating annulus
with a heated outer cylinder and a cooled inner cylinder.
Cyclonic and anti-cyclonic circulations in the r—0 plane
were also captured, and the computed Nusselt numbers
increase with the Rayleigh number in agreement with cor-
relations for Rayleigh-Bénard convection in a stationary
enclosure [15].

In summary, it can be seen that the flow in the heated
rotating cavities is very complex because of the multiple
driving forces including the buoyancy force, the Coriolis
force and the inertial force. This paper analyzed the effects
of the forces on the flow structures by using numerical sim-
ulations. Efforts were focused upon the buoyancy-induced
flow structure and its variations. The investigated cavity
has a heated shroud and the cooling air passes through
the centers as shown in Fig. 1.

2. Numerical algorithm

The investigated geometry is shown in Fig. 1, a = 40 mm,
b=175mm and s =40 mm giving a gap ratio G = s/b of
0.229. The corresponding computational grid had a total
of 145,728 cells, with 2024 in the r—z plane and 72 in the tan-
gential direction. The grid spacing near surfaces is refined
using geometric expansions, and the closest off-wall node
spacing is maintained at y* < 0.5. Sensible grid indepen-
dence of the solutions has been verified by comparison with
predictions obtained on a grid with 30, 45, 30 percent more
nodes in the radial, tangential and axial, respectively.

The 3D steady incompressible CFD simulations were
computed in the rotating frame fixed on the discs. The den-
sity variation in centrifugal force is stated by Boussinesq
hypothesis, and its variations in other items are ignored.
In this investigation, the centrifugal acceleration is of sev-
eral orders of magnitude greater than the gravitational
acceleration, and so the latter is neglected. The steady
momentum equation and energy equation are given by
the following equations:

Po(17 V) V= ~Vper + 1V v ~2pQ x v
+ poB(T = To)Q x @ x F (1)
poCr(V -VT) = IN?T 2)
The centrifugal force is a conservative force and often put
in the pressure item, and so in Eq. (1), per=p — po@°r*/2,
the symbol f is the thermal expansion coefficient,
poB(T — To)Q x Q x 7 is the buoyancy force, —2p,Q x V
is the Coriolis force. The equations are solved using finite-

volume (FV) method with QUICK differencing scheme,
SIMPLE pressure correction algorithm.

The feasibility of the numerical algorithm that uses
steady-state solvers to simulate the flow instability can be
analyzed by the following facts.

In unsteady state formulation for a variable ¢,

ardp = (3 andly +) +ahsy o
or could be rewritten as:

apdr = (D awdy +b) —ab(9h — 95 7") )
m stands for the time steps, b is source item,

ap = Za”b +b+4d, a%=(pV)"/ot, and
ay = Zanb + b.

Unsteady state formulation could be used for steady cases
because with m — oo, ¢ — ¢%~' — 0, and Eq. (4) converts
to be a pure steady-state formulation as the following.

Steady-state formulation for a variable ¢,
aqug = <Z anb(]ﬁzb —+ b) (5)

n stands for the iteration steps. Eq. (5) is always under-re-
laxed such that

9 gy = (Y awdly +0) 1 Largy” (6)
or could be rewritten as:

dyy = (3 andly +b) +apop )
ardy = (3 awdty, +b) — ah(@r — ¢ (8)

In the equations, o is relax factor, ap =) a, +b and
aj =12ap.

Egs. (7) and (8) of steady-state formulation resemble
Egs. (3) and (4) in unsteady state form, respectively. n
in (7) and (8) is essentially equivalent to m in (3) and
(4) such that An stands for a certain period of time At.
Steady solution solver is essentially equivalent to unsteady
solution solver.

The low Re k—¢ turbulence model was used. No-slip con-
ditions were used on the walls. A uniform temperature was
set on the shroud, and the other outside surfaces were adi-
abatic. As the solid walls were included in the calculation
domain, the fluid and solid conjugate heat transfer calcula-
tion was used. For the inlet, a uniform velocity condition
was defined, and the full-developed outlet boundary condi-
tion was defined at the outlet.

The measure employed to judge convergence is a normal-
ized absolute residual sum of FV solution, defined as 10™*
for this study. The analysis was carried out in the range of
the Grashof number Gr = 2.81 x 107-6.89 x 10°, the axial
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Reynolds number Re,=1.34 x 10*-1.14 x 10°, and the
rotational Reynolds number Re, = 1.29 x 10%-1.55 x 10°.

3. Numerical simulation reliability

To validate the numerical simulations, an experimental
model done by Farthing [16] was employed to calculate,
and the results were compared with the experiments in
Fig. 3.

In the rotating cavity with cooling air axial throughflow
and symmetrically heated discs, the predicted flow struc-
tures are three-dimensional with cyclonic and anti-cyclonic
circulations in the axial mid-plane, which are consistent
with the photographs captured in the experiments, the core
of fluid slips relative to the rotating discs with iteration
steps in the opposite direction, and two types of flow struc-
tures with one and two pairs of circulations are obtained.
The calculated average Nusselt numbers in discs are in rea-
sonable agreement with the experiments. The 3D steady
calculation can portray the flow and heat transfer in the
rotating cavity.

4. Numerical results and analysis
4.1. Fixing Re. and pAT, increasing Reg

In this section, the axial Reynolds number is fixed at
Re.=2.686 x 10%, BAT =0.169, and the rotational Rey-
nolds number is varied from 1.29 x 10* to 1.55 x 10° (Gr
is varied from 2.81 x 107 to 4.06 x 10° correspondingly).
Thereby, the inertial force is held constant, the centrifugal
buoyancy force and the Coriolis force are both enhanced.
The influence of the rotation speed Q on the flow structure
is studied. The results are shown in Fig. 4.

Fig. 4a shows that at low rotational Reynolds number
Rey, =1.29 x 10*, the Buoyancy parameter Bo = 0.039,
thereby the centrifugal buoyancy force is much smaller
than the inertial force, and the flow in the cavity is domi-
nated by the forced convection and shows axisymmetrically
steady. When Re,, is increased to 7.73 x 10%, the centrifugal
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Fig. 3. Nu,, comparison between numerical calculation and experiments
for the model [16] with heated discs for: Re. = 1.6 x 10°.

buoyancy force is also increased, the flow becomes non-axi-
symmetrically unsteady, and three pairs of cyclonic and
anti-cyclonic circulations can be observed circumferential-
ly. And at Rey=1.03 x 10°, two circulation couples are
captured. These circulations lie in the rim area of the cav-
ity. While, as Rey is further increased to 1.55 x 10°, the
flow oscillation is much fiercer, one pair of circulations fill-
ing the whole cavity in radius are observed, central cooling
air invades the region near the rim of the cavity through the
“radial arm” between the circulations. These 3D flow
structures slip relative to the cavity with iteration steps in
the opposite direction of Q and the patterns remain
unchanged, which are examples of the self-organizing sys-
tem (SOSs) as analyzed by Owen [12].

Fig. 4b shows the velocity field in r—z plane. At low rota-
tional Reynolds number Re,=1.29 x 10*, a powerful
toroidal vortex induced by the through-passing central jet
fills large region of the cavity. As Re, is increased to
7.73 x 10*, the buoyancy force and the Coriolis force are
enhanced, which depress the toroidal vortex to the small
region near the center, and the buoyancy-induced flow fills
the large upper cavity. At Re, =1.03 x 10°, the toroidal
vortex becomes smaller, and the buoyancy-induced flow
region expands correspondingly. While, when Re, is
increased to higher value 1.55 x 10°, the unsteady flow
induced by the buoyancy force dominates the whole flow
in the cavity, there is no obvious toroidal vortex.

Fig. 4c shows the radial distribution of velocities in
z/s = 0.5 at different Re,. The velocities are the average
values in circle at the last iteration step, which were found
to agree well with iteration averages. It is obvious that in
the toroidal vortex region (0.29 < X' <0.48) the radial
velocity at Reg, =7.73 x 10* is larger than that at
Rey=1.03 x 10°; in the buoyancy-induced flow region
(X>0.48) the tangential velocity at Rey=7.73 x 10% is
smaller than that at Re,, = 1.03 x 10°; the tangential veloc-
ities are positive in low radius region, and are negative in
high radius region.

Fig. 5 shows the variation of the average Nusselt numbers
Nu,, versus Grashof number Gr for this case of gap ration
G = 0.229 with the range of 2.13 x 10° < Gr < 6.89 x 10°.
The computed Nu,, represents the heat transfer of the last
iteration step, which was found to agree well with iteration
averages. A scaling law Nu= C- Gr’ is used to correlate
Nusselt number and Grashof number. It can be seen that
at this ‘high’ Grashof numbers, y = 0.296, which is in good
agreement with the value 1/3 obtained by Long et al. [6] for
the case of gap ration G = 0.13, and is also consistent with
the Rayleigh—Bénard convection [17-19]. That is, in this
range of ‘high’ Grashof number, the flow in the cavity is
the Rayleigh-Bénard convection induced by the centrifugal
buoyancy force.

In conclusions, in this heated rotating cavity with cool-
ing air axial through flow, the free convection induced by
the centrifugal buoyancy force and the forced convection
are both existed. As Re, is increased, the free convection
enhances, and the forced convection is suppressed; the flow
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(c) Radial distributions of velocities in z/s=0.5

Fig. 4. Numerical results at different Re,, for: Re. = 2.686 x 10%, BAT = 0.169.

oscillation caused by the free convection becomes fierce;
and the 3D multi-cell flow structures with one, two and
three circulation couples are obtained. The number of cir-
culation couples decreases as Re, is increased.

4.2. Fixing Re. and Rey, increasing Gr

In this section, the axial Reynolds number and the rota-
tional Reynolds number are fixed at Re. = 2.686 x 10* and

Rey=1.03 x 10° separately, so the inertial force and the
Coriolis force are kept constant. The temperature differ-
ence AT is varied from 25 to 100 °C, so the centrifugal
buoyancy force enhances.

Fig. 6 shows the calculated results. It can be seen that as
the Grashof number is increased, the flow oscillation
becomes fierce, and the flow structure varies from two cir-
culation couples to one couple. At Gr=9.104 x 10® and
Gr=1.799 x 10°, the two circulation couples lie in the
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Fig. 5. Variation of average Nusselt numbers with Gr for: Re, = 2.686 x
10%, BAT = 0.169.

rim area of the cavity, which is the free convection zone,
under it is the forced convection zone. As Gr is increased
to 2.731 x 10°, the cyclonic and anti-cyclonic circulations
expand in radial direction to the whole cavity, the free con-
vection dominates the flow in the cavity, and the central
cooling air invades the rim area of the cavity through the
“radial arm”. As Gr is further increased to 3.641 x 10°,
the cyclonic circulation shrinks, and the anti-cyclonic circu-
lation expands. The centrifugal buoyancy force is analyzed
to be the key factor leading to instability.

4.3. Fixing Re. and Gr, increasing Re,

In this section, the axial Reynolds number and the Gras-
hof number are fixed at Re.=2.686 x 10* and Gr=
2.048 x 10° separately, so the inertial force and the centrif-
ugal buoyancy force are held constant. The rotational Rey-
nolds number is varied from 7.73 x 10* to 1.55 x 10°, so
the Coriolis force enhances. (It should be noted that the
rotational Reynolds number and the temperature difference
AT are varied simultancously to keep constant Gr because
Gr depends on Rey.)

The numerical results illustrated in Fig. 7 shows that at
low rotational Reynolds number Rey = 7.73 x 10%, there
are two pairs of circulations filling the free convection zone;
when Re,, is increased to 1.03 x 10, the circulation couples
decrease to one pair occupying the whole radius, the free
convection dominates the flow in the cavity, cooling air
invades the shroud area, and the flow oscillation becomes
fiercer. While at larger rotational Reynolds number
Rey=1.29 x 10°, the oscillation becomes weaker, and the
flow structure restores to two pairs of circulations similar
to the flow structure at Res=7.73 x 10, but the forced
convection zone is smaller and the free convection zone with
multi-cell is larger. At Rey, =1.55 x 10°, the oscillation is
enhanced again, and the number of circulations decreases
to one pair similar to that at Rey = 1.03 x 10°, but the
anti-cyclonic circulation is larger.

Gr=1.799x10°
(Bo=2.494)

Gr=9.104x10®
(Bo=1.262)

Gr=3.641x10°
(Bo=5.047)

Gr=2.731x10°
(Bo=3.785)

Fig. 6. Streamlines in r—0 (z/s = 0.5) plane for: Re. = 2.686 x 10%, Rey =1.03 x 10°.

Rey=7.73x10"

Rey=1.03x10°

Rey=1.29x10° Reg=1.55%10°

Fig. 7. Streamlines in r—0 (z/s = 0.5) plane for: Re. = 2.686 x 10*, Gr = 2.048 x;10° (Bo = 2.839).
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The above results illustrate that raising the Coriolis  4.4. Fixing Req and Gr, increasing Re.
force without changing the centrifugal buoyancy force
can not monotonously enhance the flow oscillation in the In this section, the rotational Reynolds number and
cavity. the Grashof number are fixed at Re,=1.03 x 10° and

Re,=1.344x10* Re,=2.686x10* Re,=4.023x10*
(B0=9.959) (Bo=2.494) (Bo=1.112)

Re,=5.371x10* Re,=6.72x10* Re,=1.143x10°

(Bo=0.624) (Bo=0.398) (Bo=0.138)
(a) Streamlines in r-6 (z/s=0.5) plane

Re, =1.344x10* Re =2.686x10* Re =4.023x10* Re, =1.143x10°
(B0=9.959) (Bo=2.494) (Bo=1.112) (Bo=0.138)

(b) Centripetal flow in r-z plane
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(c) Radial distributions of velocities in z/s=0.5

Fig. 8. Numerical results at different Re. for: Rej, = 1.03 x 10%, Gr =1.799 x 10°.
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Gr=1.799 x 10° separately, so the centrifugal buoyancy
force and the Coriolis force are kept constant. The axial
Reynolds number is varied from 1.344 x 10 to 1.143 x
10°, so the inertial force enhances. The results are illus-
trated in Fig. 8.

Fig. 8a shows that at low axial Reynolds number
Re. = 1.344 x 10*, the inertial force is small, and the free
convection dominates the flow in the cavity, one pair of cir-
culations extend to the whole radius, central cooling air
invades and flows toward the shroud through the “radial
arm”. When Re. is increased to 2.686 x 10%, the forced
convection enhances and dominates the flow near the cen-
ter, and the free convection with two pairs of circulations is
suppressed to the rim area of the cavity; the central cooling
air can no longer invade the region near the shroud. As the
axial Reynolds number is increased, the number of circula-
tion couples N increases, the flow types with N =3 and
N = 4 are obtained, and the flow oscillation becomes weak.
At Re. = 1.143 x 10’ the flow has already shown axisym-
metrically steady.

Fig. 8b shows the velocity field in r—z plane. The com-
parison of the free convection and the forced convection
can be measured by the Buoyancy parameter Bo. At
Bo =9.959, the centrifugal buoyancy force is much larger
than the inertial force, and the unsteady flow induced by
the free convection dominates the flow in the cavity, there
is no obvious toroidal vortex caused by the forced convec-
tion. At Bo =2.494, the inertial force is enhanced, the
superposed axial flow generates a powerful toroidal vortex
near the center, and the free convection is suppressed to the
upper region of the cavity. As Bo is decreased, the size of
the toroidal vortex increases and the region available for
buoyancy-induced flow correspondingly decreases. At
Bo =0.138, the forced convection dominates the flow,
and the toroidal vortex fills the large region of the cavity.

Fig. 8c shows the radial distribution of average veloci-
ties in circle in z/s = 0.5 at different Re.. It can be seen that
in the forced convection zone (X < 0.5) the radial velocity
at Re, =4.023 x 10* is larger than that at Re, = 2.686 x
10%, and in most area of the cavity the tangential velocity
at Re.=4.023 x 10* is larger than that at Re,=
2.686 x 10*.

In summary, as axial Reynolds number Re. is increased,
the flow changes from unsteady free convection to steady
forced convection.

5. Conclusions

The types of flow structure in a rotating cavity with
heated shroud and cooling air axial throughflow have been
investigated numerically. And the 3D steady solver has
been verified to be able to simulate the unsteady flow in
the cavity.

The computed results reveal the non-axisymmetrical
flow structures with cyclonic and anti-cyclonic circula-
tions, as seen by previous experimenters. These structures
are not unique, and four types with one, two, three, four

circulation couples are captured. Moreover, these struc-
tures slip relative to the cavity with iteration steps in
the opposite direction of Q and the patterns remain
unchanged. For any particular set of conditions, the final
structure can depend on whether Rey, Re. or Gr is varied.

The flow in the cavity can be divided into two typical
zones: the free convection near the rim area and the forced
convection near the central area. The centrifugal buoyancy
force is analyzed to be the key factor leading to instability.
And the enhanced inertial force can suppress the oscillation.

As Regy and Gr are increased, the number of circulation
couples N decreases, the free convection enhances, and the
forced convection is suppressed. While, as Re. is increased,
the process is just reverse, the number of circulation cou-
ples N increases, the forced convection enhances, and the
free convection is suppressed.

At high Grashof number, the variation of Nu,, with Gr
is consistent with the Rayleigh-Bénard convection.
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