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ABSTRACT

Nu

Nusselt number

In most gas turbines, blade-cooling air is supplied from stationary

Pr
Prt
cis
r,O, z

k(r3 Ty,ad))
Prandtl number (= mC D/k)
turbulent Prandt1 number
convective heat flux from disc to air
radial, tangential and axial coordinates
recovery factor
(

pre-swirl nozzles that swirl the air in the direction of rotation of
the turbine disc. In the "cover-plate" system, the pre-swirl nozzles
are located radially inward of the blade-cooling holes in the disc,
and the swirling air flows radially outwards in the cavity between
the disc and a cover-plate attached to it.
In this combined computational and experimental paper, an
axisymmetric elliptic solver, incorporating the Launder-Sharma
and the Morse low-Reynolds-number k-s turbulence models, is
used to compute the flow and heat transfer. The computed
Nusselt numbers for the heated "turbine disc" are compared with
measured values obtained from a rotating-disc rig. Comparisons
are presented, for a wide range of coolant flow rates, for rotational
Reynolds numbers in the range 0.5 x 10 6 to 1.5 x 10 6, and for 0.9
< < 3.1. where pp is the pre-swirl ratio (or ratio of the
tangential component of velocity of the cooling air at inlet to the
system to that of the disc). Agreement between the computed and
measured Nusselt numbers is reasonably good, particularly at the
larger Reynolds numbers, A simplified numerical simulation is
also conducted to show the effect of the swirl ratio and the other
flow parameters on the flow and heat transfer in the cover-plate
system.
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friction velocity (=

Vr, V., V z

time-averaged radial, circumferential, axial
velocity components
nondimensional radial coordinate (= r/b)
distance normal to the wall
nondirnensional distance (= pyUr/u)
swirl ratio (= V0/0%)
pre-swirl ratio (= Vc p/Orp)
temperature difference (= T s - TO,in)
turbulent energy dissipation rate
turbulent flow parameter (= C w/Re,00.8)
dynamic viscosity
density
total wall shear stress
angular speed of disc
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NOMENCLATURE

a
a,
CP
Cw
rh

inner radius of disc
inner radius of cover-plate
outer radius of disc
specific heat at constant pressure
nondimensional flow rate (=
I p h)
thermal conductivity
mass flowrate

rotational Reynolds number (=p Q b 2 /
axial clearance in rotor-stator and rotating cavity.
respectively
axial width of entire system
total temperature at inlet
surface temperature
adiabatic-disc temperature
(=
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Subscripts

ad

adiabatic
blade-cooling air
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HEAT TRANSFER IN A "COVER-PLATE" PRE-SWIRL ROTATING-DISC SYSTEM

in

1

disc-cooling air
inlet
pre-swirl air
total temperature in stationary frame
surface or sealing air
total temperature in rotating frame

The complete system shown in Fig I can be considered as two
sub-systems : a rotor-stator system and a rotating cavity (see
Owen and Rogers 1989, 1995). A combined theoretical,
computational and experimental study of the flow in an adiabatic
cover-plate system was conducted by ICarabay et al (1997), who
showed that the flow in the rotating cavity was not affected by
that in the rotor-stator system. The flow in the rotating cavity is
mainly controlled by two parameters:13 p and Xtb, where Xtb, is
the turbulent flow parameter defined as

INTRODUCTION

Rwas

= Cw,b

Cw,b is the nondimensional flow rate of the blade-cooling air and
Res is the rotational Reynolds number defined in the
nomenclature.
The flow structure in a rotating cavity comprises a number of
regions (see Owen and Rogers 1995): there are boundary layers
on the two discs and the outer shroud, between which there is a
core of rowing fluid. For small values of Xtb, the core will
comprise two regions: a source region at the smaller radii, in
which flow is entrained into the boundary layers on the discs, and
an inviscid core between the nonentraining Ekman-type boundary
layers. The source region extends radially to the point where all
superposed flow has been entrained into the boundary layers. For
sufficiently large flow rates or, more precisely, for sufficiently
large values of Xtb, the source region fills the entire space
between the boundary layers in the cavity.

The cooling air is supplied from stationary pre-swirl nozzles, at a
radial location of r = rp, that swirl the air in the direction of
rotation of the turbine disc, or rotor in Fig 1. At r = r p, the swirl
ratio, Op, which is the ratio of the tangential component of
velocity of the air, Vc p, tb that of the disc, flip, is usually greater
than unity. The swirling air then flows radially outward, in the
space between the rotor and a cover-plate attached to it, to leave
the system through blade-cooling passages in the disc at r = rb.
By swirling the cooling air, its temperature is reduced relative to
the rotating passages, with consequent advantages for the bladecooling system.

Inside the source region, angular momentum is conserved and a
free vortex is formed outside the boundary layers such that

Some of the pre-swirl air is allowed to leak radially outwards
through the seal between the rotating cover-plate and the stator, as
shown in Fig I. This sealing air helps to prevent or reduce the
ingress of hot mainstream gas into the cooling system, and it also
removes the "windage heating" that is generated by the rotating
cover-plate.

0)2
clr

Pp

(1.2)
x

Owen and Rogers also suggested that, providing Pp Xp2 < I, the
source region would fill the cavity when

outer shrouds
T,b = 0.437 (1 - (Pp x p 2)1.18)1.66

blade-cooling
passage

For X tb greater than this value, or when Pp x p2 > I, equation
(1.2) should apply throughout the cavity, outside of the boundary
layers; for smaller values of 1
Ekman-type layers will form
on the discs and angular momentum will not be conserved in the
core.

'—
rotating
cavity

rotor-stator
system
stator

inner shroud
(seal)

flu 2 I

(1.3)

rotor
Karabay et al computed the flow structure and compared the
computed tangential components of velocity in the cover-plate
system with measured values. They showed that, for sufficiently
large values of X tb, there is free-vortex flow between the coverplate and the disc, and their computations were in good agreement
with the measured velocities. As the computations were made
using an axisynunetric solver (see Section 2), the good agreement
between the computed and measured velocities suggests that the
three-dimensional effects associated with discrete pre-swirl
nozzles have little influence on the flow between the cover-plate
and the rotor.

cover-plate

pre-swirl
nozzles

Pre-swirl
chamber
er-shrou
------Fig 1 Simplified diagram of cover-plate pre-swirl system
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Fig 1 shows a simplified diagram of a so-called cover-plate preswirl system that is used to supply the cooling air to the turbine
blades in some gas-turbine designs. Studies of these pre-swirl
systems have been carried out by many research workers, and the
reader is referred to Meierhofer and Franklin (1981), El-Dun and
Owen (1989), Chen eta! (1993a, b), Popp et al (1996), Wilson et
al (1997) and Karabay eta! (1997). Further details of these and
other rotating-disc systems are given by Owen and Rogers (1989,
1995).

In this paper, the adiabatic study of ICarabay et al is extended to
include heat transfer from the disc to the cooling air, and
measurements made in an experimental rig are compared with
computations made with an elliptic solver. A separate
"parametric study" is also 'carried out computationally for the
rotating cavity, SO that the effects of Re., Cw,b. Xtb and op on
the flow structure and heat transfer can be examined. The
computational method is outlined in Section 2, and the
experimental rig is described in Section 3. In Section 4, the
parametric study is discussed, in Section 5 the computed and
measured Nusselt numbers are compared, and the conclusions are
summarised in Section 6.

blade-cooling slot and the radial velocity at the outer seal were
calculated from mass flow rates M b and in, respectively; global
mass balance was achieved by ensuring that

The steady-state, axisyrnmetric finite-volume solver used in this
work is the same as that described by Karabay eta! (1997) for a
study of the flow structure.
Turbulent flow computations were made using both the lowReynolds-number k-e models of Launder-Sharma (1974) and of
Morse (1988), the latter incorporating modifications suggested by
its author (Chen et al 1996). Incompressible flow was assumed
and turbulent heat transfer was represented using a turbulent
Prandtl number Prt equal to 0.9.

The turbulence models required a very fine grid near the
boundaries, with y+ <0.5 for the near-wall grid nodes, and the
grid-spacing increased geometrically away from walls (including
the cover-plate and shroud) with expansion factors of about 1.2.
A 223 by 223 axial by radial grid was used for the whole system,
and for the simple cavity a 67 by Ill axial by radial grid was used
(see Fig 2). Eight points covered the inlet and blade-cooling
slots. (Computations were also conducted with a 141 x 185 grid.
This made no significant difference to the comparison between
the computed and measured Nusselt numbers, which suggests that
the results presented below are sensibly grid-independent.)

A staggered grid was used with the axial and radial velocity
components stored mid-way between the grid points where other
solution variables were located (pressure, tangential velocity,
turbulence kinetic energy and dissipation rate, and total enthalpy).
The cover-plate and inner shroud (see Fig. 1) were represented by
block obstructions within the computational grid and the
equations were solved using the S1MPLEC pressure-correction
algorithm.
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The outer radius of the system, b, was approximately 207 mm,
and the radial location of the pre-swirl nozzles and blade-cooling
holes were r p = 90 mm and rb = 200 mm. There were 19 preswirl nozzles of 7.92 mm diameter, angled at 20 0 to the
tangential direction, and 60 blade-cooling holes of 7.7 mm
diameter, with their axes normal to the disa. The axial spacing
between the cover-plate, which was 5 mm thick, and the stator, st,
was 10 mm, and between the cover-plate and the rotor the
spacing, s2, was also 10 mm. The inner radius, a, and outer
radius, a1, of the annular pre-swirl chamber were 80 mm and
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EXPERIMENTAL APPARATUS

The apparatus is the same as that used by Karabay et al (1997) for
their adiabatic study. A schematic diagram is shown in Fig I, and
details of the rotating-disc rig are shown in Fig 3.
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Convergence of the iterative method was improved using the
Gasman distributive damping term and a fixed V-cycle multigrid
algorithm. Computation times, using a Silicon Graphics R10000
processor, were typically around 12 hours for the whole cavity
and two hours for the simple cavity.
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About 55 axial grid nodes were located within the cover-plate
with the remaining points divided equally between the rotor-stator
system and the rotating cavity; about 70 grid points covered the
annular pre-swirl chamber (see Fig. 1).
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The inlet tangential velocity Vo ,p was fixed to give the required
swirl ratio Pp, and Neumann (zero normal-derivative) boundary
conditions for V+ were used at the two outlets. The remaining
velocity components at flow boundaries were taken to be zero,
and no-slip conditions were applied at all solid surfaces. The
temperatures of the pre-swirl air and the heated rotating disc were
taken from the measured values, the other solid surfaces were
assumed to be adiabatic and zero-derivative conditions were used
at both outlets.

COMPUTATIONAL MODEL

1.0

in ,=th, +

zis
Fig 2 Grid distribution used in computation
a) Complete system b) Simple cavity
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The inlet nozzles and blade-cooling holes of the experimental rig
were represented in the axisymmetric model by equivalent-area
annular slots on the stator and rotor, with centrelines at r = rp and
r = rb respectively. The axial velocity V z of the pre-swirl air,
which was assumed uniform at the inlet, was deduced from the
prescribed mass flow rate al p . Similarly, the axial velocity at the

4

100 mm, and air entered the rotating cavity through the annular
clearance at the centre of the cover-plate.
The mass flow rates of the pre-swirl, blade-cooling and sealing
flow, rh p , in, and in„ respectively, could be independently

The front (cavity-side) face of the heated rotor was covered in a
fibre-glass "mat", 1-mm thick, in which ten thermocouples and
six fluxmeters were embedded. It should be pointed out that the
instrumentation had been installed on the rotating disc for the
earlier tests with a direct-transfer pm-swirl system (see Wilson et
al 1997). Three of the thermocouples were placed in the heated
outer part of the disc, and one of the fluxmeters was located
underneath the carbon-fibre ring that connected the outside of the
cover-plate to this disc. Consequently, only seven thermocouples
and five fluxmeters were located in the test-section of the coverplate system. Unfortunately, none of the fluxmeters was located
at the radius of pre-swirl nozzles. Details of the RdF thermopile
fluxmeters and their calibration are given by Wilson eta! (1997).
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For a typical engine, Res a 10 7, A.T,b 0.3, h .-a• 2.5. For the heat
transfer tests in the rig, the following range of parameters was
tested: 0.5 x 10 6 < Reo <1.6 x 10 6, 0.16 < X-Lb < 0.32, 0.9 < h
<3.1. It should be pointed out that, as Op cc C w,p/Reo and Cw,p
= Cv,,b + Cw,s, it is possible to keep Cw,b and Re o constant and
to vary Op by varying Cw,s.

1 AS

\

................=kr y,
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The cover-plate was made from transparent polycarbonate (k a
0.2 W/mK) giving optical access for WA measurements.
Segments of both surfaces of the cover-plate and the front surface
of the heated disc were coated with thermochromic liquid crystal,
which enabled the temperature to be estimated. The periphery of
the cover-plate was attached to the disc by a carbon-fibre ring the
inner surface of which was insulated with a Rohacell-foam liner
(k 0.03 W/m K); the cover-plate itself was quasi-adiabatic. The
axial spacing between the cover-plate and the disc was maintained
by six supports, made from Rohacell foam.

- r1/4 A
ibNkr

TOTAL TISTERA

,

pita

Fig 3 Details of rotating-disc rig
In addition, total-temperature thermocouple probes were located
in two of the blade-cooling holes in the disc. (The measurements
of the temperature of the blade-cooling air will be reported in a
future paper.) The signals from all the rotating instrumentation
were brought out through a 24-channel silver/silver-graphite
slipring unit, and the voltages were measured with an uncertainty
of ± I tiV by a computer-controlled Solartron data logger.

For this computational study, which was made using the Morse
turbulence model, the geometry was based on the rotating cavity
between the cover-plate and rotor of the rotating-disc rig
described in Section 3. The following range of parameters was
used:
s2/b= 0.048, a/b = 0.48, rt/b = 0.97
0.5x 104 <Re4 <3.6 x 10'
8730 < Cw,b <26180
0.1
0.75 < fip <3.0

Unlike the rig, where the flow entered the cavity axially, the flow
in this model entered radially at r al with Vo = Dpnai, and left
axially through an annular slot at r = rb. Details of the
computational model are given in Section 2, and the
computational grid is shown in Fig 2b.
Fig 4 shows the computed streamlines for six different sets of
flow parameters. Figs 4a and 4b show the effect of Xtb (or
Cw,b) when Reo and Op are held constant; Figs 4c and 44 show
the effect of Re. (or A.T ,b) when Cw,b and h are constant; Figs
4e and 4f show the effect of Op when Res and C w,b (and
consequently ).-r.,b) are constant.
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controlled, and the flow rates were measured, with an uncertainty
of 3%. by orifice plates made to British Standards (8S1042).
The rotor assembly could be rotated up to 7000 rev/min by a
variable-speed electric motor, and the speed could be measured
with an uncertainty of ± 1 rev/min. (For the tests conducted on
this rig, a speed of 7000 rev/min corresponds to Re o a 2.4 x 106.)

The outer part of the rotating disc was heated up to 150 0C by
means of stationary radiant electric heater units, with a maximum
power output of 9.5kW. The actual temperature distribution over
the instrumented section of the disc depended on the rotational
speed and on the flow rate of the cooling air, and the maximum
temperature in this section was typically around 70 0C. The
temperature of the air at the pm-swirl nozzles, which was
measured with two total-temperature probes, was controlled by a
heat exchanger to between 10 0C and 200C. The outlet
temperature of the cooling air in the rotor-stator system was
measured by two total-temperature probes in the adiabatic
collection chamber.

Referring to Fig 4a, the following points should be noted:
X

X

0.9

0.9

Recirculation occurs in the separation zone on both discs
up to x a 0.58. In source-sink flow in rotating cavities,
radial outflow occurs in the boundary layers on the discs
where Vs/Or < I, and inflow occurs where Vs/Or > I
(see Owen and Rogers 1995). For Pp = 1.5, Vs/Or = 1 at
x a 0.58; this marks the border between inflow and
outflow in the boundary layers.

(ii)

According to equation (1.3), for flp = 1.5 and Re. = 1.5 x
106, the source region fills the cavity when kr,b 2 0.25.
This implies that, for ktb = 0.1, Elanan-type layers will
occur at the larger radii, as is indeed shown in Fig 4a
where the source region ends at x a 0.83.

(iii)

Half the fluid flows up the left-hand disc and separates
from the shroud, at x = I, to form a free shear layer that
flows axially out through the exit slot in the right-hand
disc. The other half of the fluid flows up the right-hand
disc to mix with that from the left-hand disc in the exit
slot.

0.8

0.8

a)

b)
0.7

0.7
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0.0

0.0

0.5
10
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1.0

1.0
0.5
1/3

1.0

X
0. 9

0. 9

I.

c)

Fig 4b shows no sign of Elcman-type layers: for Re. = 1.5 x 10 6
and ftp = 1.5, a value of A.tb = 0.3 ensures source flow
throughout the cavity, which is consistent with equation (1.3).

d)

0.0

0.5
1.0
1/a

0.0

The flow structure for Fig 4c is virtually the same as for Fig 4b.
For both these figures, flp = 1.5 and kr rb = 0.3; even though the
values of C w,b and Res are different, the values of 1T, b are the
same. The same observation about similar flow structures can be
made for Figs 4d and 4a where J 3p ° 1.5 and A.tb = 0.1. This
supports the statement that, for a given value of p p , the flow
structure depends principally on Xtb

0.5
10
z/a

Figs 4e and 4f show the effect of 13 1, on the flow structure for the
case where kr,b = 0.2. For Res = 1.5 x 106 , equation (1.3)
gives ktb = 0.25 for ft p = 1.5 and 0.078 for Pp = 3. These
results are consistent with the fact that the source region shown in
Fig 4e does not fill the cavity and that in Fig 4f does.
Figs 5a, 5b and 5c show the effects of Xtb and pp on the
computed Nusselt numbers for the heated disc. (For the Nusselt
numbers presented in this paper, the adiabatic-disc temperature
was derived from Owen and Rogers 1995.)

00

0.5

Referring to Fig 5a, it can be seen that there are large peaks in Nu
near the inlet at x = 0.48, near the edge of the separation zone at x
a 0.58 and near the outlet at x a 0.97. Large values of Nu are
expected in these regions, where the boundary layers are very
thin, but the computed magnitudes, which depend on the
turbulence model, are unlikely to be correct. For ktb = 0.2 and
0.3, Nu increases with x for 0.7 x 0.97. This is in the source
region where cold fluid is entrained into the boundary layers on
the discs: the heated disc behaves in a similar way to a free disc
where Nu increases as x increases. The curve for Xtb = 0.1
departs from those for krb = 0.2 and 0.3 at x a 0.82, which is the
start of the Elcman-type layers shown in Fig 4a: in these
nonentraining layers, the fluid heats up as it flows radially
outward, and the heat transfer drops below that in the entraining
layers.

1.0

1/3

Fig 4

Computed streamlines in simple cavity

a) Res = 1.5 x 10 6 , Cw,b = 8730, ktb c01, p,,= 1.5
b) RCS a 1.5 x 10 6 , C w.b = 26180, kr,b = 0.3, j3 s = 1.5
c) Res = 0.9 x 10 6 , Cw,b = 17455, ktb = 0.3, O p = 1.5
d) Res = 3.56 x 106 . Cw,b = 17455, ktb = 0.1, 3p= 1.5
e) Res= 1.5 x 106 , Cw,b = 17455. krcb = 0.2, 13p = 1.5
f) Res -1.5 x 106, C wib = 17455, ktb = 0.2, 13L,= 3.0
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(i)

ret

105 . For Pp = 1.5 and 3.0, the reattachment points occur at x a
0.58 and 0.78 respectively; these mark the points where the
respective maxima in Nu occur in Fig Sc. It can be seen that, for a
given value of , P p has a significant effect on the distribution
of Nu.

a)

The following tentative conclusions are drawn about the flow and
heat transfer in the simple rotating cavity:

0.8

0.7

0.8

0.9 X

2.1, m=0.2
C„ b=17455

=0.1
08730

(i)

The flow structure depends strongly on A.tb and Pp.

(ii)

For Xtb large enough to ensure that the source region
fills the entire cavity, Nu is virtually independent of kr,b
but depends strongly on Res and h.

(iii)

There are peaks in Nu near the inlet, near the reattachment
point (for Pp > 1), and near the exit

1.0

=0.3

C„, b=26180

5

0.5

0.5

Tb=v s

Re. --3 . 56x10 6
2500
NU
2000

C

0.7

0.9

0,9 X

In Section 4, the computed flow streamlines and Nusselt numbers
were presented for the simple cavity where the flow enters
radially. In the experiments, the swirling flow leaves the pre-swirl
nozzles axially and enters the rotating cavity as shown in Fig 6,
where Res = 1.52 x 10 6 , Cw,b = 1.55 x 104, Xtb = 0.17 and Pp
= 1.65; this corresponds to one of the test cases discussed below.
(Karabay et al 1997 include details of the computed flow
structures for a range of conditions.)

1.0

24,9=0.2

A Tm=0.3

Res =1.53(106

Re. =0 9x10'

COMPARISON BETWEEN COMPUTED AND
MEASURED NusSELT NUMBERS

)

- O p =0.75
Fig 5

- p=1 .5

--

Computed Nusselt numbers in simple cavity

a) Effect of kr,b for Re. = 1.5 x 10 6 and Pp= 1.5
b) Effect of Re. for C w,b = 17455 and Pp = 1.5
c) Effect of Pp for Re4, = 1.5 x 10 6, Cw,b = 17455 (Xr,b = 0.2)
Fig 5b shows the three peaks in Nu referred to above but there is a
significant effect of Re. : Nu increases as Res increases. In
particular, for A.T,b = 0.1 and h= 1.5, comparison between Figs
5a and 5b shows that Re. is much more significant than C w, b in
its effect on Nu : for a given value of f3 p ,_T,bhhas th.ee most
significant effect on flow structure but Re ,p has the most
significant effect on Nu. Again, for kr ,b = 0.1 and Res = 3.56 x
106, the decay in Nu for x a. 0.85 is associated with the formation
of Elcman-type layers on the heated disc.

0.4
00

Fig Sc shows the effect of h on Nu. For Pp = 0.75, where the
flow in the boundary layers is radially outward and there is no
recirculation zone near the centre, there appears to be transition
from laminar to turbulent flow at x a 0.68 where x 2 Re. = 6.9 x

I "
0.6 z/s 1.0

Fig 6 Computed streamlines for cover-plate pre-swirl system:
Re. = 1.52 x 106, Cw,b = 1.55 x 104, 2.T,b =0.17 and
Pp = 1.65
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0.5

Referring to Fig 6, the rotor-stator system (which is not discussed
here) is on the left and the rotating cavity on the right. A swirling
jet of fluid (with Op = 1.65) flows axially from the pre-swirl
nozzles at x P 0.44 and impinges on the rotor at x a 0.5: for x <
0.5 the flow on the rotor is radially inward, and for x > 0.5 it is
radially outward. The flow separates from the edge of the cover
plate, forming a recirculation zone, and reattaches at x a 0.6. For
these conditions, the source region does not fill the cavity, and
there are signs of Ekman-type layers for x >0.85.

Morse model shows better agreement with all the data
presented here, only that model will be mentioned in
the following discussion.)
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Comparisons between the computed and measured Nusselt
numbers are shown in Figs 7 to 10. Also shown are the measured
values of AT (where AT = T s- To, in), and the fitted curve, which
was used to provide the thermal boundary conditions for the rotor
surface in the computations; the other surfaces were assumed to
be adiabatic. For the computations, both the Launder-Sharma and
Morse turbulence models were used, as described in Section 2.

1500

(b)
1000
500

10

0.4

h

Fig 7 shows the effect of
on Nu for Re. a 0.5 x 10 6 and XT,b
a 0.17; as discussed in Section 3, P p was varied by varying C w,s
whilst keeping Atb approximately constant. The following
observations can be made:

1.0

2500
Nu
2000
1500

(i)

(ii)

(iii)

There is a peak in the computed Nusselt numbers at x a
0.5 for all cases, which corresponds to the impingement
region referred to above. Unlike the results for the
simple cavity shown in Fig 5, there is no peak in Nu at
x = 0.4; this is a direct result of the difference between
the radial and axial inlets for these two configurations.
(Unfortunately, as stated in Section 3, there are no
fluxmeters in this inner region.)

(c)
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Fig 7 Comparison between computed and measured Nusselt
numbers for Re. a 0.5 x 10 6 an,.d ..tb a 0.17

There are computed peaks near the outlet at x a 0.97,
as also observed in the simple cavity. In the
axisymmetric computations, the blade-cooling holes
were modelled as an equivalent-area annular slot, and
so the heat transfer in this region is not directly
comparable with the measurements, which were
obtained in the area between the blade-cooling holes.
However, the measurements do show a significant
increase in Nu in this region, and the magnitude is
approximately double that of the measured values at the
other radii. The flow and heat transfer in the region
around the holes is highly three-dimensional and cannot
be simulated by an axisymmetric solver

CI measured Nu. • measured Uri- fitted AT,
---- computed Nu (LS model)r computed Nu (Morse model)

a) Re. = 0.535 x 106, Cw,b = 6636, Xtb = 0.173, 3p= 1.11
1.54
b) Re. = 0.542 x 106, Cw,b = 6785, Atb = 0.176,
2.01
c) Re. =0.559 x 106, Cw,b = 7005, Atb = 0.177,

h=
h=

Fig 8 shows the effect of P p for Re. a 1.5 x 106 and Xtb a 0.17.
As stated above, the value of O p does not significantly affect the
radial location of the impingement region, but it does affect the
magnitude of Nu in this region. It can be seen that, for the larger
value of Res, the agreement between the measured and computed
Nusselt numbers, using the Morse model, is good. Comparison
between Figs 7 and 8 shows that Nu increases as Res increases, as
was found for the simple cavity.

Between these two peaks, the computed Nusselt
numbers show similar trends to the measured values.
Both turbulence models tend to underestimate the
measurements, although the Morse model shows much
closer agreement than the Launder-Sharma model. As
there are no experimental data in the impingement
region, it is not possible to comment on the relative
performance of the two models in this area. (As the

h

Fig 9 shows the effect of
for Re. a 0.5 x 106 and Xtb a 0.35;
the value of Re+ is similar to that in Fig 7 but the value of Xtb is
double. The computations show little effect of P p and are in
reasonable agreement with the experimental data, except for the
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Compared with the simple cavity, the flow is similar at the larger'
radii (see, for example, Fig 4e) but differs significantly at the
smaller radii. In particular, the flow near the impingement point
on the rotor is significantly different from that in the simple
cavity; the computed radial location of this impingement point is
virtually invariant with Atb and 13 p.

case shown in Fig 9c. where pp = 3.06; for this case, the measured
Nusselt numbers are significantly higher than the computed
values.

cavity outside the (entraining) boundary layers on the
discs and shroud. For small values of A.T ,b , where the

Fig 10 shows the effect of Op for Res a. 1.2 x 106 and kT,b =0.35; the value of Res is similar to that in Fig 8 but the value of
A.T,b is double. Again the agreement between the computed and
measured values of Nu is reasonable. Comparison between Figs 9
and 10 shows that increasing Res has, as noted above, a
significant effect on the magnitude of Nu.
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Fig 9 Comparison between computed and measured Nusselt
numbers for Res is as x 106 and ktb s 0.35
(For legend, see Fig 7)

0

0

a) Res = 0.569 x 106, Cw,b = 14068, 3.T,b = 0.350,13p = 2.24
b) Res = 0.569 x 106 , Cw,b = 14162, XT,b = 0.352, Op = 2.53
c) Res = 0.588 x 106, Cw,b = 14562, A.T,b = 0.353, f3p = 3.06

0.8
0.9
1.0
0.6
0.7
0.4
0.5
Fig 8 Comparison between computed and measured Nusselt
numbers for Res s 1.5 x 10 6 and km a 0.17
(For legend, see Fig 7)
a) Res =- 1.41 x 106 , Cw, b = 14411, krm = 0.174,13p = 0.91
b) Res = 1.41 x 106, Cw,b = 14411, kr,b= 0.174,13p= 0.91
c) Res = 1.52 x 106, Cw,b = 15514, A.T,b = 0.176, Pp = 1.65

source region does not fill the cavity, (nonentraining) Elcman-type
layers form on the rotating discs. Owing to the fact that the fluid
in the nonentraining layers heats up as it flows radially outward,
the Nusselt numbers in these layers tend to be lower than those in
the entraining layers

6

(ii)

The computations show that the Nusselt numbers on the
heated rotor depend principally on Res • --T,b and Op

(iii)

The agreement between the measured Nusselt numbers
and the axisymmetric computations using the Morse
turbulence model is reasonably good, particularly at the
larger values of Res. The Launder-Sharma model tends
to underpredict the measured data.

CONCLUSIONS

(i) A computational parametric study of the effects of Res ,
Cw,b, A:Lb and flp on the flow and heat transfer in a
simple rotating cavity with a radial inlet shows
conventional source-sink flow where the size of the
source region depends on 3.T ,b and Op. For large
values of XT,b , the source region can fill the entire

8
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