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This paper summarizes and extends recent theoretical, computational, and experim
research into the fluid mechanics, thermodynamics, and heat transfer characterist
the so-called cover-plate pre-swirl system. Experiments were carried out in a purp
built rotating-disc rig, and the Reynolds-averaged Navier-Stokes equations were s
using two-dimensional (axisymmetric) and three-dimensional computational codes,
of which incorporated low-Reynolds-number k-« turbulence models. The free-vortex flow
which occurs inside the rotating cavity between the disc and cover-plate, is contr
principally by the pre-swirl ratio,bp: this is the ratio of the tangential velocity of the a
leaving the nozzles to that of the rotating disc. Computed values of the tangential ve
are in good agreement with measurements, and computed distributions of pressure
close agreement with those predicted by a one-dimensional theoretical model. It is s
theoretically and computationally that there is a critical pre-swirl ratio,bp,crit , for which
the frictional moment on the rotating discs is zero, and there is an optimal pre-swirl ra
bp,opt , where the average Nusselt number is a minimum. Computations show tha
bp,bp,opt , the temperature of the blade-cooling air decreases asbp increases; forbp
.bp,opt , whether the temperature of the cooling air increases or decreases asbp in-
creases depends on the flow conditions and on the temperature difference betwe
disc and the air. Owing to the three-dimensional flow and heat transfer near the bl
cooling holes, and to unquantifiable uncertainties in the experimental measurem
there were significant differences between the computed and measured temperat
the blade-cooling air. In the main, the three-dimensional computations produced sm
differences than the two-dimensional computations.@S0742-4795~00!01902-5#
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1 Introduction

Pre-swirl nozzles are used in many gas turbines to supply
cooling air to the turbine blades. The stationary nozzles swirl
air in the direction of rotation of the turbine disc, thereby reduc
the temperature of the air relative to the blades. In the so-ca
cover-plate pre-swirl system shown in Fig. 1, the pre-sw
nozzles are located at a radiusr 5r 1 and the entrance to the blade
cooling passages is atr 5r 2 , wherer 2.r 1 . The swirling air flows
radially outwards in the rotating cavity between the rotor~or ro-
tating disc! and a cover-plate attached to it.

Pre-swirl systems have been studied by many research wor
and the reader is referred to the work of Meierhofer and Fran
@1#, El-Oun and Owen@2#, Chen et al.@3,4#, Popp et al.@5#, Wil-
son et al.@6#, Karabay et al.@7#, and Pilbrow et al.@8#. Some of
the authors’ recent results for cover-plate pre-swirl systems
briefly reviewed below.

Karabay et al.@7# showed, computationally and experimental
that the flow between the rotating cover-plate and the stator
like a conventional rotor-stator system, in which a disc rota
close to a stationary casing~see Owen and Rogers@9#!, and the
flow between the cover-plate and the rotor was like that in
rotating cavity in which two discs corotate~see Owen and Roger
@10#!. In particular, at the high coolant flow rates that occur
practical cases, free-vortex flow occurs outside the boundary
ers in the rotating cavity. Pilbrow et al.@8# extended this work to
include heat transfer from the rotor to the cooling air, and co
putations of the local Nusselt numbers were in reasonably g
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agreement with measured values for a wide range of pre-s
ratios,bp , nondimensional coolant flow rates,Cw , and rotational
Reynolds numbers, Ref .

Karabay et al.@11# conducted a combined theoretical and co
putational study of the flow and heat transfer in the ‘‘simple r

-
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99;
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Fig. 1 Simplified diagram of cover-plate pre-swirl system „for
the rig used in this study: aÄ80 mm, bÄ207 mm, r 1Ä90 mm,
r 2Ä200 mm, SÄ25 mm, sÄ10 mm …
000 by ASME Transactions of the ASME
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tating cavity,’’ disregarding the rest of the cover-plate syste
They derived an expression for the radial distribution of press
and used the Reynolds analogy to derive a relationship for
adiabatic-disc temperature. For the case where there is free-v
flow throughout the rotating cavity, there is a critical pre-sw
ratio, bp,crit , for which the moment coefficient,Cm , is zero, and
an optimal pre-swirl ratio,bp,opt, for which the average Nusse
number of the heated rotor is a minimum. Karabay’s@12# thesis is
concerned with the computation of flow and heat transfer
pre-swirl systems, and this paper presents some of th
computations.

It is the object of this paper to extend the previous work and
provide some guidance for the designers of internal cooling
systems. In particular, the designer is interested in the pres
drop associated with pre-swirl systems and needs to know
effect ofbp on the temperature of the blade-cooling air when h
transfer from the turbine disc is significant. Previous compu
tional work has concentrated on axisymmetric systems, but th
dimensional effects can be significant near the blade-cooling h
in the rotor, as discussed below.

Section 2 of the paper outlines the computational method
experimental apparatus used in this study. The fluid dynamic
the cover-plate system shown in Fig. 1 is discussed in Sectio
and the thermodynamics and heat transfer in Section 4. The
clusions are summarized in Section 5.

2 Computational and Experimental Methods

2.1 Computational Model. The computational model ha
been described by Karabay et al.@7# and further details are given
by Karabay@12#. For completeness, the salient points of the mo
are given below.

Turbulent flow computations were made using the lo
Reynolds, numberk-« models of Launder-Sharma@13# and of
Morse @14#. Both used gradient-diffusion modeling of transpo
and the latter model incorporated modifications suggested b
author~see Chen et al.@15# for details!. Incompressible flow was
assumed and turbulent heat transfer was represented using
bulent Prandtl number Prt equal to 0.9.

A staggered grid was used in which the axial and radial velo
components were stored midway between the grid-points wh
other solution variables were located~pressure, tangential veloc
ity, turbulence kinetic energy and dissipation rate, and total
thalpy!. The cover-plate and inner shroud~see Fig. 1! were repre-
sented by block obstructions within the computational grid a
the equations were solved using the SIMPLEC pressu
correction algorithm.

The inlet nozzles and blade-cooling holes of the experime
rig were represented in the axisymmetric model by equivale
area annular slots on the stator and rotor, with centerlinesr
5r 1 and r 5r 2 , respectively. The axial velocity of the pre-swi
air, Vz,p , which was assumed to be uniform at the inlet, w
deduced from the prescribed flow rate. Similarly, the axial vel
ity at the blade-cooling slot and the radial velocity at the outer s
were calculated from prescribed flow rates.

The inlet tangential velocity,Vf,p , was fixed to give the re-
quired pre-swirl ratiobp , and Neumann~zero normal-derivative!
boundary conditions for tangential velocity were used at the
outlets ~]Vf /]z50 at the blade-cooling slot and]Vf /]r 50 at
the outer seal!. The remaining velocity components at flow boun
aries were taken to be zero, and no-slip conditions were applie
all solid surfaces. The inlet temperature of the pre-swirl air a
the surface temperature distribution of the rotor~see Fig. 1! were
taken from measured values~Karabay et al.@7#!. The surfaces of
the shrouds, the stator, the cover-plate and the inner casingr
5a were all assumed adiabatic. At the blade-cooling slot,]T/]z
50 was assumed, and]T/]r 50 was used for the flow leaving a
the outer seal.

The turbulence models required a very fine grid near the bou
aries, with y1,0.5 for the near-wall grid nodes, and the gri
Journal of Engineering for Gas Turbines and Power
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spacing increased geometrically away from walls~including the
cover-plate and shroud! with expansion factors of about 1.2. Com
putations were conducted for the ‘‘whole system,’’ correspond
to the complete cover-plate system shown in Fig. 1, and for
smaller ‘‘simple cavity,’’ corresponding to the rotating cavity b
tween the rotor and the cover-plate shown in Fig. 1. Only tw
dimensional~axisymmetric! computations were carried out in th
‘‘whole system’’ the ‘‘simple cavity’’ was used for the two
dimensional and three-dimensional computations described
Section 4.4. A 223 by 223 axial by radial grid was used for t
‘‘whole system’’; for the ‘‘simple cavity’’ a 67 by 111 axial by
radial grid was used~see Fig. 2!. ~Computations were also con
ducted with a 1413185 grid, which made no significant differ
ence to the comparison between the computed and measured
selt numbers; this suggests that the results presented below
sensibly grid-independent.!

2.2 Experimental Apparatus. A diagram of the rotating-
disc rig is shown in Fig. 3, and details of the apparatus are gi
by Pilbrow et al.@8#. The main features of the apparatus are su
marized below, and the total-temperature probes are describe
detail. Although two pressure transducers were fitted to the co
plate, an accident with the rig damaged the wiring and so it w
not possible to obtain pressure measurements.

2.2.1 Rotating-Disc Rig. The outer radius of the system,b,
was approximately 207 mm, and the radial locations of the p
swirl nozzles and blade-cooling holes werer 1590 mm andr 2
5200 mm. There were 19 pre-swirl nozzles of 7.92 mm diame
angled at 20 deg to the tangential direction, and 60 blade-coo
holes of 7.7 mm diameter, with their axes normal to the rotor. T
pre-swirl nozzles were made from stainless-steel tubes, wh
were bent through an angle of 70 deg to produce the requ
swirl angle. The outlet ends of the tube were ground so that t
were flush with the surface of the stator. The outlet holes from
pre-swirl nozzles were therefore elliptic when viewed from t
axial direction. The axial spacing between the 5-mm-thick cov
plate and the stator was 10 mm, and between the cover-plate
the rotor the spacing was also 10 mm.

The rotor was of composite construction, comprising a st
front disc, two layers of Rohacell foam and an aluminum ba
disc. A 1-mm-thick fibre-glass mat was bonded to the fro
~cavity-side! face of the steel disc, which was 10-mm thick, a
10 thermocouples and 6 fluxmeters were embedded in the su

Fig. 2 Grid distributions used for computations: „a… whole
system; „b… simple cavity.
JULY 2000, Vol. 122 Õ 443
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of the mat. The Rohacell foam provided thermal insulation, for
back of the steel disc, and contained passages for the bl
cooling air; each layer of foam was approximately 10-mm thi
The signals from all the rotating instrumentation were brought
through a 24-channel silver/silver graphite slipring unit, and
voltages were measured with a precision of61 mV by a
computer-controlled Solartron data logger.

The outer part of the rotating disc was heated up to 150°C
means of stationary radiant electric heater units, with a maxim
power output of 9.5 kW. The actual temperature distribution o
the instrumented section of the disc depended on the heat
ducted radially inwards from the periphery. The maximum te
perature in the instrumented section of the disc was around 7
but it depended on the rotational speed and on the flow rate o
cooling air. The temperature of the air at the pre-swirl nozzles w
maintained at between 10°C and 20°C.

For a typical engine, Ref'107, lT'0.3, bp'2.5. For the heat
transfer tests in the rig, the following range of parameters w
tested: 0.53105,Ref,1.63106, 0.16,lT,0.32, 0.9,bp,3.1.
It is shown in Section 3.1 that the flow structure depends prin
pally on lT andbp . The rig is therefore able to model the flo
structures expected in engines, although the Nusselt numbers
temperatures measured in the rig are much smaller than t
found in engines.

2.2.2 Total-Temperature Probes.The blade-cooling holes in
the steel disc were insulated with Rohacell bushes, with inner
outer diameters of 7.7 and 12.0 mm. Two total-temperat
probes, see Fig. 4, were placed in diametrically opposite bla
cooling holes with the tip of each probe set back about 0.5 m
from the disc face. To reduce the blockage effect of the prob
the inner diameter of the Rohacell bushes was increased for t
two blade-cooling holes. The probes were made from stainl
steel tubes, with inner and outer diameters of 2.8 and 3.2 mm,
two air vents of 0.5 mm diameter were drilled radially throu
each tube, as shown. The thermocouple wires were 0.10 mm
ameter, and the 0.2 mm diameter bead was located downstrea
the vents. Behind the bead, the tube was sealed with epoxy r

There are two significant problems in designing a probe to m
sure the total-temperature of the blade-cooling air. First, it is

Fig. 3 Diagram of the rotating-disc rig
444 Õ Vol. 122, JULY 2000
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easy to create solid-body rotation in swirling air flowing through
short, rotating hole, the axis of which is parallel to the axis
rotation. Meierhofer and Franklin@1# pointed out the problems
they experienced while measuring the blade-coolant tempera
in an adiabatic system. However, the probe-design descr
above was used successfully by El-Oun and Owen@2# to measure
the total temperature of the blade-cooling air in an unheated
swirl rig, similar to the heated version used here. They estima
the uncertainty in their temperature measurements as60.3°C, and
their measured values were in good agreement with the theore
temperatures for an adiabatic system. This suggests that the
perimental uncertainties in measurements made with the p
used here should be small in anadiabatic system.

The second problem in temperature measurement occurs w
heat transfer from the disc to the cooling air is significant: t
Rohacell bushes in the blade-cooling holes reduce but do not
this problem. As described in Section 4, computations show
there are large gradients of air temperatures in and around
blade-cooling holes, and it is unlikely that the probe describ
above will measure the true bulk-average temperature of
blade-cooling air. The uncertainties cannot be quantified.

3 Fluid Dynamics

3.1 Flow structure. As shown by Owen and Rogers@10#,
the flow structure in a rotating cavity depends principally on t
inlet swirl ratio and the turbulent flow parameter,lT , wherelT

5CW Ref
20.8. It is helpful to note thatlT5lT, f d50.22 corre-

sponds to the nondimensional flow rate entrained by the boun
layer on one surface of a free-disc. From the authors’ experie
relatively small flow rates (lT,lT, f d) are usually employed to
cool the discs and seal the wheel spaces of gas-turbine eng
blade-cooling flow rates are usually much higher (lT.lT, f d).

Karabay et al.@7# showed that, at sufficiently large values o
lT , free-vortex flow will occur in the core outside the bounda
layers on the rotating surfaces. Under these conditions,Vf,`

}r 21, whereVf,` is the tangential component of velocity in th
core. As Vf,`5bpVr 1 at the outlet of the pre-swirl nozzles
wherer 5r 1 , it follows that, for an ideal system with no losses

Vf,`8

Vr
5bpx1

2x22 (1)

for x>x1 , where x5r /b is the nondimensional radius and th
dash is used to denote the ideal value.

Fig. 4 Details of total-temperature probe located in blade-
cooling hole „not to scale …
Transactions of the ASME
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In the cover-plate system considered here, wherebp.1, there
is a nondimensional radius~x* , say! at which Vf,`8 5Vr * .
Hence, from Eq.~1!,

x* 5bp
1/2x1 . (2)

Karabay et al.@7# showed that, providedx* ,1 ~that is, bpx1
2

,1!, free-vortex flow will take place throughout the cavity whe

lT>0.437@12~bpx1
2!1.175#1.656. (3)

For smaller values oflT , nonentraining Ekman-type layers form
in the outer part of the rotating cavity and free-vortex flow
confined to the inner part.

In practical cover-plate systems, there are losses between
outlet of the pre-swirl nozzles and the inlet to the rotating cav
If bp.1, viscous effects cause a loss of angular momentum of
fluid, reducing the effective swirl ratio. It is convenient to intr
duce an effective pre-swirl ratio,bp,eff , where, in comparison
with Eq. ~1!,

Vf,`

Vr
5bp,eff x1

2x22 (4)

Fig. 5 Comparison between computed and measured varia-
tion of Vf ÕVr with xÀ2 for lTÄ0.22 and RefÄ0.55Ã106: „a…
bpÄ2.511; „b… bpÄ4.535.
Journal of Engineering for Gas Turbines and Power
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and, forbp.1, bp,eff,bp .
This relationship can be shown graphically by plottin

Vf,` /Vr versusx22: a free-vortex will appear as a straight lin
passing through the origin (x2250); the gradient of this line can
be used to calculatebp,eff . Figure 5 shows a comparison betwee
the computed and measured variation ofVf,` /Vr with x22. The
results were obtained, forlT50.22 and Ref50.553106, with
bp52.511 and 4.535, using the axisymmetric computatio
model for the whole system and experimental apparatus descr
in Section 2. The agreement between the computations and m
surements is very good, and there is clear evidence of free-vo
flow. Two straight lines are plotted: the higher one~the ‘‘ideal
free vortex’’! corresponds to Eq.~1!, and the lower one~the
‘‘computed free vortex’’! to Eq. ~4!. For the latter case, the line
was arbitrarily forced through the computed value ofVf,` /Vr at
x50.67 (x2252.22). It can be seen that the difference betwe
the two lines increases asbp increases.

Karabay @12# found that the effects of Ref and lT on bp,eff
were negligible, and he proposed the following correlation for
computed values ofbp,eff

bp,eff

bp
51.05320.062bp . (5)

A similar correlation was obtained for the experimental me
surements where

bp,eff

bp
5120.056bp . (6)

The velocity measurements and computations were made
the range: 0.17,lT,0.35, 0.53106,Ref,1.53106 and 1.1
,bp,4.6. Figure 6 shows the good agreement between the
correlations and the experimental data, although it should
pointed out that the results were obtained for only one geom
~in which r 1 /b50.43!.

The fact thatbp,eff,bp when bp.1 is attributed to the recir-
culation region, near the inlet to the rotating cavity, in whi
angular momentum is lost with a consequent reduction in sw
The fact that the axisymmetric computations agree well with
measurements suggests that the three-dimensional effect o
pre-swirl nozzles is not significant. The losses are strongly rela
to bp and only weakly tolT or Ref ; the losses may, however

Fig. 6 Variation of bp ,eff with bp for whole system
JULY 2000, Vol. 122 Õ 445
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depend on the system geometry, particularly if the cooling
passes through holes in the cover-plate rather than throug
annular slot as considered here.

3.2 Pressure Distribution. Karabay et al.@11# showed that
the radial distribution of pressure in the cavity can be estima
from the inviscid one-dimensional radial-momentum equation

1

r

dp

dr
5

Vf,`
2

r
2Vr ,`

dVr ,`

dr
, (7)

whereVf,` can be approximated by Eq.~4! and Vr ,` from the
continuity equation, where

Vr ,`5
ṁ

2prrs
(8)

The local pressure coefficient,Cp , can be defined for com
pressible flow as

Cp5
g

g21

p1

1
2r1V2r 1

2 H S p

p1
D ~g21!/g

21J , (9)

where, in the limitp→p1 , the incompressible form is

Cp5
p2p1

1
2r1V2r 1

2
. (10)

Fig. 7 Radial distribution of computed and theoretical pres-
sure coefficients for whole system: „a… RefÄ1.3Ã106, lT
Ä0.23; „b… RefÄ0.56Ã106, lTÄ0.35; and „c… RefÄ1.3Ã106,
lTÄ0.35.
446 Õ Vol. 122, JULY 2000
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Equation~7! can be integrated radially fromr 5r 1 to give

Cp5H bp,eff
2 1S lT

2pG Ref
0.2D 2S b

r 1
D 4J H 12S r 1

r D 2J . (11)

Figure 7 shows comparisons between the computed value
Cp and Eq. ~11! for the rig geometry~where p5p1 at r 1 /b
50.43 andz/s50.5!; Eq. ~5! was used to calculatebp,eff . For
bp<3, the agreement is good; forbp54, Eq.~11! slightly under-
estimates the computed pressure coefficients. Unfortunately
the reason given in Section 2.2, no experimental data are avai
for comparison.

In an engine, the maximum pre-swirl ratio is limited by th
available pressure upstream of the pre-swirl nozzles and the
essary pressure at inlet to the blade-cooling passages. The
sure losses in the pre-swirl nozzles and the blade-cooling pass
are beyond the scope of this paper. However, the total press
downstream of the pre-swirl nozzles~at x50.43! and upstream of
the blade-cooling passages~at x50.97! were computed atz/s
50.5, in a stationary frame of reference, and the difference w
used to define the loss in total pressure,Dp0 . This computed loss
was correlated for 1,bp,4 by

Dp0

1
2r1V2r 1

2
50.678~bp21!2. (12)

Figure 8 shows a comparison between this correlation and
computations; again there are no experimental data available
practice, the loss would depend on the system geometry.

4 Thermodynamics and Heat Transfer

4.1 Thermodynamics of Pre-Swirl Process. Karabay et al.
@7# used the steady-flow energy equation for an adiabatic pre-s
system to show that

Tt,22T0,15
V2r 2

2

2cp
S 122

r 1
2

r 2
2 bpD , (13)

whereT0,1 is the total temperature~in a stationary frameof refer-
ence! of the pre-swirl air~at r 5r 1! andTt,2 is the total tempera-
ture ~in a rotating frame! of the blade-cooling air~at r 5r 2!; it is
Tt,2 that controls the heat transfer inside the blade-cooling p

Fig. 8 Computed variation of nondimensional pressure loss
bp for whole system
Transactions of the ASME
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sages. It can be seen from Eq.~13! that Tt,2 decreases asbp
increases, with beneficial effects for blade cooling.

Karabay et al.@11# extended this adiabatic thermodynam
analysis to the case of a pre-swirl system where heat is transfe
from the hot turbine disc to the cooling air; they ignored he
transfer from the cover-plate. Their result can be expressed a

Tt,22T0,15
V2r 2

2

2cp
S 122

r 1
2

r 2
2 bpD 1pS 12

a2

b2D
3

Nuav

PrCW
~Ts2Ts,ad!av . (14)

Nuav is the average Nusselt number defined as

Nuav5
qs,avb

k~Ts2Ts,ad!av
, (15)

and the subscript ‘‘av ’’ refers to the radially weighted averag
value;Ts,ad is the adiabatic disc-temperature, which is discus
below. Increasingbp has a beneficial effect in the adiabatic ca
but what happens when heat transfer is significant? To answer
question, it is useful to use the Reynolds analogy.

4.2 The Reynolds Analogy Applied to Pre-Swirl Systems.
Owen and Rogers@9# showed that the Reynolds analogy betwe
angular momentum and heat transfer can be applied to bound
layer flow in a rotating cavity under certain conditions. The m
important of these conditions are that the Prandtl number of
fluid is unity (Pr51), that the disc-temperature distribution
quadratic (Ts}r 2) and that the axial distributions of swirl an
temperature are similar at entry to the cavity.

For the case of a rotating cavity with free-vortex flow throug
out the core~see Section 3.1!, Karabay et al.@11# showed that, for
the simple rotating cavity, the adiabatic disc-temperature is gi
by

Ts,ad5T0,11
V2b2

2cp
@Rx22bpx1

2~11R!#, (16)

whereR is the recovery factor, which for air can be approximat
by R5Pr1/3. They also showed that, when the Reynolds analo
is valid,

Nuav5
Ref Cm

pS 12
a2

b2D H 11
a2

b222bp

r 1
2

b2J , (17)

whereCm is the moment coefficient.
If Nuav is to remain finite thenCm must equal zero when th

denominator of Eq.~17! equals zero. This leads to the introductio
of the critical pre-swirl ratio, bp,crit, such thatCm50 whenbp
5bp,crit , where

bp,crit5
a21b2

2r 1
2 . (18)

Although this result was derived using the Reynolds analo
Cm does not depend directly on the Prandtl number of the fluid
on the temperature on the disc. Paradoxically, this implies that
~18! is generally valid for all rotating cavities in which there
free-vortex flow throughout the core regardless of whether or
the Reynolds-analogy conditions are satisfied! Surprisingly,bp,crit
depends only on the geometric parameters~a, b, andr 1! and not
on the flow parameters~Ref andlT!.

Figure 9 shows the computed variation ofCm with bp for two
values of Ref andlT . The computations were carried out usin
the axisymmetric solver applied to the full pre-swirl system d
scribed in Section 2. ForCm , the moment was obtained by inte
grating the computed tangential component of shear stress
r 580 mm tor 5198.9 mm~which were used fora and b in Eq.
~18!!; the pre-swirl radius,r 1 was 90 mm. These values giv
Journal of Engineering for Gas Turbines and Power
ic
rred
at
s

ed
se
this

en
ary-
st
the
s

h-

en

d
gy

n

gy,
or

Eq.
s
not

g
e-
-
rom

bp,crit52.837 according to Eq.~18!, and the computed values i
Fig. 9 show thatCm50 whenbp52.9. For the simple rotating
cavity considered by Karabay et al., the difference between
computed and theoretical values ofbp,crit were significantly
smaller than the 2.2 percent difference found here for the wh
system. In view of the complexity of the flow, the agreeme
between the computed and theoretical values ofbp,crit is remark-
ably good. Although the computations were conducted for o
one geometry, there is no reason to believe that Eq.~18! will not
be valid for other values ofa, b, andr 1 .

4.3 Average Nusselt Numbers. Karabay et al.@11# showed
computationally that, for the simple cavity,Cm5Cm,fd when bp
50, whereCm,fd is the free-disc moment coefficient, the value
which depends on Ref . They also showed that, when th
Reynolds-analogy conditions were satisfied, there isan optimal
pre-swirl ratio, bp,opt, where Nuav is a minimum. The computed
ratio bp,opt/bp,crit was found to be less than unity for th
Reynolds-analogy case; computations carried out at other co
tions showed that the ratio depended on the flow parameters
on the distribution of temperature on the heated disc.

Figure 10 shows the variation of the computed values of Nav
with bp for the whole pre-swirl system described in Section 2. F
Ref51.333106 andlT50.23, there is a minimum value of Nuav
at bp'2.5, but the variation of Nuav with bp is very small. For
Ref51.373106 and lT50.35, the minimum again occurs atbp
'2.5, but for this larger value oflT the variation of Nuav is more
pronounced. This is consistent with the computations of Kara
et al. for the simple cavity where the variation of Nuav with bp
was found to increase as Ref andlT increased.

The magnitude of Nuav has a direct effect on the temperature
the blade-cooling air, as Eq.~14! shows. The first term on the
RHS of Eq.~14! is the adiabatic work term, which decreases asbp
increases; the second is the heat transfer term, which depend
Nuav . For bp,bp,opt, the work and heat transfer terms a
aligned:Tt,2 decreases asbp increases. Forbp.bp,opt, the two
terms are opposed: whetherTt,2 increases or decreases asbp in-
creases depends on the relative magnitude of the terms.

The above computations were made with the axisymme
solver. In the experimental rig, and in a gas turbine, the flow a
heat transfer are three-dimensional in the vicinity of the bla
cooling holes. This has a significant effect on the temperature
the blade-cooling air, as discussed below.

4.4 Temperature Rise of Blade-Cooling Air. Karabay
@12# used the axisymmetric solver described in Section 2 to co
pute the bulk-average value ofDT ~whereDT5Tt,22T0,1! for a
range of values of Ref , lT , andbp . The computed values ofDT

Fig. 9 Computed variation of moment coefficient with bp for
whole system „h RefÄ0.56Ã106, lTÄ0.35; s RefÄ1.33Ã106,
lTÄ0.23….
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Fig. 10 Computed variation of Nu av with bp for whole system: „a… RefÄ1.33Ã106, lTÄ0.23; „b… RefÄ1.37Ã106, lTÄ0.35.
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consistently underestimated the measurements: on average
measured values were 50 percent higher than the computatio

Karabay @12# also describes three-dimensional computatio
~carried out by Dr. J. X. Chen! of the flow and heat transfer in th
simple cavity. These computations were made with a turbu
version ~incorporating the Launder-Sharma@13# turbulence
model! of the three-dimensional code used by Chen et al.@3,4#.
They were conducted for a six-degree segment of the rota
cavity, corresponding to the region around one of the 60 bla
cooling holes in the rotor of the experimental rig. A 65360311
(axial3radial3tangential) grid was used, with 72 grid points
the blade-cooling hole. The thermal boundary conditions w
similar to those used for the axisymmetric solver, and cyclic sy
metry in the tangential direction was assumed on the two ra
boundaries.

Figure 11 shows comparisons between computed and meas
local Nusselt numbers for five test cases. The two-dimensio
computations for the whole system were made using the axis
metric solver described in Section 2; additional measurements
two-dimensional computations of Nu for the whole system
presented by Pilbrow et al.@8#. The two-dimensional and three
dimensional computations made by Chen were only for the sim
cavity, so as to reduce the computational complexity; for the tw
dimensional cases, the blade-cooling holes were modeled a
annular equivalent-area slot. Pilbrow et al.@8# produced better
agreement between their axisymmetric computations, using
Morse turbulence model, and the measured Nusselt numbers
that shown in Fig. 11, where the Launder-Sharma model
used. Despite the superiority of the Morse model, the Laund
Sharma version was used here for comparison with Che
computations.

Most of the computed Nusselt numbers shown in Fig. 11
derestimate the measured values. The two-dimensional and t
dimensional computations of Chen, for the simple cavity, are
close agreement over most of the cavity: the largest differen
occur in the vicinity of the blade-cooling holes atx50.97. The
computations for the simple cavity differ from those for the who
system, particularly at the smaller radii where the computed flo
are significantly different.

In the r-f plane, the three-dimensional computations produ
very large tangential and radial gradients of both Nusselt num
and air temperatures near the blade-cooling holes, with the hig
temperatures close to the perimeter of the hole and the lowest
the center. Table 1 shows a comparison between the comp
and measured values ofDT for six cases, which were also studie
experimentally:DT(a) corresponds to the two-dimensional com
putations for the whole system, andDT(b) andDT(c) correspond
respectively to the two-dimensional and three-dimensional c
448 Õ Vol. 122, JULY 2000
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Fig. 11 Comparison between computed and measured radial
variation of Nu with x : „a… RefÄ0.535Ã106, lTÄ0.173, bp
Ä1.110, „b… RefÄ0.542Ã106, lTÄ0.176, bpÄ1.537, „c… Ref

Ä0.898Ã106, lTÄ0.351, bpÄ2.049, „d … RefÄ0.965Ã106, lT
Ä0.349, bpÄ2.866, „e… RefÄ0.588Ã106, lTÄ0.353, bpÄ3.059.
Transactions of the ASME



-

l

t
u
e

.
d
t

u
p

i

s

i

t

r

large
The

for
ool-

ries
ow-

usselt
pa-
re-
s for
ex-

ces

e
X.
putations of Chen for the simple cavity. For most tests, the tw
dimensional computations~DT(a) and DT(b)! significantly un-
derestimate the measured values, as was noted above, where
three-dimensional computations (DT(c)) are closer to the mea
sured values. It should be pointed out that, as a consequence o
large velocity and temperature gradients near the blade-coo
holes, the isotropic assumption of the gradient-diffusion mode
of the turbulence is likely to be inaccurate.

In view of the uncertainties in both the computations and
measurements, these results cannot be regarded as concl
However, they do strongly suggest that three-dimensional eff
have a significant influence on both the heat transfer around
blade-cooling holes and the temperature rise of the cooling air
discussed in Section 2.2.2, these results underline the nee
experimentalists to take great care in how they measure the
perature of the blade-cooling air.

5 Conclusions
A combined theoretical, computational, and experimental st

has been undertaken of the flow and heat transfer in a cover-
pre-swirl system. The results support and extend those prese
in earlier studies, and the following conclusions are relevant to
designer of internal cooling-air systems.

• For sufficiently large flow rates, free-vortex flow occurs
the core of fluid outside the boundary layers on the rotating s
faces of the cavity between the cover-plate and the rotor.

• The free-vortex flow is specified by an effective pre-sw
ratio, bp,eff , which is smaller than the inlet pre-swirl ratio,bp ,
immediately downstream of the pre-swirl nozzles. There is
simple correlation forbp,eff , supported by experimental evidenc
for one particular geometry, and the ratio ofbp,eff /bp decreases as
bp increases.

• A theoretical expression for the pressure coefficient,Cp , is in
good agreement with computed values forbp<3. Also, a corre-
lation, based on computed pressures in the system, has been
duced relating the loss of total pressure to the pre-swirl ratio.
pressure measurements are available to validate these result

• It has been shown, theoretically and computationally, that
moment coefficient for the rotor,Cm , decreases asbp increases.
There is a critical pre-swirl ratio,bp,crit , for which Cm50; for
bp.bp,crit , Cm,0.

• It has been shown computationally that there is an optim
pre-swirl ratio, bp,opt, for which the average Nusselt numbe
Nuav , is a minimum.

• It has been shown theoretically and computationally, us
the energy equation, that the total temperature of the bla
cooling air, Tt2 , depends strongly onbp : Tt2 decreases asbp
increases providingbp,bp,opt; for bp.bp,opt, whetherTt2 in-
creases or decreases asbp increases depends on the relative ma
nitudes of the heat transfer and work terms in the energy equa

• Computed values ofTt2 have been compared with exper
mental measurements. On average, measured increases of ai
perature are around 50 percent higher than values obtained
axisymmetric solvers. Three-dimentional computations, giving

Table 1 Comparison between computed and measured values
of DT„°C…: „a… two-dimensional, whole system; „b… two-
dimensional, simple cavity; and „c… three-dimensional, simple
cavity.

bp Ref3106 lT

(a)
DT

(b)
DT

(c)
DT

Measured
DT

1.110 0.535 0.173 12.2 13.2 18.5 21.9
1.267 1.490 0.175 11.9 10.6 15.6 16.2
1.537 0.542 0.176 11.4 11.8 15.1 18.0
2.049 0.898 0.351 6.6 7.3 10.3 10.6
2.866 0.965 0.349 6.2 6.0 7.5 6.5
3.059 0.588 0.353 6.6 7.2 7.9 7.1
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sults much closer to the measured values, show that there are
gradients of air temperature inside the blade-cooling holes.
three-dimentional computations serve to emphasize the need
care in making total-temperature measurements inside blade c
ing holes.

In summary, the theoretical expressions forVf,` /Vr , Cp , (Tt,2
2T0,1), (Ts,ad2T0,1), and bp,crit given in Eqs.~4!, ~11!, ~14!,
~16!, ~18!, respectively are expected to apply to other geomet
and to other flow parameters as well as to those tested here. H
ever, some quantities, such as the pressure losses and N
numbers, depend strongly on the geometry and on the flow
rameters of the individual system. Although this paper has p
sented a number of concepts and has given theoretical model
some important design parameters, more computational and
perimental work is needed to quantify these parameters.
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Nomenclature

a 5 inner radius of cavity
b 5 outer radius of cavity

Cm 5 moment coefficient (5M / 1
2rV2b5)

Cp 5 pressure coefficient (5(p2p1)/ 1
2rV2r 1

2)
cp ,cv 5 specific heat at constant pressure and constant

volume, respectively
Cw 5 nondimensional mass flow rate (5ṁ/mb)
G 5 gap ratio (5s/b)
k 5 turbulent kinetic energy; thermal conductivity

M 5 moment for one side of the rotor
ṁ 5 mass flow rate of blade-cooling air

Nu 5 local Nusselt numberb5rqs /k(Ts2Ts,ad) c
Nuav 5 average Nusselt numberb5bqs,av /k(Ts2Ts,ad)avc

p 5 static pressure
Pr 5 Prandtl number (5mcp /k)
Prt 5 turbulent Prandtl number

q 5 heat flux
qs 5 convective heat flux from disc to air

r ,f,z 5 radial, tangential and axial coordinates
R 5 recovery factor

Ref 5 rotational Reynolds number (5rVb2/m)
s 5 axial width of rotating cavity
S 5 axial width of whole system
T 5 temperature

Ut 5 friction velocity (5Atw /r)
Vr ,Vf ,Vz 5 time-averaged radial, circumferential, axial com-

ponents of velocity in a stationary frame
Vf8 5 ideal value ofVf in a free vortex

x 5 nondimensional radial coordinate (5r /b)
y 5 distance normal to the wall

y1 5 nondimensional distance (5ryUt /m)
z 5 axial distance

bp 5 pre-swirl ratio~5Vf /Vr at r 5r 1!
Dp0 5 loss in total pressure from pre-swirl nozzles to

blade-cooling passages
DT 5 total-temperature difference (5Tt,22T0,1)

« 5 turbulent energy dissipation rate
g 5 ratio of specific heats (5cp /cv)

lT 5 turbulent flow parameter (5Cw /Ref
0.8)

m, m t 5 dynamic and turbulent viscosities
r 5 density
V 5 angular speed of rotor
JULY 2000, Vol. 122 Õ 449
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Subscripts

ad 5 adiabatic value
av 5 radially-weighted average
b 5 blade-cooling air

crit 5 value ofbp whenCm50
eff 5 effective value~of bp!
fd 5 free-disc value
o 5 total value in stationary frame of reference

opt 5 value ofbp when Nuav is minimum
p 5 pre-swirl air
s 5 disc surface
t 5 total value in rotating frame of reference

` 5 value in core outside boundary layers
1 5 inlet to system~at radial location of pre-swirl

nozzles!
2 5 outlet from system~at radial location of blade-

cooling holes!

Superscripts

* 5 value at stagnation point~whereVf,`5Vr !
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