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Abstract: A pre-swirl system with a multi-chamber structure is crucial to the secondary air system of an aero engine. The 
airflow within the pre-swirl system (characterized by high-speed rotation and compressible flow) is complicated. During transient 
processes in aero engine operation, the pre-swirl system is subjected to upstream fluctuations, which is a less studied aspect. 
This paper delves into the unsteady flow characteristics within the pre-swirl system. We investigate the influence of different 
pressure-fluctuation boundary conditions, corresponding to step function, ramp function, and sine function, on the transient 
response characteristics of the pre-swirl system. The results indicate that the response characteristics are strongly affected by the 
upstream boundary conditions. An obvious overshoot phenomenon is observed in the actual temperature drop under the step and 
ramp function conditions. The peak time of the step function is 75% shorter compared to the ramp function. Furthermore, the flow 
parameters exhibit nonlinear growth during the transient process, emphasizing the need for consideration in future quasi-steady 
simulations. For the sine function condition, the pressure-fluctuation frequency minimally affects stable values of mass flow 
rate and actual temperature drop but exerts a substantial influence on the maximum deviation of actual temperature drop of the 
system. As the frequency increases from 100 Hz to 200 Hz, the maximum deviations for actual temperature drop change from 
around ±13 K to ±10 K.
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1 Introduction 

In an aero engine, the pre-swirl system plays a 
crucial role in facilitating the transfer of cooling air from 
stationary to rotating parts, delivering it to the high-
pressure turbine blades at the lowest possible tempera‐
ture with an appropriate pressure drop. Karabay et al. 
(1999) proposed categorizing the pre-swirl system into 
two main types based on the relative positions of the 
pre-swirl nozzle and receiver hole: the direct-transfer 
system and the cover-plate system. Fig. 1 shows the 
schematic diagram of a typical cover-plate pre-swirl 

system. The pre-swirl system comprises various fluid-
flow components, such as cover plates, rotating holes, 
and labyrinth seals. The cover-plate cavity is employed 
to discharge cooling air at a convenient radius with 
subsequent passage to the turbine blades. The nozzles 
in the pre-swirl system impart a swirling motion to the 
cooling air in the direction of rotation, accelerating its 
relative speed. As a result of the work reduction by 
the turbine disk, the relative total temperature of the 
air supplied to the blade decreases. The amount of 
temperature decrease between the stationary pre-swirl 
nozzle and the rotating receiver holes in a cover plate 
(fixed to the turbine disk) is determined by the geo‐
metrical and operational parameters of the pre-swirl 
system (Kim et al., 2022).

To the best of our knowledge, Zimmermann 
(1990) was the first to conduct a computational inves‐
tigation on a cover-plate pre-swirl system; he improved 
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empirical pressure-loss correlations through computa‐
tional fluid dynamic (CFD) methods. However, his 
investigation only looked at the area behind the receiver 
hole. Building upon Zimmermann’s work, Popp et al. 
(1998) used a numerical method to explore a cover-
plate system, delving into the physics of the flow in 
both the pre-swirl cavity and the receiver. Dittmann 
et al. (2002) experimentally measured the discharge 
coefficients of receiver holes for the first time, affirm‐
ing the numerical results reported by Popp et al. (1998). 
Popp et al. (1998) and Dittmann et al. (2002) both found 
that the discharge coefficient of the receiver holes was 
primarily influenced by the relative tangential velocity 
between the fluid and the turbine disk. Karabay et al. 
(1999) presented a combined theoretical study with 
computational and experimental results in an adiaba‑
tic cover-plate pre-swirl system. They found that non‐
dimensional pre-swirl effectiveness depended only on 
the parameter inlet pre-swirl ratio, and further research 
(Karabay et al., 2001) suggested that the fluid in the 
cover-plate cavity would flow radially outward follow‐
ing the principles of free vortex. Other researchers (Liu 
et al., 2023) were also interested in the effect of geo‐
metrical parameters on the flow characteristics of pre-
swirl systems. Liao et al. (2014) numerically investi‐
gated the effect of geometrical parameters, including the 
nozzle angle, fillet radius, and ratio of length to diam‐
eter of a pre-swirl nozzle. To improve system perfor‐
mance, some novel designs of pre-swirl nozzles and 
receiver holes were introduced by Liu et al. (2017), 
Lee et al. (2021), and Gong et al. (2022).

The pre-swirl system faces the issue of unsteady 
flow, with one issue stemming from the inherent insta‐
bility of the flow within the pre-swirl system, and 

another issue resulting from disturbances caused by 
upstream flow. Under certain geometrical conditions, 
Dittmann et al. (2002) reported the occurrence of un‐
stable flow in an experimental rig. Ciampoli et al. (2008) 
used a full unsteady model to capture the unstable 
flow, revealing that these instabilities were probably 
attributable to the behavior of the recirculation bubble 
present in the receiver ducts. Additionally, the pre-swirl 
system faces other transient issues. When the state of 
an aero engine changes, the internal flow in the second 
air system undergoes a complex transient process. 
Nicholas et al. (2023) showed that the tip-clearance 
growth varied throughout a typical transient cycle, re‐
sulting in inlet distortion for a downstream pre-swirl 
system. The filling and discharge of gas in the vessels 
(Dutton and Coverdill, 1997; Zhang and Naguib, 2011), 
the inherent inertial effects in the flow, and mechanical 
rotation processes (Gallar et al., 2011; Lin et al., 2022) 
affect the dynamic response of the system during tran‐
sitions. The strong non-linear characteristics typically 
result in peak loads for an aero engine during the tran‐
sient process. The risk of aero engine disks during these 
transitions can be several times greater than that expe‐
rienced under steady-state conditions (Ding et al., 2018). 
To simulate the transient process, Benim et al. (2004) 
proposed guidelines for a pre-swirl system based on the 
quasi-steady model. However, Nikolaidis et al. (2020) 
pointed out that under extreme operating conditions, 
transient effects must be considered, as several phe‐
nomena may occur that cannot be captured by steady 
or quasi-steady simulation. Moreover, Gan et al. (2024) 
emphasized that during the transient process, the time 
resolution is indispensable for the safety evaluation of 
complex aero engine systems.

The literature review reveals a gap in discussions 
regarding the complex dynamic characteristics of cover-
plate pre-swirl systems during the transient process. 
This study addresses the gap by using 3D full unsteady 
numerical simulations to investigate the flow charac‐
teristics of a cover-plate pre-swirl system during the 
transient process. Based on actual aero engine designs 
and previous studies (Liu et al., 2018, 2021), we de‐
signed a simplified structure for the cover-plate pre-swirl 
system, consisting of five main components: the inlet 
chamber, pre-swirl nozzle, pre-swirl cavity, receiver 
hole, and cover-plate cavity (or rotor-rotor cavity). To 
account for the mixing effect in the pre-swirl cavity 
downstream from the nozzles, a seal structure was 

Fig. 1  Schematic diagram of a typical cover-plate pre-swirl 
system
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included. The primary objective of this research was 
to evaluate the effects of different upstream inlet con‐
ditions on the temperature drop and transient response 
of the cover-plate pre-swirl system, providing valu‐
able insights for optimizing aero engine designs.

2 Models and numerical approach 

2.1 Governing equations

The 3D unsteady-state compressible Reynolds-
averaged Navier-Stokes equations, coupled with the 
shear stress transport (SST) k-ω turbulence model 
(Menter, 1994), were adopted as the governing equations.

2.1.1　Governing equations of the stationary subdomain

The calculation domain in this study is divided 
into two subdomains: the stationary subdomain and 
rotating subdomain. The governing equations in the 
stationary subdomain are as follows:

(1) Mean mass conservation:

¶ρ
¶t

+
¶(

------
ρv i )
¶x i

= 0 (1)

where ρ is the density, t is the time, v is the velocity, x 
is the Cartesian coordinate, the superscript ‘–’ is used 
to denote the ensemble average, and the subscript i is 
the Einstein notation.

(2) Reynolds-averaged momentum conservation:
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+
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where p is the pressure, and τ̂ ij is the total viscous 
stress tensor.

(3) Mean energy conservation:
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where E is the total energy, H is the total enthalpy, k 
is the turbulent kinetic energy, σk is the closure coeffi‐
cient, μ is the molecular dynamic viscosity, and μt is the 
turbulent eddy viscosity coefficient. The total viscous 
stress tensor τ̂ ij is given by:

τ̂ ij = 2μ
é

ë

ê
êê
ê( ¶-v i

¶x j

+
¶-v j

¶x i ) - 1
3 ( ¶-vk

¶xk )δij

ù

û
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ú - ρ- -----

v′iv′j  (4)

where δij is the Kronecker delta. The symbol ‘′’ is used 
to denote the fluctuation with respect to the ensemble 
average. The heat flux vector q j is given by:

q j =- ( μ
PrL

+
μ t

PrT ) ¶h
¶x j

 (5)

where PrL and PrT are the laminar and turbulent Prandtl 
numbers, respectively, and h is the enthalpy. For the 
ideal gas, h=CpT, where Cp is the specific heat capacity 
under a constant pressure, and T is the temperature. We 
will choose the working fluid as the air-ideal gas, with 
a specific heat capacity Cp set to 1004.4 J/(kg·K).

In Eq. (4), -ρ- -----
v′iv′j is the Reynolds stress, which is 

an unknown quantity, representing the energy transfer 
caused by turbulent fluctuations. The Boussinesq ap‐
proximation is invoked to relate the Reynolds stress 
to the mean strain rate, and thus:

-ρ- -----
v′iv′j = μ t( ¶v i

¶x j

+
¶v j

¶x i ) - 2
3 ( ρk + μ t

¶vk

¶xk )δij. (6)

The coupling of turbulence models with the Navier-
Stokes equations involves specific relationships that 
relate the μt with the time-averaged quantities. In the 
SST turbulence model (Menter, 1994), μt is defined as:

μ t =
ρa1k

max ( )a1ω Ωa F2

 (7)

where a1 is a constant, ω is the eddy dissipation rate, 
Ωa is the absolute value of the vorticity, and F2 is a 
function with a value of one for boundary-layer flows 
and zero for free shear layers. The turbulent kinetic 
energy k transport equation is:

¶
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3
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and the eddy dissipation rate ω transport equation is:
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where F1 is a blending function, which is designed to 
have a value of one in the sublayer and logarithmic 
region of the boundary layer and to gradually change 
to zero in the wake region. β1, β

*, σk, σω, σω2, and γ are 
several closure coefficients, the values of which can 
be found elsewhere (Wilcox, 1988; Menter, 1994). To 
solve Eqs. (1)–(3), (8), and (9), it is necessary to in‐
clude the gas state equation for the ideal gas:

p = ρRT (11)

where R is the molar gas constant.

2.1.2　Governing equations of the rotating subdomain

The governing equations of fluid flow for a steadily 
rotating frame are similar to Eqs. (1)–(3), except that 
they use v=vr+ur, where v is the absolute velocity, vr is 
the relative velocity, ur=ωa×r is the velocity of the rotat‐
ing frame relative to the inertial reference frame, ωa is 
the angular velocity of the rotating frame, and r is the 
spatial coordinate vector.

2.1.3　Interface treatment approach

The interface is applied between different subdo‐
mains, using the general grid interface (GGI) method. 
In the commercial code Ansys CFX, there are three 
different options for the interface treatment between 
stationary and rotating subdomains. In this study, we 
opted for a slide-plane interface, employing a full tran‐
sient simulation that incorporated a rotational shift 
between stationary and rotating meshes at every time 
step. The mass, momentum, and energy flux were con‐
served on the interface. This facilitated the capture of an 
unsteady flow structure within the flow field, arising 
from the varying relative positions of the pre-swirl 
nozzle and the receiver hole (Karnahl et al., 2012).

2.2 Numerical models

The model studied in this paper was simplified ac‐
cording to the real engine pre-swirl system, as illustrated 

in Fig. 2. The pre-swirl system included three cham‐
bers: the inlet chamber, the pre-swirl cavity, and the 
cover-plate cavity. The pre-swirl system was classified 
into two subdomains based on motion: stationary and 
rotating. There were a total of 11 nozzles, 33 receiver 
holes, and 33 supply holes in the system. The pre-swirl 
nozzles were located at a low radius in the stationary 
subdomain, with a pre-swirl angle of α and nozzle 
diameter of Dnozzle. To save computational resources, 
we chose 1/11 of the entire pre-swirl system as a com‐
putational domain for simulation. The 2D section for 
the computational model is shown in Fig. 2b. The 

Fig. 2  Cover-plate pre-swirl cooling system: (a) 3D 
computational domain (the stationary subdomain is blue 
and the rotating subdomain is red); (b) 2D section. Stations 
0‒8 are labelled on this diagram, where 0 refers to conditions 
at the inlet of the inlet chamber, 1 refers to conditions 
upstream of the pre-swirl nozzle, 2 refers to conditions 
downstream of the pre-swirl nozzle, 3 refers to conditions 
at the receiver-hole inlet, 4 refers to conditions at the 
receiver-hole outlet, 5 refers to conditions at the supply-hole 
inlet, 6 refers to conditions at the supply-hole outlet, 7 refers 
to conditions at the seal inlet, and 8 refers to conditions at 
the seal outlet. References to color refer to the online version 
of this figure
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inlet (0) and outlet (6) radii of the pre-swirl system are 
r1 and r2, respectively. The cover-plate cavity had an 
inner radius of a and an outer radius of b. Other detailed 
parameters are given in Table 1.

Ansys ICEM CFD was used for mesh formation 
and unstructured grids were used to divide the compu‐
tational domains. As shown in Fig. 3, the y+ was set to 
around 1–3 in most areas of the cover-plate cavity. 
The multi-layer hexahedral mesh was used on the solid 
surface. The height of the first layer of the grid near 
the wall was set to 0.001 mm. The height ratio was 
set to 1.2 and the total number of layers was set to 
20 to ensure a natural transition from boundary-
layer grid to central grid. To check the mesh sensi‐
tivity, we carried out a mesh independence study. 
Three different mesh levels were studied, including 
3.95 million, 5.61 million, and 8.55 million cells, cor‐
responding to coarse mesh, medium mesh, and fine 

mesh, respectively. The Richardson-extrapolated so‐
lution (subscript RE) can be expressed as (Roache, 
1998; Bonfiglioli and Paciorri, 2014):

fRE =
f 2

2 - f1 f3

2f2 - f3 - f1

 (12)

where the subscripts from 1 to 3 indicate increasing 
resolution from coarse to fine mesh. Considering f as the 
value of average pressure in cover-plate cavity f =pave, 
the error with respect to the Richardson-extrapolated 
solution is:

εRE =
|| f - fRE

fRE

. (13)

The convergence of error (Roy et al., 2003; Thomas 
et al., 2008) was studied and is shown in Fig. 4. As 
the grid became finer, the error decreased and achieved 
4th-order convergence. The mesh including 5.61 million 
cells is employed in the following computation because 
the error is less than 10−3.

2.3 Solver setup and computational boundary 
conditions

Based on the finite volume method, we solved the 
unsteady 3D Reynolds-averaged Navier-Stokes equa‐
tions with the SST k-ω turbulence model. All solid walls 
were set to the adiabatic boundary condition. Fluid 
was set to be air-ideal gas. The total pressure, total 
temperature, and turbulence intensity were set at inlet 
0 (shown in Fig. 2b). Mass flow rate, turbulence inten‐
sity, and total temperature were set at the seal inlet. 
Static pressure was set for both the seal outlet and 

Fig. 4  Results of mesh independence validation

Table 1  Pre-swirl system parameters

Parameter

Height of inlet 7 (mm)

Height of outlet 8 (mm)

Inner radius, a (mm)

Nozzle diameter, Dnozzle (mm)

Outer radius, b (mm)

Pre-swirl angle of nozzle, α (°)

Receiver-hole diameter (mm)

Radius of inlet 0, r1 (mm)

Radius of outlet 6, r2 (mm)

Supple hole diameter (mm)

Rotating velocity, Ω (r/min)

Value

0.12

0.16

30.9

2.5

70.8

70

3

45

65.6

2

45000

Fig. 3  Distribution of y+ in the rotating subdomain
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supply-hole outlet. Detailed boundary conditions are 
shown in Table 2. The steady simulation results were 
utilized as the initial value for the transient simula‐
tion. In unsteady simulation, the advection scheme was 
set to a high resolution. We employed the second-
order backward Euler time discretization as the transient 
scheme. The convergence criteria of the normalized root 
mean square (RMS) of residuals were less than 10−4. 
Coefficient loops were set within a range from 1 to 10. 
As shown in Table 3, four different intake functions 
were set at surface inlet 0 (shown in Fig. 2b) using 
CFX expression language (CEL). The step function 
and ramp function corresponded to the strong transient 
process and weak transient process, respectively. Sine 
function types I and II were put in place to study the 
effect of inlet fluctuation frequency on the pre-swirl 
system. In the transient process simulation, we used 
unsteady simulation results as the initial values; the con‐
vergence criteria were the same as those used in the 
unsteady simulation. This design permitted us to inves‐
tigate the effects of different intake functions on the 
pre-swirl system. All the CFD simulations were done 
with the commercial code CFX 21.0.

2.4 Numerical approach validation

To further verify the accuracy of the calculation 
method, we conducted a comparative study with exper‐
imental data from a radial outflow cover-plate cavity 
(Owen et al., 1985). As shown in Figs. 5 and 6, this rig 
had 32 radial outflow holes. The angular spacing of 
the holes was 11.25° and the hole size was 32 mm in 
diameter. The gas flowed into the cavity at the axial 
inlet and then flowed out from radial outflow holes. 
Fig. 5 shows the calculation domain and grid division. 
Structured hexahedral grid generation was used in all 
spaces. The simulation results with the SST k-ω turbu‐
lence model are shown in Fig. 6, illustrating the distri‐
bution of the swirl ratio β and volume flow-rate coef‐
ficient CW. The swirl-ratio distribution at mid-cavity 
closely matched the experimental data both qualitatively 
and quantitatively. Therefore, we believe that the SST 
k-ω turbulence model could provide accurate calcula‐
tion results for subsequent studies.

Table 2  Detailed boundary conditions

Parameter

Inlet total pressure

Inlet total temperature (K)

Static pressure at supply-hole outlet 
(kPa)

Mass flow rate at seal inlet (whole 
ring) (kg/s)

Total temperature at seal inlet (K)

Static pressure at seal outlet (kPa)

Rotating velocity (r/min)

Description

Defined by function

653

567

0.0149

638

566

45000

Fig. 6  Comparison of swirl ratio β between numerical 
prediction and experimental result (Owen et al., 1985) for 
the radial outflow model

Table 3  Intake function

Function

Case I: step function

Case II: ramp function

Case III: sine function, 
type I

Case IV: sine 
function, type II

Expression

p*
in0 =

ì
í
î

1178             t = 0 s
1178+Dp    t > 0 s

where Δp=117.8 kPa

p*
in0 =

ì
í
î

1178             t = 0 s
1178 + kst    0 s < t ≤ 0.01 s

where slope ks=11780 kPa/s

p*
in0=

ì
í
î

1178                                       t=0 s

1178+117.8sin ( )200πt    t>0 s

p*
in0=

ì
í
î

1178                                       t=0 s

1178+117.8sin ( )400πt    t>0 s

p*
in0 is the inlet total pressure (kPa)

Fig. 5  Grid distribution for the experimental validation 
model
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Explicit and implicit are common terms used to 
describe numerical solution schemes. An explicit com‐
putation means that the dependent variables can be 
directly calculated using known quantities. On the other 
hand, an implicit approach is employed when the de‐
pendent variables are determined by interconnected sets 
of equations, requiring either a matrix or iterative 
technique to achieve the solution. Each explicit time-
stepping scheme remains stable only up to a certain 
value of the time step dt due to constraints imposed by 
the Courant-Friedrichs-Lewy (CFL) condition (Courant 
et al., 1928; Blazek, 2015). However, in CFX an implicit 
time-stepping scheme is used, which means the CFL 
condition does not apply. To precisely predict the tran‐
sient process of a pre-swirl system, the selected time 
step should be small enough to accurately capture the 
relevant time scale. We tested three different time 
steps, corresponding to 16, 32, and 48 steps per period, 
i.e., 2.04°, 1.02°, and 0.68° per time step. As shown in 
Fig. 7, pressure distribution p/p*

in0 in the cover-plate 
cavity showed that 32 time steps (corresponding to 
time step dt=3.79×10−6 s) provided a sufficiently accu‐
rate solution.

3 Parameter definition and theoretical analysis

Due to factors such as the bulk-cavity effect, 
rotation effect, and air compressibility, the change in 
airflow parameters at each position of the pre-swirl 
system flow path was delayed to varying degrees when 
an upstream airflow disturbance occurred. In order to 
facilitate quantitative analysis of the response speed 
of each parameter in the response process, several 

transient response evaluation parameters are introduced 
here (Table 4).

We have defined some other parameters to aid in 
the subsequent analysis of results.

(1) Retention mass flow Dm:

Dm =m0 +m7 -m6 -m8 (14)

where m0, m7, m6, or m8 represents a transient total 
mass flow rate at surface 0, 7, 6, or 8 (Fig. 2), respec‐
tively, and Dm denotes the mass of gas trapped in the 
pre-swirl system per unit time.

(2) Swirl ratio β:

β =
Vϕ

ωar
 (15)

where Vϕ is the absolute tangential velocity, ωa is the 
angular velocity, and r is the local radius.

(3) Relative total temperature T *
rel:

T *
rel = T +

V 2
A

2Cp

+
V 2

R

2Cp

+
( )Vϕ -ωar

2

2Cp

 (16)

where VA is the axial velocity, and VR is the radial veloc‐
ity. The relationship between the relative total temper‐
ature and absolute total temperature T * is:

T *
rel = T * +

( )ωar
2

2Cp

-
Vϕωar

Cp

 (17)

and ∆Tsys is the actual temperature drop of the system:

Fig. 7  Results of time-step independence analysis

Table 4  Transient response parameters

Parameter

Response time, tr

Peak time, tp

Maximum deviation, 
h(tp)

Overshoot amount, σ

Dimensionless jump 
amplitude, I

Definition

The shortest time required for the flow 
parameters to reach the stable value

The time required for the flow parameters 
to reach the maximum or minimum

The maximum (minimum) value of the 
flow parameters in the transient 
response process

σ=|h(tp)−h(∞)|/h(∞)×100%, where h(∞) 
is the stable value of flow parameters

I=h(∞)/h0×100%, where h0 is the initial 
value of flow parameters
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DTsys = T *
0 - T *

6 rel =
2Vϕωar - ( )ωar

2

2Cp

 (18)

which is defined as the difference between the total 
temperature of the pre-swirl system inlet (T *

0 ) and the 
relative total temperature of the pre-swirl system 
outlet (T *

6 rel).

4 Results and discussion 

4.1 Case I (extreme operating conditions) and 
Case II (normal operating conditions)

These two sets of conditions are differentiated by 
the inlet pressure. Case I simulates the flow when there 
is a step-change in the pre-swirl inlet conditions. The 
pre-swirl system first operates in a state of equilibrium, 
and then the boundary condition suddenly changes to 
its maximum values. Case II simulates pre-swirl oper‐
ation when there is a smooth change in the boundary 
condition. The initial values of the pre-swirl system 
operating conditions are the same as in Case I (shown 
in Table 3). The variation in the inlet boundary condi‐
tion represents the transient performance of the second‐
ary air system during acceleration, with the inlet pres‐
sure varying linearly from the initial to the final value.

Fig. 8 shows the transient response of the mass 
flow parameters with step and ramp functions. At 
outlet 6 of the supply hole (shown in Fig. 8a), the mass 
flow rate increased rapidly at first and then slowly 
increased to a stable value. For step and ramp func‐
tions, the stable values were consistent, which is related 
to the pressure-jump amplitude. When the inlet pres‐
sure jumped by 10%, the dimensionless jump ampli‐
tude I was around 110% for the supply-hole outlet and 
seal outlet (shown in Fig. 8b). However, it is clear from 
Fig. 8a that the duration of the fast-increase period was 
much longer for the ramp function than for the step 
function. This difference arose because a step func‐
tion induces an immediate and abrupt pressure change, 
leading to a quick adjustment in flow rate. In contrast, 
a ramp function introduces the pressure change gradu‐
ally, resulting in a prolonged transition period as the 
system continuously adjusts to the changing condi‐
tions. At seal outlet 8 (shown in Fig. 8b), the change 
in mass flow rate was similar to that at the outlet of 
the supply hole. When the mass flow rate reached a 
stable value, the fluctuation was more intense. From 

t=0 s to t=0.02 s, the increase in mass flow (whether 
at the outlet of the supply hole or at the seal outlet) 
exhibited definite nonlinearity. Therefore, using the 
quasi-steady state simulation for the transient process 
meant that we also needed to consider the nonlinear 
factors, including pressure and mass flow. Fig. 8c shows 
how we used retention mass flow Dm to determine 

Fig. 8  Transient response of mass flow parameters of the 
pre-swirl system with step and ramp functions: (a) response 
of mass flow rate at outlet of the supply hole; (b) response 
of mass flow rate at the seal outlet; (c) response of retention 
mass flow for the pre-swirl system (the upper part is a 
localized magnified view)
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flow fluctuation in the pre-swirl system. We noticed 
that the Dm oscillation decreased to 0 kg/s, as shown in 
the lower part of Fig. 8c. In the upper part of Fig. 8c, 
a localized magnified view is shown. It can be seen 
that whether with a step function or a ramp function, 
the retention mass flow Dm first increased and then 
decreased to 0 kg/s. Defining the response time tr was 
challenging for retention mass flow Dm. We believe 
that when the smoothed mass flow curve begins to 
decline and its value is less than 0.0001 kg/s, the reten‐
tion mass flow Dm has reached a stable state. Thus, 
the response times corresponding to the step function 
and the ramp function are 0.003 s and 0.010 s, re‐
spectively. Figs. 9 and 10 show the volume-average 
parameter response in the cover-plate cavity. For the 
step and ramp functions, the volume-average density 
ρave increased at first and then rose to a stable value 
around ρave=3.88 kg/m3. The dimensionless jump ampli‐
tude I of ρave for both inlet functions was calculated as 
4.21%. For both functions, the volume-average density 
ρave first increased rapidly and then slowly rose to a 
stable value. When t>0.16 s, the values of the two 
curves were essentially equal. In Fig. 10, the curves 
of volume-average relative total pressure p*

rel follow a 
similar pattern, which increases at first and then rises 
to a stable value around p*

rel=721 kPa. When t<0.0012 s, 
the volume-average relative total pressure growth rate 
for the step function was much larger than for the 
ramp function. When t >0.01 s, p*

rel values for both 
inlet functions were almost the same. The dimension‐
less jump amplitude I of p*

rel for both inlet functions 
was I=3.77%.

Fig. 11 shows the actual temperature drop ∆Tsys 
for the pre-swirl system response. In contrast to the 

response of the volume-average parameters, the ∆Tsys 
response exhibited a noticeable overshoot phenome‐
non. For both step and ramp functions, ∆Tsys initially 
decreased to a maximum deviation h(tp) and then grad‐
ually increased up to a stable value, settling around 
∆Tsys=2.5 K. From Eq. (18), it is evident that the actual 
temperature drop ∆Tsys depends on the pre-swirl inlet 
total temperature T *

0  and the outlet relative total tem‐
perature T *

6 rel. In this study, T *
0  is given by boundary 

conditions as 653 K. Therefore, ∆Tsys is only affected 
by changes in the T *

6 rel. This pattern of ∆Tsys change can 
be explained from the perspective of retention mass 
flow. From Fig. 8c, it can be seen that in the early stage 
of the transient process, the inlet mass flow rate of the 
pre-swirl is always greater than the outlet flow rate, 
causing most of the incoming airflow to be retained 
inside the cover-plate cavity. Due to compression 
effects, this portion of the fluid has higher pressure and 
affects the downstream fluid, resulting in an increase 

Fig. 9  Volume-average density in the cover-plate cavity 
response

Fig. 10  Volume-average relative total pressure in the 
cover-plate cavity response

Fig. 11  Actual temperature-drop response for the pre-swirl 
system
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in the downstream fluid’s internal energy, which in turn 
increases the relative temperature T *

6 rel. In the later 
stage of the transient process, the flow field gradually 
stabilizes and the retention mass flow gradually de‐
creases to zero. The work capability of the retention 
mass flow downstream diminishes, and the relative 
total temperature T *

6rel also decreases to a stable value. 
We found that the peak time tp of the step function, 
which was 0.00165 s, was 75% shorter compared to 
that of the ramp function (0.00662 s). In addition, the 
maximum deviation h(tp) for the step function was 
smaller than that for the ramp function. For the step 
function, the maximum deviation h(tp) was around 
−9 K, corresponding to an overshoot amount σ=460%. 
For the ramp function, the maximum deviation h(tp) was 
around −3 K, corresponding to an overshoot amount 
σ=220%. In the secondary air system of aircraft en‐
gines, the ∆ Tsys overshoot phenomenon indicates a 
decrease in the quality of air supply, which can increase 
the risk of turbine-blade erosion. From Fig. 11, it can 
also be seen that the final ∆Tsys fluctuated around 2.5 K. 
We define the ∆Tsys as stable when its fluctuation range 

is within (2.5±1.0) K, corresponding to the black shaded 
area in Fig. 11. The response time is the time from the 
initial moment until ∆Tsys enters the stable range. We can 
conclude that the step-function entrance has a shorter 
response time tr than the ramp-function entrance. For 
the step function, the response time tr was around 
0.0072 s, while for the ramp function, it was around 
0.0140 s.

The response of parameters at different points in 
the pre-swirl system is shown in Fig. 12. We chose 
points in the inlet chamber (inlet 0 shown in Fig. 2b) and 
supply-hole inlet (inlet 5 shown in Fig. 2b). Figs. 12a, 
12b, and 12c show how the density ρ, pressure p, and 
temperature T were normalized by the average values 
obtained during the transition process, respectively. 
With the step function, the parameters at inlet 0 exhib‐
ited a linear distribution after perturbation at the ini‐
tial time. In the case of the ramp function, the density 
and pressure parameters at inlet 0 displayed a linear 
distribution after slope growth at 0 s<t<0.01 s. The re‐
sponse of parameters at the downstream point (inlet 5) 
differed significantly. The oscillatory rise of density 

Fig. 12  Normalized parameter response at different points in the pre-swirl system: (a) density response; (b) pressure 
response; (c) temperature response; (d) pressure–frequency spectra at inlet 5 with the step function
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and pressure parameters at inlet 5 was notable. The step 
disturbance was transmitted downstream faster, caus‐
ing the downstream parameters to reach a stable value 
more quickly. With regard to temperature, the parame‐
ter at inlet 5 initially rose and then fell to a stable value. 
We attribute the temperature overshoot phenomenon 
to the low thermal diffusivity of air. In Fig. 12d, we 
present the frequency spectra obtained from the Fourier 
transform of the pressure at inlet 5 with the step func‐
tion. The frequency was normalized with respect to 
the rotational frequency of the cover-plate cavity (fd). 
As the monitor points were fixed in the cover-plate 
cavity, the frequency spectra illustrate the relative move‐
ment of flow structures. A dominant frequency f/fd=
2.78 and its double and triple frequencies were detected. 
As inlet 5 was closed to the cover-plate cavity shroud, 
it is reasonable to assume that the dominant peak cor‐
responds to the rotational frequency of the vortex struc‐
tures due to the shroud. This assumption could explain 
the distributions near the shroud in Fig. 15, which illus‐
trates how circumferential pressure and streamline dis‐
tribution varied with time. However, due to the limita‐
tions of the simulation method we used, achieving a 
more accurate vortex structure in future studies would 
require high-precision simulation.

In order to further explain the flow characteristics 
in the cover-plate cavity during the transient process, 

we illustrate in Fig. 13 the pressure distribution at dif‐
ferent times on the mid-section plane of the cover-plate 
cavity. We selected five moments, corresponding to t1=
2.65×10−5 s, t2=2.39×10−4 s, t3=4.51×10−4 s, t4=6.63×10−4 s, 
and t5=8.75×10−4 s, to investigate pressure-distribution 
fluctuation during the transition process. Due to the 
effect of centrifugal pressurization, static pressure grad‐
ually increased during the radial outflow process. At 
each time step, the circumferential static pressure dis‐
tribution at a high radius was uneven, which was influ‐
enced by rotation. As time progressed, the static pres‐
sure distribution in the cover-plate cavity increased 
overall, driven by the upstream pressure transition. For 
both step-function and ramp-function intakes, the static 
pressure distribution at different times exhibits simi‐
larities. In the low-radius region, various scale vortex 
structures emerged in the flow field due to gas distur‐
bance after passing the receiver holes. In the high-radius 
region, gas entrainment by the cavity resulted in pre‐
dominantly circumferential velocity.

Fig. 14 illustrates the instantaneous swirl-ratio 
distribution in the receiver hole at the same time shown 
in Fig. 13. In the pre-swirl cavity, the swirl-ratio distri‐
bution was uneven. Behind the pre-swirl nozzle, the 
swirl ratio was around 1.6, forming a region with a 
large swirl ratio, while the swirl ratios on both sides 
were relatively low due to the ejection action. As time 

Fig. 13  Distribution of instantaneous pressure field and streamline on the mid-section plane in the co-rotating cavity
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progressed, the high-value region swept through three 
receiver holes sequentially. In the receiver holes and 
cover-plate cavity, the swirl ratio was relatively uni‐
form, approximately β=1.0. Near the downstream wall 
of the cover-plate cavity, the swirl ratio was relatively 
low because the gas in these regions was less acceler‐
ated by the incoming gas from the receiver holes. For 
both step and ramp functions, the distributions of the 
swirl ratio in the receiver holes were similar, and the 
changes with time followed the same rule.

4.2 Cases III and IV: the effect of different 
intake-pressure pulsation frequencies

In the pre-swirl system, the oscillation of flow 
parameters induced by the bulk-cavity effect and the 
air-inertia force can be simplified as a sine function or 
fitted by one (Mao et al., 2019). For Cases III and IV, 
we defined different-frequency sine functions with the 
same amplitude to simulate periodic pulsation in the 
pre-swirl system.

When the pre-swirl inlet-pressure fluctuation is 
modeled as a sine function, the flow parameters in the 
system will fluctuate around stable values without 
reaching a steady state. To simplify the analysis of the 
transient process when using a sine function, we aver‐
aged parameters within a period, treating the average 
values as stable under these conditions. In this section, 
we focus on two key parameters: the air-supply flow 
rate and the temperature drop of the pre-swirl system. 
The responses of mass flow and temperature drop are 
presented in Figs. 15 and 16, respectively. To mitigate 
the influence of flow-field inertia in the initial period, 
we intercepted the curve distribution of the intermedi‐
ate period and applied a phase shift. As depicted in 
Fig. 15, the mass flow exhibited sinusoidal changes. 
Due to the rotation effect, the sine curve was also super‐
imposed with a high-frequency pulsation signal. With 
an increase in the inlet-pressure change frequency, the 
stable value of mass flow Dm remained approximately 
constant, hovering around m6 /m7=4.58. The maximum 

Fig. 14  Instantaneous swirl-ratio distribution in the receiver hole
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deviations of mass flow also varied little with frequency. 
This is because as the frequency increased, although 
the time for acceleration and deceleration of the fluid 
within one cycle decreased, the slope of pressure vari‐
ations at the inlet increased. This led to a greater slope 
for fluid acceleration and deceleration, ultimately result‐
ing in a smaller difference in the maximum deviation of 
mass flow rate variation at the outlet of the supply hole. 
In Fig. 16, one can see that as the frequency increased 
from 100 Hz to 200 Hz, the maximum deviations for 
∆Tsys changed from around ±13 K to ±10 K. This is 
because when the inlet pressure exhibited periodic vari‐
ations, the downstream fluid in the pre-swirl system 
periodically compressed and expanded. When the fre‐
quency of the inlet-pressure pulsations decreased, the 
time for compression and expansion within one cycle 
increased, leading to a greater amplitude of change in 
the relative total temperature of the downstream gas. 
Therefore, low-frequency pressure pulsations have a 

significant impact on the air-supply quality of turbine 
blades. However, they have little effect on the stable 
value of ∆Tsys. For sine function types I and II, the stable 
values of ∆Tsys remain around 0 K.

To better understand the influence of sine func‐
tion frequency on temperature, we conducted a detailed 
analysis of the relative total temperature T *

rel distribution 
in the cover-plate cavity over a specific time period. 
Fig. 17 illustrates the instantaneous relative total tem‐
perature distribution within the cover-plate cavity. In 
the region near radius r1, the relative total temperature 
T *

rel was low. As the local radius r exceeded r1 and 
increased, T *

rel also increased. In the high-radius region, 
T *

rel reached the highest point, a phenomenon that will 
be further demonstrated in Fig. 19. At different times 
in a period (tperiod), the T *

rel distribution in the cover-plate 
cavity showed periodic variation. The distributions of 
relative total temperature are noticeably different for 
sine function types I and II. It is evident that the T *

rel for 
sine function type I in the high-radius region is slightly 
higher than that at time t/tperiod=0.2. This periodic rela‐
tive total temperature change also influenced the tem‐
perature drop of the pre-swirl system accordingly.

The swirl-ratio distribution on the section of the 
cover-plate cavity is illustrated in Fig. 18. The gas 

Fig. 15  Response of mass flow rate at outlet of the supply 
hole

Fig. 16  Actual temperature-drop response

Fig. 17  Effect of pressure frequency on instantaneous 
relative total temperature distribution in the cover-plate 
cavity. Yellow in the schematic diagram indicates the middle 
section plane. tperiod denotes a period, with a duration of 
0.01 s for sine function type I and 0.005 s for sine function 
type II. References to color refer to the online version of 
this figure
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entered the cover-plate cavity and first impacted the 
rear wall. Due to the combined influence of the upstream 
pre-swirl nozzle and receiver-hole walls, the swirl ratio 
in the cover-plate cavity reached its highest value behind 
the receiver holes, around β=1.0. The fluid entering 
the cavity was divided into upper and lower streams, 
and migrated to the high and low radii, respectively. 
The process of gas migration to the high radius satis‐
fied the conservation of angular momentum, while due 
to the mixing loss, the gas swirl ratio decreased. As 

the frequency increased, the flow-field structure in the 
cavity became more complex, undergoing more intense 
changes. The generation-dissipation process of the 
vortex system at the middle and high radii can be 
clearly observed for sine function types I and II.

The temperature distribution along the cover-plate 
cavity radial direction can be calculated as follows (Shen 
and Wang, 2022). As shown in Fig. 19, the cover-plate 
cavity was divided into several cells, with thickness 
dr. The temperature rise ∆T in a single small cell is:

DT =
qw ´ π [ ]( )r + dr

2 - r2

mCp

+

ω2
a

[ ]( )β r - 1 r
2

-[ ]( )β r + dr - 1 ( )r + dr
2

+ ( )r + dr
2 -r  2

2Cp



(19)

where qw is the wall heat flux. The cavity wall is 
assumed here to be adiabatic. Eq. (19) can be simpli‐
fied as:

DT=

ω2
a

[ ]( )β r-1 r
2

- [ ]( )β r+dr-1 ( )r+dr
2

+ ( )r+dr
2- r2

2Cp

.

(20)

We conducted a qualitative analysis based on 
Eq. (20) to explore the relationship between the tem‐
perature distribution along the radial direction of the 
cover-plate cavity, the swirl-ratio distribution (shown 
in Fig. 18), and the temperature near the receiver hole 
(shown in Fig. 17). In Fig. 18, it is evident that swirl-
ratio distribution along the radial direction remained 
similar with different frequencies at the same time. 
The temperature distribution was primarily influenced 
by the upstream temperature, as indicated by Eq. (20). 
Observing Fig. 17, we note that the temperature near 
the receiver hole changed periodically under the influ‐
ence of upstream pressure disturbance. This periodic 
change resulted in fluctuations throughout the cover-
plate cavity.

5 Conclusions 

In this study, we looked at a cover-plate pre-swirl 
system for an aero engine, using a real engine structure 

Fig. 19  Schematic diagram of cells in the cover-plate 
cavity

Fig. 18  Effect of pressure frequency on instantaneous 
swirl-ratio and streamline distribution in the cover-plate 
cavity
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with three cavities and seal inlet/outlet structures. The 
transient responses of thermal and aerodynamic char‐
acteristics were investigated numerically by means of 
unsteady 3D Reynolds-averaged Navier-Stokes equa‐
tions coupled with the SST k-ω turbulence model. Our 
aim was to determine the effect of different inlet aero‐
dynamic conditions for the step inlet, ramp inlet, and 
sinusoidal inlet. The chosen real engine structure is 
similar to the structure studied in the literature (Liu 
et al., 2018, 2021). The results indicate that, among 
various parameters, the actual temperature drop exhib‐
its a noticeable overshoot phenomenon. Additionally, 
the influence of low-frequency inlet-flow fluctuation 
on the quality of blade air supply is more obvious than 
that of high frequency. The important conclusions are 
summarized as follows:

(1) Due to fluctuation at the pre-system inlet and 
outlet, the retention mass flow in the system undergoes 
oscillation before stabilizing at a steady value. The mass 
flow response at the supply-hole outlet is characterized 
by two distinct periods: a fast-increase period and 
a slow-increase period. The fast-increase period is 
shorter for the step function than for the ramp func‐
tion. Notably, no obvious mass flow overshoot occurs 
either at the supply-hole outlet or the seal outlet.

(2) With the same intake functions (step and 
ramp), a lag phenomenon is observable in the re‐
sponse of volume-average parameters. When consid‐
ering these two intake functions, the growth rates of 
volume-average parameters vary. In the following 
quasi-steady-state process, it becomes essential to con‐
sider the influence of nonlinear growth. For a 10% 
jump in inlet pressure, the dimensionless jump ampli‐
tude I of ρave is calculated to be 4.21%, and the dimen‐
sionless jump amplitude I of p*

rel is I=3.77%.
(3) Due to compression effects caused by macro‐

scopic mass-transport fluctuations, the actual tempera‐
ture drop in the cover-plate pre-swirl system exhibits 
a noticeable overshoot phenomenon. The calculated 
overshoot value σ for the step function is 460%, which 
is higher than for the ramp function (σ=220%). Addi‐
tionally, the peak time tp for the step function is 75% 
shorter than for the ramp function.

(4) For different intake-pressure pulsation fre‐
quencies, temperature drop and response of mass flow 
at the supply-hole outlet are significantly influenced. 
However, the pressure fluctuation has little effect on 
the stable values of mass flow and temperature drop. 

Due to the varying intake-pressure pulsation frequen‐
cies, the durations of gas compression and expansion 
within a period also differ. This results in a more obvi‐
ous influence of low-frequency pulsation on the maxi‐
mum deviation of ∆Tsys, potentially affecting the air-
supply quality of the turbine blades.

In future studies, we intend to look in detail at the 
influence of angular velocity change in the boundary 
condition on a pre-swirl system. In addition, we will 
consider the heat transfer between the cover-plate cav‐
ity and the turbine disk, so as to better implement a 
simulation under actual operating conditions.
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