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h i g h l i g h t s

� We study the pre-swirl rotor–stator system with center inflow.
� The influences of the center inflow on flow dynamics have been studied.
� A theoretical expression of adiabatic effectiveness with center flow has been derived.
� The center inflow effects on heat transfer characteristics have been studied.
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a b s t r a c t

The effects of the center inflow on the flow and heat transfer characteristics in a pre-swirl rotor–stator
system are numerically investigated using the CFD software ANSYS-CFX. The investigation of the
pre-swirl system without center inflow is also conducted to be served as a contrast and these results
are compared with experimental measurements to verify the computational method. In this paper, five
mass flow rate ratio of the center flow to the pre-swirl flow, mf, four dimensionless mass flow rate of
pre-swirl flow, Cw, and five rotation speeds, n, are selected to study the flow dynamics of the pre-swirl
system in terms of the flow structure, the air swirl ratio, the total pressure loss coefficient, the discharge
coefficient of the receiver holes and the adiabatic effectiveness. It shows that the maximum value of the
discharge coefficient occurs as swirl ratio in the core at the receiver-hole radius equals 1 and mf reaches
as a high value as possible, and the adiabatic effectiveness decreases as mf increases. In addition, the
relation between the Nusselt number, Nu, and mf, Cw as well as n is also illustrated and discussed.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The cycle thermal efficiency and power output of advanced gas
turbines can usually be improved by increasing the temperature at
entry to the turbines. This temperature has already reached
2000 K, which exceeds the melting point temperature of many
components materials. The advanced cooling method is conse-
quently adopted to prevent these high temperature components
from a failure. Note that the cooling air bled from compressor is
guided through the secondary air system to the thermally loaded
components (such as first stage blades). The pre-swirl rotor–stator
system is always used to deliver cooling air to rotor blades as
shown in Fig. 1. It can be seen that the pre-swirl rotor–stator sys-
tem is a wheel space which is consist of a rotor disk and a station-
ary casing. Also note that the inlet referred as pre-swirl nozzle
including angled nozzle and vane is located at the stator wall,

while the outlet referred as receiver holes is mounted on the rotor
disk. Additionally, two gaps between the stator wall and the rotor
disk can be observed. In the pre-swirl rotor–stator system, the pre-
swirl nozzles swirl the cooling air in the rotating direction, and this
reduces the work done on the air by the rotor disk in accelerating
the flow to the rotor disk speed. This consequently reduces the rel-
ative total temperature of cooling air supplied to the rotor blades.
Therefore, the pre-swirl system has already been widely imple-
mented in the gas turbine. For example, the direct-transfer pre-
swirl system was used in the jet engine of Rolls-Royce PLC [1],
and the result of the test program about vane type pre-swirl nozzle
was instrumental in the design of the pre-swirl nozzles for the H-
class SGT5-8000H gas turbine manufactured by Siemens Energy
[2]. In addition, a radial pre-swirl system was applied to the gas
turbine of Alstom Ltd [3].

It is recognized that the pre-swirl rotor–stator system is
bounded by a rotating disk and a stationary casing. Inevitably,
there are two seals placed between the rotating disk and stationary
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casing. One of seals near turbine end-walls is called the rim seal
which plays an important role to prevent the hot gas being
ingested into the pre-swirl rotor–stator system and the cooling
air being egressed to the mainstream. The other seal placed at
inner radius is referred to as inner seal. In order to prevent cooling
air being egressed through the inner seal, the center inflow is intro-
duced to balance the pressure across the inner seal. It should be
noted that the advanced gas turbine operates in high rotation
speed and high temperature circumstance, which leads to a varia-
tion in the inner seal clearance. Hence, the pressure balance across
the inner seal is broken, and then the center inflow would be
ingested into the pre-swirl cavity through the inner seal. Clearly,
the center inflow has significant effect on the performance
of pre-swirl rotor–stator system. Therefore, it is essential to

investigate the effect of center inflow on the flow and heat transfer
characteristics of a pre-swirl rotor–stator system.

Researchers have investigated the flow and heat transfer char-
acteristics of a pre-swirl rotor–stator system. Early experimental
studies conducted by Meierhofer and Franklin [4] confirmed that
swirling cooling air can significantly reduce the relative total tem-
perature. Later on, El-Oun and Owen [5], Geis et al. [6], Chew et al.
[7] and Farzaneh-Gord et al. [8] performed measurements, numer-
ical calculations and theoretical analysis to investigate the relative
total temperature drop of a pre-swirl rotor–stator system, and in
their studies the relative total temperature drop was expressed
by a dimensionless parameter in terms of adiabatic effectiveness.
It should be noted that as the adiabatic effectiveness is above zero,
the relative total temperature of the fluid feeding the blade is
lower than the total temperature of the fluid through the nozzle,
which indicates that the pre-swirl rotor–stator system can effec-
tively reduce the relative total temperature. Consequently, to
design a more effective cooling system, the engine designers stri-
ve to enhance the adiabatic effectiveness. Correspondingly, the adi-
abatic effectiveness is one of the significant parameters studied in
this paper.

It is recognized that a high-performance pre-swirl system can
not only provide low-temperature fluid, but also minimize the
losses occurring within the system. In the pre-swirl system the
losses occurs in the pre-swirl nozzle, the wheel space and the
receiver hole. Note that the losses in the receiver holes are of inter-
est to the designer, and it is quantified using the dimensionless
parameter in terms of the discharge coefficient of the receiver hole.
Consequently, many researchers have focused on the discharge
coefficient of the receiver hole. Popp et al. [9] and Dittmann et al.
[10] found that the discharge coefficient of the receiver hole was
dominated by the relative tangential velocity between the fluid
and the rotor disk, and a maximum value of discharge coefficient
for receiver holes could be observed as the relative tangential
velocity was close to zero. In the following years, Chew et al. [7],
Yan et al. [11], Lewis et al. [12], and Cagan et al. [13] also measured

Nomenclature

a cavity inner radius, m
b cavity outer radius, m
CD discharge coefficient of receiver holes, mb/mi

cp specific heat capacity at constant pressure, J/(kg K)
Cp,t total pressure loss coefficient,

(P0,p � P0,0.9b)/(P0,0.9b � Ps,0.9b)
Cw non-dimensional mass flow rate, m/(lb)
h heat transfer coefficient, W/m2 K
k thermal conductivity, W/m K
m mass flow rate, kg
mf mass flow rate ratio of center inflow to pre-swirl inflow
mr the ratio of mass flow rate of receiver hole to that for

mf = 0 and Cw = 6600
M disk moment
n rotation speed, rpm
Nu Nusselt number, (qwr/k(Tw � Tw,ad))
Ps static pressure, Pa
P0 total pressure, Pa
qw rotor wall heat flux, W/m2

r radius, m
rp, rb radius of pre-swirl inlet and receiver holes, m
Re/ rotational Reynolds number, qXb2/l
S rotor stator separation distance, m
T0,p total temperature at pre-swirl nozzles inlet in the

stationary frame, K

T0,b,rel total temperature at receiver holes outlet in the rotating
frame

V absolute velocity, m/s
x non-dimensional radius, r/b

Greek letter
b swirl ratio, V//(Xr)
Hb;ad adiabatic effectiveness,

Hb;ad ¼ CpðT0;p � T0;b;relÞ= 0:5X2r2b
� �

l dynamic viscosity, kg/s m
q density, kg/m3

X angular velocity of rotor

Subscripts
ad adiabatic
b blade-cooling
i isentropic value
0 total value in stationary frame
p pre-swirl
rel relative value in rotating frame
s static value
/, r, z circumferential, radial and axial direction
1 value in core at z/S = 0.5
0.9b value at r = 0.9b surface

Fig. 1. Schematic view of pre-swirl rotor-stator system [29].
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