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ABSTRACT 
Design of pre-swirl systems is important for the secondary 

air cooling system of gas turbine engines. In this paper, three 

pre-swirl nozzles, a cascade vane and two drilled nozzles are 

analysed and their performances are compared. The two drilled 

nozzles considered are a straight drilled nozzle and an 

aerodynamically designed nozzle. CFD analyses are presented 

for stand-alone and pre-swirl system 3D sector models at 

engine operating conditions near to engine maximum power 

condition rotational Reynolds number (Re!) up to 4.6 ! 10
7
. 

Nozzle performance is characterised by the nozzle discharge 

coefficient (CD), nozzle velocity coefficient (!) and cooling air 

delivery temperature. Two commonly used eddy viscosity 

models are employed for the study, the standard k-! and 

Spalart-Allmaras models with wall functions. Both models give 

very similar results for CD and !, and are in reasonable 

agreement with available experimental data. Effects of nozzle 

or vane number and sealing flow have been analysed. The 

cascade vanes perform slightly better than the aerodynamically 

designed drilled nozzles but the final design choice will depend 

on other component and manufacturing costs. An elementary 

model is presented to separate temperature losses due to the 

nozzle, stator drag and sealing flow. 

NOMENCLATURE 
 

A area, m
2 

AN nozzle throat area, m
2
 

c friction factor 

CD discharge coefficient 

Cp specific heat capacity at constant pressure, 

J/kg K 

Cw non-dimensional mass flow rate ( /µrh) 

D moment on the stator walls, Nm 

dp nozzle down stream diameter, m 

k turbulence kinetic energy, m
2
/s

2 

l cascade vane’s chord length, m 

 mass flow rate, kg/s 

M moment on the rotor walls, Nm 

Np number of pre-swirl nozzles 

p static pressure, N/m
2
 

P absolute total pressure, N/m
2
 

Q heat transfer to the system, W 

r radius, m 

rh receiver hole radial location, m 

rp nozzle exit radial location, m 

Re! rotational Reynolds number, (""rh
2
/µ) 

SR swirl fraction, (v#/"r) 

tp pre-swirl plate thickness, m 

T absolute total temperature, K 

Trel total temperature in rotating reference frame, 

K 

u$ friction velocity, m/s 

V velocity magnitude, m/s 

v# swirl/tangential velocity, m/s 
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y distance normal to the wall, m  

y
+
 non-dimensional wall distance ("yu$/µ) 

  

% drilled nozzle chamfer angle 

& turbulence dissipation rate, m
2
/s

3 

" density of air, kg/m
3 

µ dynamic viscosity of air,  Ns/m
2
 

" rotation speed of the rotor disc, rad/s 

! velocity coefficient of the nozzle 

' nozzle angle to the tangential direction, 

degree 

( ratio of specific heats 

  

Subscript 

dim non-dimensional 

h at receiver hole 

in At nozzle or vanes inlet 

isen isentropic 

mix for mixed condition 

p at pre-swirl nozzle exit 

r at radial location r 

rel relative to rotating reference frame
 

rotor for rotor
 

s at inner seal 

stator for stator 

#,z circumferential and axial coordinates 

 

1 INTRODUCTION 
In modern gas turbine engines cooling air is drawn from a 

compressor stage giving the appropriate level of pressure for 

the secondary air system. The use of this air incurs a thermal 

efficiency penalty as it is removal from the main flow path and 

does not contribute for direct thrust or power. The secondary air 

is used to cool the turbine disc components and suppress hot 

gas ingestion into the turbine cavities. In a high-pressure 

turbine stage, this cooling air is expanded through stationary, 

angled pre-swirl nozzles or vanes, transferred through a wheel-

space, and delivered to blade receiver holes on the rotating disc. 

The nozzles swirl the air in the direction of the rotor rotation. 

This reduces the work done by the rotating turbine disc in 

accelerating the air to the disc speed, and reduces the relative 

total temperature of the air supplied to the rotor-blade roots 

(compare to that without pre-swirl). 

The cooling air delivery temperature for an ideal pre-swirl 

chamber without sealing flow or windage effects can be given 

by the following equation.  
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where, ! is nozzle velocity coefficient and SRisen,p is isentropic 

swirl ratio at the nozzle exit. ! and SRisen,p are given by the 

following expressions. 
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v
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#r
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In the above Tin is the total temperature at the nozzle inlet 

in the absolute reference frame. Trel,h is total temperature at the 

receiver holes outlet in the rotating reference frame, which is 

referred to here as the cooling air delivery temperature of the 

pre-swirl system. Trel,h is particular significant it is the available 

relative total temperature for the turbine blade cooling. rp and rh 

are radial locations of the nozzle exit and receiver holes 

respectively. " is rotational speed of the rotor and Cp is 

constant pressure specific heat. v#,isen,p is isentropic swirl 

velocity at the nozzle exit. In reality the nozzle velocity 

coefficient, ! is always less than the ideal value of 1. The ! 

value can be improved by better design of the nozzle. The 

above simple relation indicates that a 5% improvement in ! 

could lead to an improvement of ~10% in delivery cooling air 

temperature difference (Tin  - Trel,h) (for rp~ rh and SRisen,p= 1).  

This emphasizes the importance of the nozzle design in the pre-

swirl system. 

A number of experimental and numerical studies have been 

carried out to understand flow and heat transfer processes in 

pre-swirl systems. Examples are given in references [1 to 9]. 

Meierhofer and Franklin [1] were the first to publish an 

experimental investigation on a pre-swirl system. They used 

cascade vanes to generate pre-swirl and characterised pre-swirl 

effectiveness by an equivalent velocity coefficient (!) for the 

nozzle. The results indicated that the effectiveness is not 

affected significantly by different arrangement of the nozzles 

and pre-swirl chamber width. Other researchers have used 

drilled nozzles to generate pre-swirl flow. See, for example, 

Chew et al. [10], Bricaud et al. [11] and Dittmann et al. [12]. 

Using computational fluid dynamics (CFD) as an optimisation 

tool, Ciampoli et al. [13] have looked at drilled nozzle design. 

They showed notable improvements in velocity coefficient 

could be achieved by careful aerodynamic design of the nozzle.  

Several studies have been carried out for discharge 

behaviour of nozzle and orifices. Reviews of cooling hole 

discharge coefficients can be found in Hay and Lampard [14] 

and McGreehan and Schotsch [15]. Recently Chew et al. [10], 

Bricaud et al. [11] and Dittmann et al. [12] have published 

experimental measurements for discharge coefficients for the 

drilled pre-swirl nozzles. According to these studies, the 

discharge behaviour of the nozzles depends on the nozzle 

design and nozzle Reynolds number, but only weakly depends 

on the number of nozzles, pre-swirl chamber size and 

arrangement of the nozzles. 

In this paper different design approaches for the pre-swirl 

nozzles are compared using steady state CFD analysis. Three 

nozzle designs, simple straight drillings, aerodynamically 

shaped drillings and cascade vanes are considered. Analyses are 

presented for standalone nozzles as well as for a full pre-swirl 

system near to engine maximum power conditions. The effects 

of varying numbers of nozzles or vanes on the delivery cooling 
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air temperature and the effects of sealing flow on the pre-swirl 

performance for both nozzles are also presented. 

In the next section details of the nozzle designs and model 

are given. A description of the CFD modelling approach 

follows in section 3. The nozzle performances in terms of 

discharge and velocity coefficients are compared in section 4.1 

and 4.2 respectively. The results for the cooling air delivery 

temperature and effect of different numbers of nozzles are 

presented in section 4.3. An elementary analysis of system 

behaviour is compared with CFD results in section 5 and 

overall conclusions are given in section 6. 

 
(a) Simple drilled (SD) nozzle 

 
(b) Aerodynamically shaped drilled (AD) nozzle 

 
(c) Cascade vane (VANES) 

Figure 1: Standalone nozzle models 

2 NOZZLE DESIGNS 
The nozzle designs are shown in Figure 1. To simplify 

discussion, the simple straight-drilled nozzle, aerodynamically 

shaped nozzle and cascade vanes will be referred as SD, AD 

and VANES respectively throughout the discussion. Some 

geometric features of the nozzles are given in Table 1. The SD 

nozzle has a diameter of 7.2 mm. The AD nozzle design 

considered here is similar to Ciampoli et al.’s [13] optimised 

nozzle design, and has the same downstream diameter as the 

SD nozzle. The opening throat area (AN) of the VANES is very 

similar to the drilled nozzles. The mid-radial location of the 

nozzle or vane exit (rp) is the same for all three nozzles. All 

three nozzles are angled at the same angle (# =15 degree) in the 

same direction of the turbine disc rotation. 

2.1 Standalone nozzle models 
The standalone nozzle analysis were performed with plena 

at the nozzle entry and exit. Periodic sectors corresponding to 

one nozzle models are shown in Figure 1. The plenum at the 

exit is created in the same way as by Javiya et al. [9], with an 

axisymmetric slot for the outlet at a higher radius to avoid any 

reverse flow at the outlet boundary. Dimensions of the exit 

plenum are approximately the same for all nozzles, hence it was 

assumed that the exit plenum provides very similar back 

pressures resistance at nozzle exit. The insensitivity of results to 

the exit plenum size was confirmed by increasing plenum size 

by a factor of two for the cascade vanes model in one test case. 

The results for discharge coefficient and nozzle velocity 

coefficient for different plenum size are given in section 3. 

 

2.2 System models 
For the pre-swirl system analyses the nozzles were 

attached to a pre-swirl chamber very similar to that considered 

by Snowsill and Young [16]. The receiver holes were modelled 

as an axisymmetric slot with the same total area as the holes to 

allow steady state simulations. The periodic sector model for 

the VANES nozzle is shown in Figure 2. In practice significant 

sealing flow enters through the inner seal, which is usually at a 

higher temperature than the main pre-swirl flow (Snowsill and 

Young [16]). There is also a leakage through the outer seal from 

the pre-swirl chamber seal as shown in Figure 2. A similar 

periodic sector system model was created with the AD nozzle. 

In the system analysis, the sealing flow was modelled by 

providing an inlet and outlet as illustrate in Figure 2. In this 

figure rotating walls are coloured red and all other walls are 

stationary. 

 

Parameters Description 
Cascade 

vanes 

Drilled 

nozzles 

Np Number of nozzles/vanes 96 38 

tp (mm) Pre-swirl plate thickness - 13.0 

dp (mm) 
Downstream nozzle 

diameter 
- 7.2 

l (mm) Chord length 20.25 - 

% Chamfer angle  45
o
 

' 
Exit angle to 

circumferential direction 
15

o
 15

o
 

rp/rh 

Ratio of radial locations 

of nozzle exit to receiver 

hole inlet 

0.9416 0.9416 

Table 1: Geometry data for the nozzles 
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Figure 2: Pre-swirl system model with the VANES 

nozzle 

3 CFD MODELLING 
All CFD simulations were carried out as steady state with 

second order discretisation accuracy with the Hydra CFD 

solver [17]. Hydra is a suite of linear, non-linear and adjoint 

solvers, developed by Rolls-Royce and its partner universities. 

In this work, a density based non-linear steady state solver [18] 

was used. This uses block Jacobi precondition and the 5 stage 

Runga-Kutta scheme of Martinelli [19]. Convergence 

acceleration was achieved with an edge collapsing based 

multigrid algorithm [20]. Hydra uses Oplus (Oxford Parallel 

libraries for unstructured Solvers) libraries for parallel 

computations as described by Hills [21]. 

In all simulations walls are specified as adiabatic, no-slip 

boundaries. Constant total pressure or mass flow rate at inlets 

and constant static pressure at the outlet boundaries were 

specified. For the stand alone nozzle analysis, two different 

turbulence models, Spalart-Allmaras (SA) [22] and standard k-! 

with wall functions, were tested.  

Several meshes have been created with different mesh 

density in radial, axial and circumferential directions, but 

keeping the range of 30 to 150 over most of the nozzle walls. 

The y+ values for one of the meshes are shown in Figure 3 for 

the SD and VANES nozzles with the k-& turbulence model. 

Similar range of y+ values was kept for the AD nozzles. Near to 

the stagnation region of the nozzle inlets y+ values are below 

30 because of very low velocities. Hence, the results presented 

here may be subject to these limitations. 

 
(a) SD nozzle 

 
(b) VANES nozzle 

 

Figure 3: y+ values 

 
Figure 4: Mesh dependency study 

 

For the mesh dependency study, nozzle discharge 

coefficients (CD) were compared. Results for the SD and 

VANES nozzle on three meshes are shown in Figure 4. The 

mesh sizes and calculated CD values with three different meshes 

are given in Figure 4. The CD values were calculated using the 

following equation [10], 

   

C
D
=

!m
p
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N

P
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p
p

P
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!
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where, is calculated mass flow rate through the nozzle, AN 

is nozzle throat area. Visen,p is isentropic velocity at nozzle exit, 

given by, 

Inlet 

Outlet 

(receiver hole) Leakage 

outlet 

Sealing 

flow inlet 
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where, Pin and Tin correspond to the inlet boundary condition 

and pp was taken as the area weighted average value at the 

nozzle exit. 

As shown in Figure 4 the calculated CD values are varied 

within 0.3% of the mesh-1 CD value.. Hence the results 

presented here could be considered as mesh independent. 

Further results are presented with mesh-1 for SD and VANES 

nozzles. The mesh density in the AD nozzles was kept the same 

as for the SD nozzles. Figure 4 also shows the calculated CD 

with the double size plenum at outlet for the vanes nozzle. 

Again the CD values are within 0.3% of the mesh-1 CD value. In 

Figure 4, the results are shown for two different turbulence 

models for mesh-1 for the VANES nozzle. The results showed 

insensitivity to choice of turbulence model, and so only the k-& 

turbulence model was used for further studies. 

4 RESULTS 

To compare nozzle performance, CD and ! values were 

calculated for the stand alone as well as the full pre-swirl 

system analysis. The cooling air delivery temperatures are 

compared in the full pre-swirl system analysis only. 

4.1 Nozzle performance 
For validation of CFD calculations, the calculated CD 

values for stand-alone nozzle models are compared with Chew 

et al.’s [10] experimental data for pre-swirl drilled nozzle data. 

Chew et al.’s drilled nozzles were aerodynamically designed 

but are not exactly the same as the AD nozzles considered here. 

Chew et al.’s nozzle had higher ' = 20 degree and longer 

chamfer length than the AD nozzle considered here. The 

calculated and measured CD values are plotted against pressure 

ratio in Figure 5. Calculated CD values for AD and VANES 

nozzles are within the range of the measurements.  Differences 

could be explained by different design and Reynolds number 

effects. For the experiments a representative nozzle exit 

Reynolds number (="Vdp/µ) was estimated as 1.83$10
5 

for a 

pressure ratio of 1.524. In the calculations, the nozzle Reynolds 

number is 1.33$10
6
 at this pressure ratio. The CD values are 

significantly higher for aerodynamically designed AD and 

VANES nozzles than SD nozzles. The CD values for the SD 

nozzle are in the range expected for long orifices as presented, 

for example, by McGreehan and Schotsch [15]. 

Calculated velocity coefficients (!) are shown in Figure 6 

for stand alone and pre-swirl system models. As for the CD 

values, the ! values are higher for aerodynamically designed 

nozzles than SD nozzles. The VANES nozzles give the highest 

!values, hence the VANES nozzles are expected to perform 

better in the full pre-swirl system analysis. The ! values are 

very similar for stand alone and system models. This confirms 

that the presence of the rotor disc does not significantly affect 

results, as is consistent with Bricaud et al.’s [11] and Dittmann 

et. al’s [12] experimental data. The plot also shows ! values 

with the number of the AD nozzles reduced by half to 19 but 

keeping the same total nozzle area and the number of VANES 

reduced by a third to 64 by closing every third vane. The ! 

values are not sensitive to these changes. Hence, it is concluded 

that changing the arrangement of nozzles does not significantly 

affect the discharge behaviour of the nozzle for the operating 

conditions simulated here. 

 

 
Figure 5: Discharge coefficient (CD) versus pressure 

ratio across the nozzles 

 
Figure 6: Velocity coefficient (!) versus pressure ratio 

across the nozzles 
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4.2 Delivery cooling air temperature 

Calculated non-dimensional temperature drop (%Tdim) 

versus isentropic inlet swirl ratio (SRisen,p) is shown in Figure 7 

for the full pre-swirl system analysis. The graph shows results 

for non-dimensional flow conditions, Re! = 3.93 $ 10
7
 to 4.58 

$10
7
 and Cw= 4.21 $ 10

5
 to 6.31 $ 10

5
 with and without sealing 

flow. %Tdim is calculated using the following equation [4], 

  

!T
dim

=
C

p
T

in
" T

rel ,h( )
0.5#2r

h

2
 (4) 

where, Tin is absolute total temperature at nozzle inlet and Trel,h 

is total temperature in the rotating reference frame at receiver 

hole. Re!and Cw were calculated based on the nozzle inlet 

conditions. 

 

 
Figure 7: !Tdim versus SRisen,p for pre-swirl system models 

 

Figure 7 also shows the ideal pre-swirl performance with a 

thick black line (!= 1in equation (1)). The difference between 

the ideal pre-swirl curve and calculated %Tdim is due to losses in 

the nozzle, wall drag inside the pre-swirl chamber and sealing 

flow. It can be seen that the VANES nozzles give a slightly 

higher temperature drop than the AD nozzles. This is due to the 

higher velocity coefficient for the VANES nozzles. It can be 

clearly seen that adding sealing flow in the system model 

significantly reduces the pre-swirl performance (%Tdim reducing 

by about 20%) with both the nozzles. The sealing flow 

provided was 14.8 % of the main pre-swirl flow with 50% swirl 

velocity of the rotor speed and at 30 K higher temperature than 

the main pre-swirl flow.  

Figure 7 also shows calculated temperature differences 

using different numbers of nozzles. The change in the number 

of nozzles does not significantly affect the cooling air delivery 

temperature for the tested operating conditions. %Tdim changes 

less than 1.5 % for the AD nozzle and less than 4 % for VANES 

nozzle compare to original nozzle numbers. 

5 TEMPERATURE LOSS CALCULATION 
To separate temperature losses due to the nozzle, stator 

wall drag and sealing flow, Chew et al.’s [10] simple drag 

model is used, including sealing flow and accounting for some 

radial variation. For fully mixed free vortex conditions inside 

the pre-swirl chamber the following expressions can be derived 

from mass, angular momentum and energy balances. 

 

 Mass: 
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where, 
 
!m
p
, 

 
!m
s
and

 
!m
mix

are main pre-swirl, sealing and mixed 

flow mass flow rates. v#,s and v#,mix are sealing and mixed flow 

swirl velocities. Tin, Ts and Tmix are main pre-swirl, sealing and 

mixed flow absolute total temperatures. Q denotes heat transfer 

to the cooling air from the walls. M and D are stator and rotor 

wall moment in the pre-swirl chamber, which may be estimated 

the same way as by Chew et al. [5] by the following 

expressions. 
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The friction factor for the stator walls has been estimated by 

c
stator

= 0.0534 Re!
"0.2 and for the rotor walls by c

rotor
= 0.235Re!

"0.2  [5]. 

It is assumed that the leakage flow at the outer seal has the 

same relative total temperature as the pre-swirl cooling air 

delivery temperature, Trel,h. Fully mixed absolute total 

temperatures, Tmix and Trel,h are related as follows. 
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Combining and rearranging equations (2), (5), (6), (7) and (10) 

gives the following expression for calculation of the individual 

losses in the pre-swirl chamber. 

 

   

C
p

T
in
! T

rel ,h( )
0.5"2r

h

2

Actual temp.drop
=

2
r

p

r
h

#

$
%

&

'
(

2

v) ,isen,p

"r
p

!1

Ideal temp.drop
!

2 1!*( )
r

p

r
h

#

$
%

&

'
(

2

v) ,isen,p

"r
p

nozzle loss

!

D

0.5 !m
p
"r

h

2

stator wall

drag loss

!

Q

0.5 !m
p
"2r

h

2

heat transfer

loss

!

!m
s

!m
p

C
p

T
s
! T

rel ,h( )
0.5"2r

h

2
! 2

r
s

r
h

#

$%
&

'(

2
v) ,s

"r
s

+1
#

$
%
%

&

'
(
(

sealing flowloss

 

(11) 

Equation (11) is similar to that of Chew et al. [5] with 

additional terms accounting for radius changes, sealing flow 

and heat transfer losses. Considering adiabatic conditions, (Q = 
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0), temperature drop and losses as percentage of the “ideal 

temperature drop” are shown in Figure 8. Results are shown 

from the CFD models for VANES and AD nozzles, and for the 

elementary model with ! = 0.96. In the CFD calculations, 

losses due to sealing flow (including leakage at the outer seal) 

and incomplete mixing inside the chamber losses are combined 

and estimated as follows, 

 

Sealing flow loss = Ideal temp drop – calculated temp drop 

- nozzle loss - stator wall drag loss 

 

 
Figure 8: Temperature losses 

 

In Figure 8, two sets of CFD results are shown for Re!= 

4.63 $ 10
7
 and 3.95 $ 10

7
 but with the same Cw= 6.28 $ 10

7 
and

   
!m

s
!m

p
= 0.148 . The elementary model estimates are shown for 

the same ! value as calculated for the VANES nozzle. The 

elementary model estimate of the individual loss components 

agrees reasonably well with the CFD calculation. Again it can 

be seen that the VANES nozzles perform slightly better than the 

AD nozzles. The sealing flow loss contribution is significantly 

larger than other losses. As an example of a poor nozzle 

performance, results from the elementary model with ! = 0.723 

(equivalent to SD nozzle), are also shown in Figure 9. The poor 

nozzle design gives a large loss (~ 51%) in the full pre-swirl 

system. Clearly, aerodynamic design of the nozzle improves the 

pre-swirl performance significantly. 

While the results in Figure 8 show good agreement 

between the CFD and elementary models, it should be noted 

that the elementary model is limited by assumptions of 

complete mixing in the pre-swirl chamber, the need to specify 

wall drag coefficients, heat transfer and nozzle characteristics. 

CFD can be used to accurate investigate these effects. Both 

methods are potential useful in industrial analysis and design. 

6 CONCLUSIONS 
Three different pre-swirl nozzle designs have been 

compared using CFD analysis of stand-alone and system 

analysis at engine operating conditions. Performances of the 

nozzles were assessed from the prediction of discharge 

coefficient, velocity coefficient and cooling air delivery 

temperature. 

Two different turbulence models, k-& and Spalart-Allmaras 

were tested, but both models gave similar results for the stand-

alone nozzle discharge behaviour (CD and !). Hence the k-& 

turbulence model was used for further analysis. It has been 

observed that different numbers of nozzles and the presence of 

the rotor disc do not significantly affect the nozzle discharge 

behaviour. This conclusion is consistent with the previous 

experimental studies. The simple straight drilled nozzle showed 

significantly worse performance than the aerodynamically 

designed drilled and cascade vane nozzles with CD and ! being 

about 20 % lower. Overall performance of the cascade vanes 

was slightly better than the aerodynamically designed drilled 

nozzles. But the final choice may be dependent on other 

component design and nozzle manufacturing costs.  

An elementary model was used to separate the different 

thermodynamic losses in the pre-swirl system including sealing 

flow. The drag model estimate of the losses agreed reasonably 

well with the CFD calculations. The temperature drop loss due 

to sealing flow was similar magnitude or larger than the pre-

swirl chamber drag and nozzle combined losses for a range of 

tested operating conditions. 
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