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ABSTRACT

Pre-swirl is often used in the interna cooling-air systems of gas
turbines to reduce the temperature of the cooling air reletive to the
rotating turbine blades. In a"direct-transfer” system, the air passes
axially across the wheel-space from stationary pre-swirl nozzles to
receiver holesin the rotating turbine disc. This paper investigates
the effects of inlet flow conditions and rotational speed on the flow
and heat transfer in such asystem, using asimplified computational
model for 3D steady, incompressible turbulent flow. Computed
results are compared with measurements of tangentid velocity and
Nusselt number made in a complementary experimentd study.

The results show that there are significant mixing losses near the
inlet nozzles, resulting in a reduced “effective” pre-swirl ratio at
inlet. The computed tangentia velocity distributions suggest
free-vortex-type behaviour for the flow between the pre-swirl
nozzle radius and that of the receiver holes. There is mainly good
agreement between the computed and measured veocities,
although the measured values are generally lower than the
computed values and follow free-vortex behaviour less closely.
There is less good agreement between computed and measured
values of Nussdt number, although the correct trends are obtained
for the effects of the main flow parameters.

NOMENCLATURE

a,b inner, outer radius of disc

specific heat of ar a constant pressure
nondimensional mass flow rate (= m /ub)
pre-swirl nozzle diameter

gap ratio (= g/b)

turbulence kinetic energy, therma conductivity of air
mass flow rate

number of pre-swirl nozzles

local Nusselt number (=qr/k(Tay—Tw) )

Prandtl number (=pc, /k)

heat flux (from air to disc)

radia, tangentid and axial coordinates

recovery factory (=Pr'%)

Rotationa Reynolds number

axial spacing between stator (z=0) and rotor (z=s)
temperature

total temperature of pre-swirl air at inlet
temperature at rotor disc surface (wall)

friction velocity (= /Ty, /p )

V., V,, V, time-averaged radid, circumferentia, axial
components of velocity in stationary frame

X nondimensional radius (= r/b)

y distance normal to the wall
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y+ nondimensional distance (= pyU./u)

z axial distance

B swirl ratio (= V, /Qr)

Bp pre-switl retio (= V,, /Qrp)

€ turbulence energy dissipation rate

A turbulent flow parameter (= Cy/Re,*%)

0 angle of pre-swirl nozzle to tangential direction
u dynamic viscosity

p density

Tw wall shear stress

Q angular speed of disc

Subscripts

aw adiabatic wall vaue

b blade-cooling air, &t receiver hole radius

p pre-swirl air, at pre-swirl nozzle radius

S sealing air

o0 mid-plane z/s=0.5 (outside of boundary layers)

INTRODUCTION

Yan e d (2002) caried out measurements and
three-dimensional computations for the flow structure in the
idealised pre-swirl rotor-stator system shown schematically in Fig.
1, and Lock et d (2003) described an investigation of the heat
transfer in the same system using atransient thermochromic liquid
crystal (TLC) technique. The system shown in Fig. 1 models the
pre-swirl chamber near the periphery of arotating turbine disc and
an adjacent stationary casing used in some gas-turbine engines. Air
is introduced through discrete nozzles in the stator, angled in the
direction of rotation of the disc, and enters receiver holes|ocated at
a higher radius on the rotating disc. In an engine, thisair is used to
cool the turbine blades, and the pre-swirl at inlet reduces the
relative total temperature of the air entering the holes, see Owen
and Rogers (1989).

The results obtained by Yan et d (2002) show that the flow in
the pre-swirl system has some similarities with that found in
classical rotor-stator systems. Asillustrated in Fig. 2, computations
show that there is a recirculating secondary flow, with radia
outflow in the boundary layer on therotating disc and radial inflow
on the stator (outward of the pre-swirl nozzle centreline).

The measurements and computations made by Yan et a showed
that significant losses in total pressure occurred between the inlet
nozzles and the plane mid-way between therotor and stator (where
pitot-tube measurements were made). These mixing losses, which
were caused by a momentum exchange between the primary
pre-swirl flow and the recirculating secondary flow, increased as
theinlet pre-swirl ratio By, increased.
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Fig. 1 Schematic diagram of experimenta pre-swirl rig

(Yan et a, 2002, not to scale)

As found by Karabay et a and other research workers, Yan et a
also concluded that the flow structure in the pre-swirl chamber is
controlled principaly by the pre-swirl ratio, B, and the turbulent
flow parameter, Ar = C,Re,*%. (The turbulent flow parameter,
which combines the effects of the nondimensional pre-swirl flow
rate, C,, and the rotational Reynolds number, Re,, for the disc, is
related to the entrainment of fluid into the boundary layer on a
rotating disc; for turbulent flow, At = 0.22 for the entrainment due
to an unconfined disc.) The present paper describes the flow
structure in more detail, and discusses the effects of 3, A+ and Re,
on the heat transfer between the air and the rotating disc.

Owen and Rogers (1989) described early work on pre-swirl
systems, and Owen and Wilson (2002) gave a brief review of more
recent heat transfer research. Much of this work concerned the
temperature of the air entering the recelver holes; the present study
is concerned mainly with the heat transfer at the disc surface.

Karabay et d (2001) carried out a combined experimental and
computationa study of flow in a “cover-plate” pre-swirl system.
The cooling air from the sationary pre-swirl nozzles flowed
radialy outward (to the receiver holes) in arotating cavity formed
by the rotating disc and a cover-plate attached to it. Free vortex
flow was found to occur for this system, and atheoretical analysis
was used to show that there was an optimal value of the pre-swirl
ratio, for which the average Nusselt number for a heated rotating
disc would be a minimum.

Pilbrow et d (1999) presented experimental and computational
results for hea transfer in the same cover-plate system. Local
Nussdt numbers, Nu, for the heated disc were found to depend
principaly on Re,, A+ and Bp. Nu increased with increasing Rey,
and A affected the shape of the Nu distribution; for low values of
At, non-entraining Ekman-type boundary layers formed on the
co-rotating discs, giving rise to lower heat transfer rates than were
measured (and computed) a higher values of Ar. Axisymmetric
computations, carried out using low-Reynolds-number k-¢
turbulence models, were mostly in good agreement with the
measured Nu and reproduced the parametric variations observed
in the experiments. No heat transfer measurements were made for
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Fig. 2 Computed secondary flow structure

the lower part of the system (around the pre-swirl inlet nozzle
radius), where the computations showed a local peak in Nu,
suggesting i mpingement-like behaviour of the pre-swirl flow on the
hested disc surface.

The 3D steady flow model used by Yan et a has been extended
to make corresponding heat transfer predictions, and the further
details of the model are given below. Computed and measured
tangential velocity distributions are used to investigate free-vortex
type behaviour in the system and the mixing losses near the
pre-swirl inlets. Computed and measured distributions of Nu over
the disc surface are presented, and the variation of Nu with At and
Re, is described for both the measured data and the computed
results.

COMPUTATIONAL MODEL AND TEST CONDITIONS
Fig. 1 shows a schematic diagram of the experimental rig on

which the computational model is based. Briefly, there are
twenty-four discrete pre-swirl inlet nozzles on the stator, angled at
20° to the tangentia direction, and sixty circular receiver holes on
the rotating disc (the rotor). The non-dimensional centreline radius
of the pre-swirl nozzles is x, = 0.74, and that of the receiver holesis
Xp, = 0.93. The gap ratio is G = s/b = 0.051. (As illustrated in
Fig. 1, asealing flow could be drawn from the clearance between
therotating and stationary sections of the outer casing; the effect of
the modest sealing flow rates tested was found to be small when
compared with results obtained for cases without sealing flow.)
Since the inlet nozzle angle is fixed, the pre-swirl ratio Bp varies
withinlet flow rate, see Yan et a (2002). Higher val ues of pre-swirl
ratio (Bp > 1.5) were obtained in experiments by reducing the
number of nozzles, N, from 24 to 12 (by blocking every other
nozzle). Heat transfer measurements for the rotating disc were
obtained using an unheated disc and heated inlet pre-swirl air. Yan
et a (2002) and Lock et al (2003) give more details of therig and
the experimental methods used. The parameter ranges covered
experimentally were as follows:

0.78x 10°<Re, <1.2x10°

0.6x 10* < C,, <2.8x 10*(0.11 < A1 < 0.36)

05<B,<15(N=24)and1.0<B,<3.0(N=12)



The ranges of At and Bp aretypical of those usedin practice. Whilst
the maximum value of Re, is an order of magnitude smaller than
that found in engines, the flow structures and trendsin hesat transfer
described here are believed to be representative.

The computational model isthat described by Yan et a and only
brief details are given here, together with the additional details
pertinent to heat transfer. The 3D steady incompressible-flow
model involves one of the discrete pre-swirl nozzles on the stator of
the experimenta rig, with cyclic symmetry conditions applied at
the tangential faces of the domain. In order to permit steady flow
computations, an annular outlet is used on therotor, asillustrated in
Fig. 2. This outlet matches the centreline radius and total flow area
of the sixty receiver holes. The low-Reynolds-number k-g
turbulence model of Launder and Sharma (1974) was used;
constant fluid properties were assumed and a discretised equation
for static temperature was solved assuming a Prandtl number
Pr =071 and a turbulent Prandtl number of 09. A
99 x 150 x 21 (axid x radial x tangential) grid was used for the
N = 24 cases described here; for the N =12 cases, the tangential
extent of the domain was doubled and the number of pointsin the
tangential direction was increased by 10. Vdues of the
non-dimensional distance y* were around unity for the near-wall
grid point at all solid surfaces.

Computations were carried out for comparison with results from
an extensive programme of experimenta tests. Measurements of
pre-swirl flow rate, rhp, and inlet total temperature, T,, were used

to prescribe uniform boundary conditions for the inlet flow at the

pre-swirl nozzle for individud cases. Typically, T, was around

55 °C. A uniform axial velocity and (and zero radial velocity)

were prescribed at the annular outlet on the rotor, in order to ensure

global mass conservetion. A zero normal-derivative condition was

used a outlet for both tangential velocity and static temperature.
Thelocal Nusselt number Nu is defined as:

_ qr
Nu——k(_l_W ) ]

where:

1
Taw =Ta +X{R(Qr—v¢ym)2—v(§m} (2)
p

Eg. (2) for Ta, is based on the theoretica adiabatic-wall
temperature given by Karabay et d (2001), athough making use of
the measured total temperature of theinlet air, T,. Thetransient heat
transfer experiments give rise to a time-varying distribution of
temperature T,, over the unheated rotor; for the steady-state
computations, theinitia air temperature measured prior to the start
of each transent test was used as the uniform disc temperature.
(Studies suggest that computed Nu is not sensitive to the radial
variaions of temperature that occur with time in the experiments.)
Temperatures on the stator, and on the inner and outer surfaces,
were not measured in the experiments and adiabatic conditions
were assumed for the computations.

FLUID DYNAMICSRESULTS

Swirl ratio and effective pre-swirl ratio

Yan et a (2002) showed comparisons between computed and
measured variations of (tangentially-averaged) swirl ratio B..
(FV4, 1Qr) with non-dimensiond radius x (=r/b) aong the
mid-plane between the rotor and stator (z/s=0.5). Fig. 3 and Fig. 4
show further comparisons, for a range of test conditions, for
N = 24 and N = 12 respectively but plotted against x 2 instead of
against x. Thetechnique of plotting B.. against x2, which was used
by Karabay et a (2001), is described below.
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Fig. 3 Computed and measured radia variation of B..for N=24
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Fig. 4 Computed and measured radia variation of .. for N=12
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Under ideal conditions, the air from the pre-swirl nozzles would
flow radialy outward creeting a free vortex where:

X 2
b-=b{7)

For this system, the free vortex defined by Eqg. (3) will have avalue
of B.. = Bp a x = 1.826. This “idea” free vortex is shown, as a
straight line passing through the origin, in Figs. 3 and 4.

In fact, any straight line passing through the origin in these plots
corresponds a free vortex. Due to the momentum | osses that occur
asthe pre-swirl flow mixes with the recirculating flow, the gradient

3

of the actua free vortex will belessthanthat of the ideal free vortex.

It is convenient, therefore, to define an effective pre-swirl ratio,
By« to represent the actua free-vortex flow, such that:

2
B.. =By [X—P] (4)

X

where B, & < Bp. This “effective free-vortex”, based on Eq. (4), is
alsoshowninFigs. 3 and 4. Thevalue of B, « has been taken asthe
computed value of B.. at x* = 1.826 (where x = x,).

Fig. 3 and Fig. 4 show that the computed distributions of f..
follow free vortex behaviour quite closely between the pre-swirl
nozzle radius and the receiver outlet radius, x = x,. The computed
resultsshown inFig. 3for N = 24 arein reasonably good agreement
with the measurements, athough the measured values are generally
lower than the computed val ues, suggesting higher mixing lossesin
the experiments and hence a lower value for By« The same
comments apply for theresultsshownin Fig. 4 for N = 12, however
there is less good agreement between the computations and
measurements for these higher 3, cases.

The difference between B, « and B, increases as 3, increases.
Fig. 5 shows that the computed variation is represented reasonably
well by the following correlation:
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Fig. 6 Computed and measured radia variation of .. for B~ 1
N = 12, Re,= 0.75x10°% Ar=0.113, B,= 1.02
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Karabay et a (2001) also found that a correlation of this form
(with different coefficients) described the variation of B« With B,
in a smplified cover-plate (rotating cavity) system as described
above.

Effect of N on swirl ratio

Fig. 6 shows the computed and measured variation of .. with
x2 for Bp= 1, for the two different values of N tested. Theseresults
show that the level and distribution of B.. is not very sensitiveto N
at these conditions, although theresultsfor N =12 areslightly lower
than those for N = 24, possibly indicating slightly higher mixing
losses.

Swirl ratio at thereceiver outlet radius

Yan e a (2002) found that the discharge coefficients for the
receiver holes depend upon the swirl ratio outside the boundary
layers at the receiver outlet radius, P..,, and correlated the
measured variation of .., asfollows:

N=12(0.9<B,<29): B, = 0.1+0.28B, (68)

N=24(0.5<B,<1.5): B, p= 0.1+0.34B, (6b)

The present computations were not found to show the same
sensitivity to the number of nozzles N. Asiillustrated in Fig. 3, the
computed results for .., for N = 24 arein good agreement with the
measurements (and hence with eg. (6b) ). Fig. 4 shows that for
N = 12 the computed values of .., are higher than the measured
values (these computed values were dso found to agree with eq.
(6b) above).

(Duetotheincreased computational domain for the N =12 cases,
some grid sensitivity was found for the99 x 150 x 31 mesh used
here for computational economy. Other results, obtained for
Bp = 1.86using al1ll x 199 x 41 grid showed good agreement
with the measured value of .. p.)
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HEAT TRANSFER RESULTS

Radial variation of local Nussdt number

Lock et a (2003) presented two-dimensional distributions of
measured local Nusselt number for a number of test conditions.
These showed nearly axisymmetric behaviour for the heat transfer
over the rotating disc surface, except in the regions around and
between the receiver holes on the disc. There was generaly good
repeatability for results obtained between different pairs of holes.

Fig. 7 shows the effect of Re, on the computed and measured
radia variation of Nusselt number at two fixed values of At (0.125
and 0.36 approx.), for which Bp = 0.5 and 1.4 respectively. The
measurements correspond to aradia line lying mid-way between
receiver holes. For the computational model an annular receiver
outlet is used (see Fig. 2), and comparisons with measurements
made in the region between holes cannot be made.

For both fixed values of Ar (and of Bp) shown in Fig. 7, the
magnitude of Nu increases with increasing Rey, but there is little
effect of Re, on the shape of the Nu distributions (for either the
computations or the measurements). For all cases, thereis alocal
peak in measured values of Nu in the region near the receiver holes
on the disc. Both the measured and the computed results are
discussed below.

Referring to the measurements, Fig. 7a (A1 = 0.125, Bp = 0.5)
shows that Nu increases with radius between the pre-swirl nozzle
radius, X, = 0.74, and thereceiver holes. As discussed by Lock et d,
these results suggest that the heat transfer is controlled mainly by
the boundary layer flow on therotating disc. For x > 0.9, thereisa
rapid rise in measured Nu. In this region, disc boundary layer fluid
entersthe receiver holes and there is strong flow axialy toward the
disc (see Fig.2), causing an increase in heat transfer.

The computed results for the two A = 0.125, Bp = 0.5 cases
shown in Fig. 7a show a large peak in Nu around the pre-swirl
nozzle radius, x, = 0.74. This peak results from the use of a
low-Reynolds-number, isotropic k - & turbulence model in a
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region where anisotropic impinging-flow effects occur near the
rotating disc surface (due to the axial component of the pre-swirl
flow). Pilbrow et a (1999) found similar behaviour for a different
pre-swirl system, and tested an aternative to the Launder-Sharma
low-Reynolds-number model used here that gave, in generd, a
lower peak inthe corresponding i mpingement region. In the present
work, there was little difference in results obtained using this
alternative model and the Launder-Sharma model.

The computations shown in Fig. 7a mainly underestimate the
measured Nusselt numbers for x, < x < X, but the computed
increase of Nu with increasing Re, isin reasonable agreement with
the measured trend. Modelling simplifications used at the receiver
outlet (as described above) may contribute to the large pesks in
computed Nu around x = 0.93. Further radialy outward, the
agreement between computations and measurements is similar to
that inward of the receiver holes.

Fig. 7b shows that, for Ar = 0.36 (Bp = 1.4), a local peak in
measured Nu occurs around the inlet nozzle radius x,, and Nu
decreasesfor x, < X < X,. This suggests that inertial “impingement”
effects, due to the more powerful pre-swirl flow at this higher value
of A+, have amore significant influence than for the cases shown in
Fig. 7a Fig. 7b shows that computations again reproduce the
measured trends reasonably well, athough the peak in Nu near
X = Xpisgreatly exaggerated. Thereis generally better agreement
between the computations and the measurements for the cases
shown in Fig. 7b than for those at the lower value of Ar.

Effect of A+ and Brat fixed Re,

Fig. 8aand Fig. 8b show, respectively, the effect of varying A+
(and, as a consequence, of varying Bp) on the measured radial
variaion of Nu for Re, = 0.8x10°and 1.2x10°. At both values of
Re,, thereis asimilar transition in the variation of Nu with x, from
the viscous behaviour described above for A; = 0.125 (Bp = 0.5) to
inertid  behaviour for the higher values of A; (and the
corresponding higher values of p).




2500

Nu

2000 —

1500 —

1000 —

500 —

o T
065 0.7

T
0.8

I I I
0.75 0.85 0.9 0.95

Fig. 9 Computed and measured radia variation of Nu for By~ 1
N = 12, Re,= 0.75x10°, Ar=0.113, B,= 1.02

® measured computed
N = 24, Re,= 0.78x10°, Ar= 0.236, B,= 0.98
] meas_]raj s Computaj

The combined effect of increasing A+ and Bp at fixed Re, is
greatest for x < 0.9 approx. Fig. 8 shows that there is less
sengtivity to Ar and Bp for theregion around and outward of the
receiver holes, and this sensitivity also tends to decrease as Re,
increases. Parametric computations (not shown here) show that Nu
increases with both increasing At and increasing p when these
parameters are varied independently.

Effect of N on heat transfer

For a smple rotating-disc system, heat transfer on the disc is
controlled by development of the viscous disc boundary layer, and
this is in turn affected by the level of swirl outside the boundary
layer, i.e. by B.. (Owen and Rogers, 1989).

The resultsin Fig. 6 show that thereis little effect of N on the
values of B.. for Bp = 1. Fig. 9 shows results for computed and
measured Nu for the two cases considered in Fig. 6, These results
show that Nu is higher (in both the computations and the
experiments) for theN = 24 casethanfor N = 12. Asthelevel of
B.. (which influences viscous effects) for these two casesis similar,
these results suggest that increased inertid effects, for the higher
flow rate & N = 24, are mainly responsible for the increase in Nu.
This increase in the magnitude of Nu for N = 24 compared with
N = 12 is reproduced reasonably well by the computations,
although the measured values are again undepredicted.

CONCLUSIONS

A combined computational and experimental study has been
carried out to invegtigate the effects of flow rate, swirl ratio and
rotational Reynolds number on the flow and hesat transfer in a
pre-swirl rotating-disc system, representative of that found in
gas-turbine cooling systems. Measurements of swirl ratio B.., and
of local Nusselt number Nu on the rotating disc, have been
compared with turbulent flow results obtained using a simplified
3D steady computational model of the system.

Computations of .. show that the flow structure follows closely
free vortex behaviour for x, < X < X,. Due to mixing losses that
occur between the primary pre-swirl flow and the recirculating
secondary flow, this free vortex behaviour corresponds to an
effective pre-swirl ratio, Bpet, Which is lower than the inlet
pre-swirl ratio Bp. The difference between Bpe and Bp increases as
Bp increases. Measured values of f3.. were found to be lower than
computed values, and there was better agreement between
computations and measurements for N = 24 pre-swirl nozzles (for
which Bp < 1.5) than for higher values of Bp obtained using N = 12.

Measurements and computations of heat transfer both show that
values of Nu incresse as Re, Ar and PBp increase. The
measurements suggest that heat transfer is controlled by viscous
effects at low values of At, and by inertia effects at high values of
At . Measured values of Nu were mainly underpredicted, except in
the region around the pre-swirl nozzle radius where inertia
“impingement”  effects are predicted poorly by the
low-Reynolds-number k-e turbulence model used.
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