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Physical Interpretation of Flow
and Heat Transfer in Preswirl
Systems
This paper compares heat transfer measurements from a preswirl rotor–stator experiment
with three-dimensional (3D) steady-state results from a commercial computational fluid
dynamics (CFD) code. The measured distribution of Nusselt number on the rotor surface
was obtained from a scaled model of a gas turbine rotor–stator system, where the flow
structure is representative of that found in an engine. Computations were carried out
using a coupled multigrid Reynolds-averaged Navier-Stokes (RANS) solver with a high
Reynolds number k-� /k-� turbulence model. Previous work has identified three param-
eters governing heat transfer: rotational Reynolds number �Re��, preswirl ratio ��p�, and
the turbulent flow parameter ��T�. For this study rotational Reynolds numbers are in the
range 0.8�106�Re��1.2�106. The turbulent flow parameter and preswirl ratios var-
ied between 0.12��T�0.38 and 0.5��p�1.5, which are comparable to values that
occur in industrial gas turbines. Two performance parameters have been calculated: the
adiabatic effectiveness for the system, �b,ad, and the discharge coefficient for the receiver
holes, CD. The computations show that, although �b,ad increases monotonically as �p
increases, there is a critical value of �p at which CD is a maximum. At high coolant flow
rates, computations have predicted peaks in heat transfer at the radius of the preswirl
nozzles. These were discovered during earlier experiments and are associated with the
impingement of the preswirl flow on the rotor disk. At lower flow rates, the heat transfer
is controlled by boundary-layer effects. The Nusselt number on the rotating disk increases
as either Re� or �T increases, and is axisymmetric except in the region of the receiver
holes, where significant two-dimensional variations are observed. The computed velocity
field is used to explain the heat transfer distributions observed in the experiments. The
regions of peak heat transfer around the receiver holes are a consequence of the route
taken by the flow. Two routes have been identified: “direct,” whereby flow forms a stream
tube between the inlet and outlet; and “indirect,” whereby flow mixes with the rotating
core of fluid. �DOI: 10.1115/1.2436572�
Introduction

The blade-cooling air in gas turbines is usually supplied to the
otating high-pressure blades by stationary preswirl nozzles. The
ooling air is swirled, which reduces the work done by the rotat-
ng turbine disk in accelerating the air to the disk speed. This in
urn reduces the total temperature of the air entering the receiver
oles in the disk. A simplified diagram of the so-called direct
ransfer preswirl system is shown in Fig. 1.

The designer is interested in calculating the pressure drop and
ooling effectiveness of the preswirl system. There is also a need
o understand the heat transfer between the cooling air and the
urbine disk, particularly the possible creation of local nonuniform
emperatures in the metal that could lead to large thermal stresses.

Meierhofer and Franklin �1�, who were the first to measure the
ffect of preswirl on the temperature drop in a direct-transfer sys-
em, showed that swirling the air could significantly reduce the
otal temperature in the receiver holes of a turbine disk. El-Oun
nd Owen �2� developed a theoretical model for the so-called
diabatic effectiveness, �b,ad, based on the Reynolds analogy. The
odel, which was in good agreement with the temperatures mea-

ured on their rotating-disk rig, showed that Tt,b, the total tem-
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perature in the receiver holes, decreased monotonically as �p, the
preswirl ratio, increased even when �p was significantly greater
than unity.

Geis et al. �3� made measurements of the adiabatic effective-
ness, which showed that the measured values of Tt,b were signifi-
cantly higher than the values predicted from their ideal model. �It
should be pointed out that their preswirl ratio was based on isen-
tropic values rather than on measurements.� Chew et al. �4� made
numerical simulations of both the “Karlsruhe rig,” used by Geis et
al., and a “Sussex preswirl rig.” The computations were in good
agreement with the results of both rigs, and the low adiabatic
effectiveness of the Karlsruhe rig was attributed to the geometry
of the preswirl chamber; in particular, the Karlsruhe rig had a
much larger stator area, which reduced the effective swirl ratio
and consequently reduced the effectiveness.

Chew et al. �4� and Farzaneh-Gord et al. �5� independently
derived theoretical models for the adiabatic effectiveness of a
direct-transfer system, taking account of the moment on the stator.
�These models predict lower values of �b,ad than that of Karabay
et al. �6�, who based their model on a cover-plate system in which
the preswirl air flows radially outward between two rotating
disks.�

Popp et al. �7� carried out a CFD analysis of a cover-plate
system, computing the temperature drop and the discharge coeffi-
cients for different geometries. They showed that CD, the dis-
charge coefficient for the receiver holes, became a maximum

when the relative tangential velocity was close to zero. This effect
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as confirmed experimentally by Dittmann et al. �8� who were the
rst to measure the discharge coefficients in a direct-transfer sys-

em.
Yan et al. �9� measured the discharge coefficients for the re-

eiver holes of a direct-transfer system for a range of rotational
peeds and flow rates. For �1�1 �where �1 is the measured swirl
atio upstream of the receiver holes� CD increased monotonically
s �1 increased from �1�0.3 to 0.9. They also found, as did Popp
t al., that CD depends on the ratio of the area of the receiver holes
o that of the nozzles; for a given value of the preswirl ratio, �p,

D increases as the area ratio decreases. �It should be noted that,
wing to a printer’s error, the wrong figures were printed in Ref.
9�; the correct figures are given in Ref. �10��.

Heat transfer in a direct transfer rig was studied experimentally
nd computationally by Wilson et al. �11� using fluxmeters to
etermine the local Nusselt numbers. Their axisymmetric CFD
esults gave reasonable predictions of the velocity and tempera-
ure in the core but underpredicted the measured Nusselt numbers.

Numerous experimenters have used thermochromic liquid crys-
al �TLC� to determine heat transfer coefficients on purpose-built
est sections. A common technique is to solve Fourier’s transient
onduction equation to calculate h for a semi-infinite solid ex-
osed to a step change in air temperature. As it is virtually impos-
ible to achieve a step change in the air temperature of preswirl
igs, Newton et al. �12� developed the so-called “slow transient”
echnique. Lock et al. �13,10� used this technique to measure the
ocal Nusselt numbers, on the rotating disk of a direct-transfer rig,
or a range of rotational speeds, flow rates, and preswirl ratios.
he measurements showed that Nu was virtually axisymmetric
xcept near the receiver holes, where large variations occurred.
hey also found that there were two flow regimes: at the larger
reswirl flow rates, inertial effects dominated and the flow im-
inged on the rotating disk creating a peak in Nu; at the smaller
ow rates, viscous effects dominated and boundary-layer flow
ontrolled the heat transfer.

In this paper, a commercial three-dimensional �3D� CFD code
s used to compute the flow and heat transfer in the “Bath rig”
sed by Lock et al. The computations are compared with mea-
ured values of the discharge coefficients, with theoretical values
f adiabatic effectiveness and with measured local Nusselt num-
ers. In particular, the computations are used to give a physical
nsight into the complex flow and heat transfer that occurs in these
irect-transfer preswirl systems.

Governing Parameters
Owen and Rogers �14� showed that, for a rotating cavity, the

urbulent flow structure depends on only two nondimensional pa-
ameters: the inlet swirl ratio, �p, and the turbulent flow param-
ter, �T. These are defined as

�p =
v�,p

	rp
�1�

Fig. 1 Schematic diagram of test section
nd
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�T = cw Re�
−0.8 �2�

where

cw =
ṁp


b
�3�

and

Re� =
�	b2



�4�

The value �T=0.22 corresponds to the flow rate entrained by a
disk rotating in an infinite environment, the so-called free disk.
For turbine-blade cooling systems, �T�0.4 and �p�1.

For the Bath rig �described in Sec. 3� it follows that

�p =
C

N

cw

Re�

=
C

N

�T

Re�
0.2 �5�

where C is a geometric constant given by

C =
4b3 cos �

d2rp
�6�

It can be seen that the preswirl ratio is not independently vari-
able: it depends upon N, the number of preswirl nozzles, and upon
�T and Re�. In the experiments of Yan et al. �9�, two values of N
were used: N=12 and 24. In the experiments discussed below,
N=24.

The Bath rig uses a simplified engine geometry, and tests were
conducted at representative values of �p and �T, thereby produc-
ing flow structures typical of those found in engines. However, in
engines Re� is on the order of 107, which is an order of magnitude
greater than that achievable in the rig. As the heat transfer depends
strongly on Re�, as well as on �p and �T, the rig Nusselt numbers
will be much smaller than those found in engines. This is dis-
cussed further in Sec. 6.

3 Experimental Method
Experimental results were produced by Yan et al. �9� and Lock

et al. �13,10� using the “slow transient” TLC technique described
by Newton et al. �12�. The salient points of the experimental
method are presented here for convenience and a section of the
experimental rig is illustrated in Fig. 1.

The rotor is a transparent polycarbonate disk with a radius of
0.216 m, allowing optical access to the wheel space. The disk has
60 circular receiver holes with centers at a disk radius of 0.200 m.
To reduce heat transfer from the air inside the receiver holes, the
holes are filled with Rohacell �low-conductivity foam� bushes pro-
ducing an effective receiver hole diameter of 8.0 mm. The disk
has a thickness of 10 mm, and the receiver holes, which have a
length to diameter ratio of 1.25, vent directly into the laboratory.
A shroud of carbon fiber surrounds the rim of the disk and rotates
with it. A section of the rotor surface inside the wheelspace is
painted with thermochromic liquid crystal.

The stator is also a polycarbonate disk, which is mounted onto
an aluminum disk. The gap between the rotor and stator is 11 mm
�G=0.051�, and the clearance between the rotating and stationary
shrouds is 1 mm. The air pressure in the wheel space is balanced
by sealing air to restrict leakage or ingress. The preswirl nozzles
comprise 24 circular holes, of 7.1 mm diameter, drilled at an
angle of 20 deg to the tangential direction and at a radius of
160 mm. A stationary Rohacell hub forms the inner boundary of
the wheel space at a radius of 0.145 m.

The radial variation of pressure and tangential velocity is mea-
sured by a combination of pitot tubes, located at nine radial sta-
tions in the midplane �z /s=0.5�, and static pressure tappings at the
same radii on the stator. A total-temperature probe and pitot tube
are also located in a nozzle outlet to measure the temperature and
velocity of the inlet flow. More details can be found in Yan et al.

�9�.
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The main air supply to the system is passed through a mesh
eating element which essentially creates a step change in tem-
erature immediately downstream of the heater; owing to heat
osses in the ducting, the temperature rise of the air downstream of
he preswirl nozzles is exponential. A strobe light is used to illu-

inate the rotor and the resulting transient disk temperature dis-
ribution is captured on digital video at 25 frames/s. The red–
reen–blue �RGB� signals of each frame are converted to hue and
nalyzed to calculate the temperature history and steady-state heat
ransfer coefficient, as described by Newton et al. �12�.

Computational Method
The computational domain is designed to be a realistic repre-

entation of the experimental rig described above, the only excep-
ion being the preswirl nozzles. To enable steady-state computa-
ions, the preswirl nozzles are modeled as an axisymmetric slot
aving the same inlet area, and therefore the same inlet velocity,
s the nozzles. The model contains a 1/60th sector of the experi-
ental rig, i.e., a 6 deg section enclosing one of the receiver

oles. Boundaries have either a no-slip condition or a periodic
nterface applied, and walls are defined as rotating or stationary as
equired. Clearances at no-flow boundaries were taken to be zero.

Figure 2 shows the computational domain, the red shaded areas
eing stationary while the blue shaded areas rotate with angular
elocity 	. Axial and circumferential velocities are prescribed at
he inlet to give the flow angle of 20 deg to the tangential direc-
ion. Velocity and static temperature values were prescribed to

atch measurements made at the nozzle. At the outlet a static
ressure boundary condition was used.

The commercial code used for this investigation is CFX5.7, a
nite volume, coupled algebraic multigrid solver. The advection
cheme is second-order accurate based on the method of Barth
nd Jesperson �15�. The energy equation is solved, including the
iscous work term, and variable density effects taken into account.
uoyancy effects within the wheel space are ignored.
The mesh is a hybrid of unstructured tetrahedral elements, with

rismatic elements near the wall. Delaunay triangulation is used to
reate the surface mesh followed by an advancing front volume
esher. A mesh sensitivity study was carried out to confirm that

he fluid dynamics and heat transfer results are not grid dependent.
ypical y+ distributions, for computations both in the viscous and

nertial regime, are shown in Fig. 3, and are within the required

Fig. 2 Schematic diagram of computational domain
ange for the turbulence model.
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The turbulence model used is the high-Reynolds number base-
line �BSL� model of Menter �16�. This is a blend of a k-� formu-
lation with wall functions �Ref. �17��, in the near wall region, and
a k-� model away from the wall. This overcomes sensitivities to
freestream turbulence levels normally experienced by k-� models
�18�. The convective heat transfer model applied to the rotor wall
is based on the method of Kader �19�; and other surfaces were
assumed adiabatic.

Additional computations were performed to confirm that the
results were not sensitive to inlet turbulence level or to the uni-
form rotor temperature boundary condition used to approximate
the time varying distribution that occurred in the experiment.

5 Fluid Dynamics

5.1 Velocity and Pressure. Figure 4�a� shows a comparison
between the computed and measured radial variation of ��, the
nondimensional swirl ratio at the midplane �z /s=0.5�. The maxi-
mum value of ��, which occurs at the inlet radius due to the flow
from the nozzles, is well predicted by the computations. However,
at the larger radii, the computations overpredict the measured val-
ues. This may be due in part to overprediction of turbulence levels
by the high-Reynolds number turbulence model.

Figure 4�b� shows good agreement between the computed and
measured radial distribution of static pressure. In the rotating core
of fluid, away from the rotor and stator, dp /dr=���

2 /r, and as a
consequence the static pressure increases radially. The overpredic-
tion of the total pressure in Fig. 4�c� is caused mainly by the
overprediction of �� referred to above.

The agreement between computations and measurements
shown in Fig. 4�a� is best for the lowest value of �T shown, for
which the flow is in the viscous regime. The computed mixing at
the higher values of �T �for which the flow is in the inertial re-
gime� may be affected by the use of a high-Reynolds-number
turbulence model and the simplified slot geometry at inlet. �Yan et
al. �9�, who used a discrete nozzle inlet and a low-Reynolds-
number k-� turbulence model, obtained better agreement with
measurements than that shown in Fig. 4�a�.�

5.2 Adiabatic Effectiveness. The adiabatic effectiveness,
�b,ad, is defined as

�b,ad =
cp�T0,p − Tt,b�

0.5	2rb
2 �7�

For given inlet conditions the total temperature of the air in the
rotating receiver holes, Tt,b, decreases linearly as �b,ad increases.

Karabay et al. �6� derived a theoretical value for �b,ad using the
first law of thermodynamics; the work done on, or by, the air was
proportional to the moment required to change the tangential ve-
locity of the air from �p	rp, at the preswirl nozzles, to 	rb in the

Fig. 3 Typical radial distribution of y+ on the rotor for inertial
and viscous regime computations
receiver holes. Their equation, which was derived for a cover-
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late system in which there is no stator to reduce the swirl, is
iven by

�b,ad = 2�p� rp

rb
�2

− 1 �8�

It should be noted that �b,ad��p :�b,ad increases, and Tt,b de-

ig. 4 Comparison of computed „lines… and measured „sym-
ols… results for swirl ratio and pressure: Re�=0.8Ã106
reases, monotonically with �p even when �p�1. Karabay et al.

72 / Vol. 129, JULY 2007
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also used CFD to compute �b,ad in a cover-plate system for 0
��p�3, and their computations were in good agreement with
this equation.

Farzaneh-Gord et al. �5� modified Eq. �8� for a direct-transfer
system to account for the moment on the stator, Ms. Their model
gives

�b,ad = 2�p� rp

rb
�2

− 1 −
Ms

1/2ṁ	rb
2 �9�

where the effect of Ms �a positive quantity� is to reduce �b,ad.
Figure 5�a� shows a comparison between the computed and

theoretical values of �b,ad for the present case, where rp /rb=0.8.
The computations based on Eq. �7� use the bulk-average relative
total temperature computed at the outlet from the receiver holes.
These computations are in excellent agreement with the theoreti-
cal values of �b,ad based on Eq. �9� for the direct-transfer system;
the values of MS in this equation were obtained by computing the
tangential shear stress over all of the stationary surfaces in the rig
geometry. The theoretical values of �b,ad calculated using Eq. �8�
for a cover-plate system are significantly higher than those for the
direct-transfer system.

The theoretical values of �b,ad are based on the assumption that
the air achieves solid-body rotation in the receiver holes. Figure
5�b� shows that �2, the computed bulk-average value of � at the
outlet from the holes, is indeed close to unity. �The fact that the
computed values of �2�1 could be due to the assumed constant
pressure condition at outlet from the receiver holes. In an engine,
where the blade-cooling air flows radially outward from the re-
ceiver holes, solid-body rotation would be expected to occur; for a
rig with short receiver holes, it is possible that solid-body rotation
would not be achieved.�

It should be pointed out that both the computed and theoretical
values of �b,ad for the direct-transfer rig depend, explicitly or
implicitly, on the computed value of Ms. It is, therefore, uncertain
that the theory will agree with experimental measurements of
�b,ad, which were not made in the tests reported here. The mea-
surement of �b,ad is nontrivial: the actual �not the isentropic�
value of �p must be known; the bulk-average relative velocity and
total temperature inside the receiver holes must be measured ac-
curately; and the rotating disk should be made from a thermal
insulator to reduce the heat transfer to the cooling air. These three
conditions are seldom, if ever, achieved in rotating-disk rigs.

5.3 Discharge Coefficients. So as to be consistent with other
research workers, the discharge coefficient for the receiver holes
is defined as

CD =
ṁb

ṁi

�10�

where ṁi is the isentropic mass flow rate. This can be calculated
from the first law of thermodynamics, for an adiabatic system,
taking into account the rate of work done by or on the air from
Stations 1–2 in a stream tube. The equation derived by Yan et al.
�9� is

ṁi

A2
= �0,1� p2

p0,1
�1/��� 2�

� − 1
� p0,1

�0,1
	1 − � p2

p0,1
��−1/�


+ 2	�r2V�,2 − r1V�,1� − V�,2
2 �1/2

�11�

The first term inside the curly brackets is the standard result for
compressible flow in a stationary nozzle; the second term is the
work term resulting from the change of angular momentum of the
air; the last term is due to the fact that the air in the receiver holes
has an absolute tangential, as well as an axial, component of ve-
locity. In their measurements, Yan et al. based p0,1 and V�,1 on

their pitot-tube measurements at r=rb and z /s=0.5. They took p2
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s the atmospheric pressure at outlet from the receiver holes, and
ssumed that V�,2=	rb. The same assumptions and locations
ere used here in determining the computed values of ṁi.

ig. 5 Variation of �b,ad, �, and CD with �p for 0.8Ã106<Re�

1.2Ã106 and 0.12<�T<0.38: „a… comparison between com-
uted and theoretical �b,ad; „b… comparison between computed
1 and �2; and „c… comparison between computed and mea-
ured CD
As shown in Fig. 5�b� the computed values of �2 are close to

ournal of Engineering for Gas Turbines and Power
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unity, supporting the assumption of solid-body rotation at the out-
let from the receiver holes. The computed values of �1, which are
based on the bulk-average values of V�,1 calculated at r=r1=rb
and z /s=0.5, are significantly smaller than �p, and it should be
noted that �1=1 when �p�1.8.

Figure 5�c� shows a comparison between the computed and
measured variation of CD with �1. The measured values were
obtained with 24 and 12 preswirl nozzles �N=24 and N=12�; the
N=12 results were obtained by blocking alternate nozzles. As for
all computations presented in this paper, the computed results
were obtained for the case where the annular slot in the stator had
an area equivalent to the N=24 tests.

As expected, the computations and experiments show that CD
reaches a maximum value at �1=1; the computed maximum of
CD=0.65 is lower than that in the experiments, CD=0.70. Dittman
et al. �20� measured discharge coefficients for a rotating short
orifice, with the same length to diameter ratio as the receiver
holes, and found that CD had a maximum value of 0.78 when the
fluid and the orifice had the same circumferential velocity.

The maximum value of CD occurs at a critical value of �p,
which will depend strongly on the system geometry. For the sys-
tem used here, the critical value of �p was approximately 1.8 for
the computations and 2.3 for the experiments. The important prac-
tical consequence is that, although the cooling effectiveness in-
creases monotonically as �p increases, the flow rate of the blade
cooling air will decrease if the critical value of �p is exceeded.

6 Heat Transfer

6.1 Radial Variation of Nusselt Number. The computed
heat flux is nondimensionalised to form the local Nusselt number,
Eq. �13�, based on the adiabatic disc temperature derived by Kara-
bay et al. �6� for a cover-plate system and which is shown in Eq.
�12�

Tw,ad = T0,p −
V�,�

2

2Cp
+ R

	2r2

2Cp
�1 −

V�,�

	r
�2

�12�

Nu =
qwr

k�Tw − Tw,ad�
�13�

Equation �12� is a theoretical value based on the Reynolds anal-
ogy, and the values of Tw,ad computed by Karabay et al. �6� were
in excellent agreement with this equation. Newton et al. �12� used
wide-band TLC to measure the adiabatic-disk temperature on the
Bath rig. Apart from the region near the preswirl nozzles, the
differences between the measured and theoretical values of Tw,ad
were mostly less than 0.5°C. Owing to the uncertainty in the
wide-band TLC measurements, Eq. �12� was used to calculate
Tw,ad for the measured Nusselt numbers.

Owen and Rogers �21� showed that, for turbulent boundary-
layer flow in rotor-stator systems, Nu�Re�

0.8. If the heat transfer
in the Bath rig is controlled by turbulent boundary-layer flow then
the parameter Nu Re�

−0.8 would be expected to be independent of
Re�.

Figure 6 shows a comparison between computed and experi-
mental values of Nu Re�

−0.8 for three values of �T and three values
of Re� �As Eq. �5� shows, �p��T�. The measured local Nusselt
numbers were obtained by Lock et al. �13�, and those shown in
Fig. 6 were evaluated along a radial line midway between two
adjacent receiver holes.

Figure 6�a�, for �T=0.13 and �p=0.5, shows a distinct peak in
heat transfer near the receiver holes �x=0.93� but there is no sign
of impingement near the preswirl nozzles �x=0.74�. Lock et al.
defined this as the viscous regime, and it can be seen that Nu
Re�

−0.8 is a good correlating parameter for both the computational
and experimental results. Although the radial variation of the com-

putations and measurements are qualitatively similar, the compu-
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ations overpredict the measured values except in the region near
he receiver holes.

In Fig. 6�b� for �T�0.24 and �p�1.0, the experimental results
how a distinct peak near the nozzles, signifying that the flow is in
he inertial regime. The computations show only a small peak at
his radius. For these conditions, the parameter Nu Re�

−0.8 fails to
ollapse either the experimental or computational data.

In Fig. 6�c� for �T�0.35 and �p�1.5, both sets of results

ig. 6 Radial variation of Nu Re�
−0.8: „a… �T=0.12, �p=0.5; „b…

T=0.24, �p=1.0; and „c… �T=0.35, �p=1.5
xhibit the inertial peak near the preswirl nozzles. The radial

74 / Vol. 129, JULY 2007
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variation of the computations and measurements are qualitatively
similar, but again the parameter Nu Re�

−0.8 fails to collapse the
data.

6.2 Circumferential Variation of Nusselt Number. Figure 7
shows comparisons of Nusselt number contours across an 18 deg
sector of the rotor, as studied experimentally. Results on the right
were produced by computation and those on the left are experi-
mental results. The conditions for case 7�a� classify it within the
viscous regime; the two other examples, 7�b� and 7�c�, relate to
the inertial regime.

Comparing Fig. 7�a� with the results in Fig. 6, the same differ-
ence in Nusselt number magnitude is visible and the improved
agreement at the receiver hole radius is also apparent. In the re-
gion close to the edge of the holes there is an absence of experi-
mental data caused by the presence of the Rohacell bushes de-
scribed in Sec. 3. �The opaque bushes also cause shadows over the
transparent rotor, obscuring the results in this region.�

In Fig. 7�b� and 7�c�, representing the inertial regime, there is
good qualitative agreement between computations and measure-
ments at high radii.

A small region of high heat transfer is observable around the
receiver holes in each case in Fig. 7. At low �T and �p this region
is located at the “9 o’clock position” with respect to the holes, Fig.
7�a�. As �T and �p are increased the region moves around towards
the “11 o’clock position,” Fig. 7�c�. Luo et al. �22� performed
temperature measurements around a rotating disk with receiver
holes and observed similar behavior around the holes. �In an en-
gine, high heat transfer in this region could result in thermal
stresses within the rotor.�

6.3 Physical Interpretation of Heat Transfer Results. Us-
ing an axisymmetric CFD code, Wilson et al. �11� showed that air
entered the receiver holes by “direct” and “indirect” routes. The
former refers to flow traveling directly along a streamline con-
necting the inlet and the outlet, and therefore not mixing with the
core flow. Indirect flow mixes with the core flow before entering
the receiver holes.

This idea can be extended to the study of nonaxisymmetric
systems by considering that the direct flow travels in a stream tube
between the preswirl nozzles and the receiver holes. Computing
streamlines for the direct flow allows the path of the stream tube
to be evaluated. Figure 8 shows the stream tube relative to the
rotor for a variety of conditions. The inner location is at the radius
of the preswirl nozzles, and the outer location is at the radius of
the receiver holes. These results show only a weak effect of Re�.

Figure 9 shows measured heat transfer results combined with
streamlines calculated using the full velocity field from the com-
putations. Figure 9�a� is a radial section with the preswirl inlet and
stator on the left and the receiver hole and rotor on the right. The
orange streamline shows that flow from the nozzle can be either
direct or indirect: the direct flow exits through the receiver hole;
the indirect flow continues to a higher radius and will recirculate
in the system and mix with the core flow. The black streamline
shows that indirect flow, which has entered the core, can either
exit through the receiver hole or continue circulating in the core.

Figure 9�b� shows the same streamlines in a circumferential
section. It can be seen that the flow at the rotor surface that is
aligned with the receiver holes becomes direct flow. The remain-
ing flow follows the indirect route.

Figure 9�c� shows an isometric view of the same streamlines. It
is the flow from the core, replacing the boundary layer flow en-
tering the receiver holes, which gives rise to the region of high
heat transfer.

7 Conclusions
Flow and heat transfer measurements from an experimental

study of a preswirl rotor–stator system have been compared with

the results of computations. The experiments were conducted on

Transactions of the ASME

 license or copyright, see http://www.asme.org/terms/Terms_Use.cfm



t
m
a
r
p

J

Downl
he “Bath rig:” a purpose-built direct-transfer rig. The measure-
ents were made for 0.8�106�Re��1.2�106, 0.1��T�0.4

nd 0.5��p�1.5, and the flow structure was considered to be
epresentative of that found in gas turbines. The steady-state com-

Fig. 7 Experimental „left… and computational „right…
=0.13; „b… �p=1.0, �T=0.24; and „c… �p=1.5, �T=0.37
utations used a 3D commercial CFD code.
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The conclusions based on this rig geometry are as follows:

1. The computed static pressure distribution agrees well with
measured values but the tangential velocity, and hence the

selt number contours, Re�=0.8Ã106: „a… �p=0.5, �T
Nus
total pressure, is overpredicted.
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2. The computed values of �b,ad were in good agreement with
a theoretical model for direct-transfer systems.

3. The discharge coefficient, CD, reached a maximum value
when �1, the core swirl ratio adjacent to the receiver holes,
was unity. The computed maximum was CD�0.65, and the
experimental maximum was CD�0.70.

4. The computed and measured radial distributions of Nusselt
number, Nu, on the rotating disk show evidence of the vis-
cous and inertial regimes. Although Nu tends to increase as
Re� increases, the parameter Nu Re�

−0.8 is only weakly de-
pendent on Re� in the viscous regime. The computations are
qualitatively similar to the measurements but, apart from the
region near the receiver holes, they do not show good quan-
titative agreement.

5. The computed and measured contours of Nu show that there
is a small region of high heat transfer close to the receiver
holes. This is due to the two routes by which flow enters the
holes: a “direct” route from the preswirl nozzles and an “in-
direct” route from the core. The regions of high heat transfer
are of importance for designers as they may result in thermal
stresses around the receiver holes in turbine disks.
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omenclature
a � rotor inner radius
b � rotor outer radius

cp � specific heat capacity at constant pressure
cw � nondimensional mass flow rate �=ṁ /
b�

CD � discharge coefficient for receiver holes
d � preswirl nozzle diameter
G � gap ratio �=s /b�
h � heat transfer coefficient
k � thermal conductivity of air

ṁ � mass flow rate
M � disk moment
N � number of preswirl nozzles

Nu � Nusselt number �=qwr /k�Tw−Tw,ad��
Pr � Prandtl number �=
cp /k�

ig. 8 Streamline plots for flow in the direct route between
nlet and outlet
qw � rotor wall heat flux
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R � recovery factor �=Pr1/3�
Re� � rotational Reynolds number �=�	b2 /
�

r � radius
rp ,rb � radii of preswirl nozzles and receiver holes

s � rotor–stator separation distance
T � static temperature
v � velocity

u� � friction velocity
x � nondimensional radius �=r /b�
y � distance normal to the wall

y+ � nondimensional wall distance �=�yu� /
�
� � swirl ratio �=v� /	r�

Fig. 9 Computed streamlines superimposed onto experimen-
tal heat transfer results: Re�=0.8Ã106, �p=1.5, �T=0.38
� � ratio of specific heats
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�b,ad � adiabatic effectiveness
�T � turbulent flow parameter �=cw Re�

−0.8�

 � dynamic viscosity
� � density

	 � angular velocity of rotor

ubscripts
ad � adiabatic
b � blade-cooling
i � isentropic value
o � total value in stationary frame
p � preswirl
s � stator
t � total value in rotating frame

w � rotor
� ,r ,z � circumferential, radial, axial direction

� � value in core at z /s=0.5
1,2 � upstream, downstream locations in a stream

tube
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