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Abstract: In marine gas turbines, variations in rotational speed occur all the time. To ensure adequate
cooling effects on the turbine blades, the valves need to be adjusted to change the pressure upstream
of the pre-swirl nozzle. Changing such pressure will have significant effects on the local or overall
parameters, such as core swirl ratio, temperature, flow rate coefficient, moment coefficient, axial
thrust coefficient, etc. In this paper, we studied the flow characteristics within the pre-swirl system
of a marine gas turbine at low rotational speed by varying the pressure at the pre-swirl nozzle. The
corresponding global Reynolds number ranged from Re = 2.3793 x 10° to 9.5172 x 10°. The flow
in the rotor-stator cavities was analyzed to find the effects of nozzle pressure on the radial velocity,
core swirl ratio, and pressure. According to the simulation results, we introduced a new leakage
flow term into the formulary in the references to calculate the values of K between the inner seal and
the pre-swirl nozzle. The matching characteristics between the pre-swirl nozzle and the inclined
receiving hole was predicted. Performance of the pre-swirl system was also analyzed, such as the
pressure drop, through-flow capacity, and cooling effects. After that, the moment coefficient and the
axial thrust coefficient were predicted. This study provides some reference for designers to better
design the pre-swirl system.

Keywords: pre-swirl rotor-stator cavity; nozzle pressure; core swirl ratio; flow rate coefficient;
moment coefficient; axial thrust coefficient

1. Introduction

With the continuous development of marine gas turbines, the demand for high per-
formance and long service life are constantly growing. Effective cooling of the turbine
blade and rotor without significantly increasing the amount of cooling air are important
components that are always popular research subjects. They require insight into the flow in
a pre-swirl disk cavity in the secondary air system.

The pre-swirl nozzle is the core component in the pre-swirl disk cavity. It provides the
cooling air with large tangential velocity by twisting it. The jet flow is mixed with the cavity
flow downstream of the nozzle. The difference in tangential velocity between the air and
the disk then becomes small. Normally, the relative total temperature at the receiving hole
inlet is used to estimate the cooling performance of delivered air on the turbine blade. With
a relatively smaller tangential velocity difference, the cooling performance is improved.
Meanwhile, the excessive amount of pre-swirl jet flow mixes with the cavity flow and
may cause some problems, such as excessive pressure losses, axial thrust, disk frictional
losses, etc. Over the past decades, a lot of related studies have been conducted to solve
these problems. The scholars found three key parameters for the above parameters, namely
through flow rate (Cy), circumferential Reynolds number (Re), and axial gap width (G).
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In recent decades, a great number of studies have been conducted on rotor-stator
cavities, in particular on the pre-swirl system. EL-Oun and Owen [1] developed a theoretical
model of adiabatic efficiency, which represents the level of temperature reduction capacity,
based on the Reynolds analogy. Chew et al. [2,3] developed a basic model to calculate
the temperature of the blade cooling air through experiments and numerical simulations.
Ciampoli and Chew [4] put forward an automatic design method for a pre-swirl nozzle
with CFD (computational fluid dynamics).

To improve the performance of a pre-swirl nozzle, the impact of geometric parameters is
studied, such as the radial position, swirl angle, inlet diameter, and channel shape [5-9]. In
the following up studies, Lee et al. [10] optimized a vane-type pre-swirl nozzle to increase the
through-flow rate and enhance the temperature reduction. The optimized model improved the
span-wise uniformity of the flow path, achieving an increase in the discharged capacity by
2.57%. Yang et al. [11] illustrated the combined and separate influences of jet impingement
and air entrainment on the flow and heat transfer within the rotor-stator cavity. Liu
et al. [12-15] modified the nozzle geometry, lead angle, and aspect ratio to optimize the
performance of a pre-swirl system. Hu et al. [16] carried out numerical simulations to study
the flow characteristics, temperature drop, and specific entropy increment for the pre-swirl
system with a different radial angle for the pre-swirl nozzle. Lin et al. [17] investigated the
impact of flow rate and speed of rotation on the flow dynamics in the rotor-stator cavity
with the pre-swirl jet flow at a low radius.

In terms of heat transfer, Cheng et al. [18] used numerical calculations to analyze
the effects of three different inlet pre-swirl ratios and turbulence coefficients on the heat
transfer characteristics in the pre-swirl disk cavity. Liu et al. [19,20] put forward a vane-hole
shape pre-swirl nozzle. They demonstrated its advantage by comparing the pressure losses
and temperature reduction with those of the vane nozzle. Zhao et al. [21], Wu et al. [22],
and Wang et al. [23,24] studied the heat transfer in the rotor-stator cavity and revealed the
mechanism of heat transfer of such a cavity.

The application of CFD during the optimal design of a turbomachine is the focus of
numerical simulation nowadays [25]. In the numerical simulation of the rotor-stator cavity,
many scholars tried different simulation methods to investigate the mechanism of flow
and heat transfer. Damavandi et al. [26] studied the flow in a rotor—stator cavity with a
curved rotor disk using the LES (large eddy simulation) technique. Liao et al. [27] used
the conjugate CFD to investigate the flow and heat transfer in the rotor-stator cavity. They
compared the results with steady-state simulation and experimental results. Jia et al. [28]
proposed a numerical model for the ingestion of hot main flow into a rotor-stator cavity
model, considering the rotor vibration. The results show that the sealing effectiveness at
the outer rim seal increases due to the vibration of the rotor; meanwhile, the amplitudes of
the pressure fluctuation decrease in the sealing gap. Schroeder et al. [29,30] presented an
experimental investigation of centripetal leakage flow with and without pre-swirl in the
rotor-stator cavities by analyzing the results from two test rigs. The influences of Re, G,
and Cy, on the radial pressure distribution, axial thrust, and frictional torque are presented.
Onori et al. [31] used the proper orthogonal decomposition (POD) method to estimate the
results from LES to identify a set of orthonormal basis functions for the Galerkin projection
of the Navier-Stokes equations.

Besides the pre-swirl nozzle, there are a number of significant influences on the pre-
swirl system. Lin et al. [32] revealed the heat transfer mechanism and energy conversion
characteristics with the influences of many factors, such as the seal flow, friction, and work
performed by either the rotating or the stationary parts. He et al. [33] and Shi et al. [34]
focused on the effect of flow rate on cavity flow. Zhao et al. [35] numerically investigated
the impact of blade fracture on cavity flow with a centrifugal superposed flow with the
non-axis-symmetry boundary conditions. When the turbine blade fractures, the velocity
obviously changes in the downstream region at a high radius, especially when the local
Reynolds number, Rey, is large. Ren et al. [36] designed and performed an experimental
investigation to determine the flow characteristics in a rotor—stator cavity with a large gap
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ratio and inlet at a low radius. The results indicate that the flow in the rotor—stator cavity
is still dominated by circumferential motion. However, the velocity increases with the
increase of radial position. In different axial positions, the velocity distribution is different.
When the cavity flow approaches the rotor, it becomes uneven.

In a marine gas turbine, it is more and more important to widen its operating condi-
tions, even below 20% of the rated speed of rotation. Therefore, the secondary air system is
required to work at a small speed of rotation, even around 20% of the rated value. Therefore,
it is very important to check whether the secondary air system is functional. In addition,
in a marine gas turbine, there are some valves to adjust the pressure at the inlet of the
pre-swirl nozzle, aiming to improve the performances at off-design conditions, especially
at a small speed of rotation (below 50% maximum rotating speed). It is also possible that
the performance of the pre-swirl system is improved if we bleed the cooling air from the
later stage of the compressor.

Hence, this paper uses the CFD method to investigate the pressure (70% to 140% of the
design values) at the pre-swirl nozzle on the flow characteristics and overall performance
of the pre-swirl system. The ranges of the speed of rotation are from 12.5% to 50% of the
maximum speed of rotation of the gas turbine. The flow characteristics, performance of
the pre-swirl system, disk frictional losses, and axial thrust are predicted. The results can
expand knowledge and provide a reference for designers to better consider the effects of
pressure at the nozzle inlet on performance at a small speed of rotation.

2. Definitions of Main Parameters
Global circumferential and local circumferential Reynolds number Re:

)

where b stands for the outer radius of the disk, w is the angular velocity of the disk, and v
represents the kinematic viscosity.
Local circumferential and local circumferential Reynolds number Re:

2
w-r
Re, = 2
e = @)
where r is the radial coordinate.
Discharge coefficient of the receiving hole:
m
Ci=— 3
= ®)
where m is the actual mass flow rate and m; is the isentropic mass flow rate.
The ideal mass flow rate of a long orifice:
1/k (k—1)/k
(o)L | 2R [ Pout - 2
(pin*> - 1RT1 * 1 (pin*> +2(UZV24, U1V1(P) qu) 4)

where A is the nozzle outlet area, R is the air constant, and its value is 287. T1* is the

inlet total temperature. k is the adiabatic exponent of gas, and its value is 1.4. p, is the

static pressure at the outlet. V1, is the circumferential velocity of the gas inlet. V5, is the

circumferential velocity of the gas outlet. U is the circumferential velocity of the disc inlet.

Uy is the circumferential velocity of the disc outlet.
Local flow rate coefficient:

Q- Re(q)p'2

Cop= =0
T 2 wr3

Q)

where Q is the volumetric through-flow rate.
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Axial thrust coefficient:

_ (P2 (pp—p)r
e ©

where a is the hub radius, p represents the pressure, p;, stands for the pressure at r = b, and
p is the density of air.
Moment coefficient:

2- M|
= 7
Cnm pw?b> @)
where M is the friction torque.
Pressure coefficient:
Cp=pr(x=1)—px(x);x=7;pr=—trs ®)
p=P - p ’ _b/p_pwzbz

where x is the non-dimensional radial coordinate and p* represents the non-dimensional pressure.
Non-dimensional temperature T:

Tx — T_Tmin

Tmax - Tmin

)

where T is the temperature, Ty, is the maximum temperature in the cavity, T}, is the
minimum temperature in the cavity, ¢, is the isobaric-specific heat capacity, and its value is
1.039. Toyut* is the relative total temperature at the outlet of receiving hole. Tj,* is the total
temperature at the inlet of the pre-swirl nozzle.

Non-dimensional temperature drop

AT — CP(Tin * _Tozut*) (10)
0.5(wry)

where ¢, is the isobaric-specific heat capacity, and its value is 1.039. Ty, is the relative total
temperature at the outlet of receiving hole. T;,* is the total temperature at the inlet of the
pre-swirl nozzle.

3. Numerical Simulation Set-Ups
3.1. Domains for Numerical Simulation

The model in this study is shown in Figure 1. It includes three cavities, noted as C1 to
C3 cavities. The C1 cavity is a typical rotor-stator cavity with centrifugal through-flow. The
C2 cavity is a co-rotating cavity, which is a simplification of the flow path to the rotor blade.
The C3 cavity is a pre-swirl cavity, which is the main research object. The main geometric
parameters are shown in Table 1. The pre-swirl nozzle is on the stator, which is slightly
below the receiving hole in the radial direction. The cooling air enters the C3 cavity in the
form of pre-swirl jet flow and mixes with the gas in the disk cavity. Then, the essential flow
enters the receiving hole, while the minor flow goes through the A1l labyrinth seal into the
C1 cavity. It finally leaves the C1 and interacts with the hot main flow at the upper outlet.

Table 1. Main geometric parameters.

Parameter Values
Hub radius a/b 0.736
Outer radius of the disk b/b 1
Axial gap of the front cavity s/b 0.044
Diameter of air inlet channel d, /b 0.011
Intake angle 6 (°) 20
Radius of inlet center r, /b 0.096
Diameter of outlet channel d;, /b 0.015

Radius of outlet center r, /b 0.115
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Figure 1. Sketch of pre-swirl rotor-stator cavity.

3.2. Turbulence Model and Boundary Conditions

Because of the axial symmetry of the C3 cavity, a segment of 4 degrees was modeled,
shown in Figure 2. The ANSYS CFX 14.0 was used for numerical simulation. The simulation
type was set as a steady state. Some researchers, such as Barabas et al. [37] and the authors’
group [38,39], found that the simulation results from the shear stress transport SST k-w
turbulence model in combination with the scalable wall functions are in good agreement
with the measured pressure in a rotor-stator cavity with air. The deviations of the pressure
measurement are less than 1%. Hence, in this study, the same turbulence model and wall
functions were used. The turbulent numeric was set as second-order upwind. The mesh
was generated by NUMECA FINE OPEN, which is characterized by unstructured mesh
dominated by hexahedrons. The thickness of the grids in the near wall regions decreases
until the values of y* are less than 1, which satisfies the requirement from the SST k-w
turbulence model. The walls in contact with air were set as non-slip walls. The pressure
and temperature at each branch and the temperature of the stator were set according to
the values from the designers. The heat transfer coefficient of the rotor and the labyrinth
seal was set according to the values from conjugate heat transfer. The flow was selected
as air ideal gas, and the physical properties, such as specific heat, were from the database.
The convergence criteria were set as 10> in max type. We conducted 40 simulations with
different relative total pressure p;, 1ot (made non-dimensional by dividing those at the
design value for each speed of rotation) at the nozzle inlet and speed of rotation, shown
in Table 2. The “—30% design pressure” is equal to p;, 1ot = 0.7, while “+40% design
pressure” is equal to pjy, tora1 = 1.4
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.

Receiving hole
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Figure 2. Domains and grids for numerical simulation. (a) Domains for numerical simulation;

(b) Grids for numerical simulation.

Table 2. Main parameters of different simulations.

Inlet Pressure of the Pre-Swirl Nozzle

Rotational Speed/Maximum One

® NG LN

—30% design pressure
—20% design pressure
—10% design pressure
Design pressure

+10% design pressure
+20% design pressure
+30% design pressure
+40% design pressure

SIS

12.5%
25%
37.5%
45%
50%
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3.3. Numerical Method Validation

In this paper, we measured the static pressure in the disk cavity of a marine gas turbine
at four speeds of rotation, which are close to those in Table 2. The speed of rotation was
modified to the same value during the validation of the numerical method. The mesh was
modified until the maximum difference between simulation results and experimental data
was less than 4.3%. The total grid count was 28.23 million. Hence, the numerical simulation
setups are considered reasonable.

4. Results and Discussion
4.1. Flow Characteristics
4.1.1. Radjial Velocity Distribution

The radial velocity is important in finding the circulation of air in a rotor—stator cavity.
With different nozzle inlet pressures at Re = 9.5172 x 10°, the distribution of radial velocity
on the meridional section is shown in Figure 3. In the C3 cavity, the flow in region 1 and
region 4 (near the rotor) mainly moves radial outward. On the other hand, it flows toward
the shaft below the nozzle in region 3. At the entrance of receiving hole, there is a vortex
(see the region with different flow directions in region 2). In the receiving hole, we can
see that there is a backflow area (region 5). Its scope enlarges with increasing p;,, o, at
Pin, totar = 0.9. The results indicate that the flow resistance is large in such a region. In
the C1 cavity, there are two backflow areas, namely region 6 and region 7. The backflow
in region 6 is a typical flow distribution near the stator, while the backflow in region 7 is
related to the change of rotor shape and the existence of a rim seal. In the C2 cavity, there is
a backflow area (region 8), although the C2 cavity is co-rotating. This is attributed to the
formation of a vortex in this region due to the strong jet flow. The distributions of radial
pressure are similar for other speeds of rotation. The results show that the pre-swirl nozzle
and receiving hole do not match well. Some modifications have to be made to improve
performance at low rotation speeds.

Radial Velocity

llS

10

Radial Velocity

IIS

10

Figure 3. Distribution of radial velocity at Re = 9.5172 x 10° at different nozzle pressure: (a) —30%
design pressure, (b) —20% design pressure, (¢) —10% design pressure, (d) design pressure, (e) +10%
design pressure, (f) +20% design pressure, (g) +30% design pressure, and (h) +40% design pressure.
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4.1.2. Core Swirl Ratio K

In order to predict the axial thrust, the pressure distribution along the radius of the
disk should be estimated. In a typical rotor—stator cavity, the flow pattern changes as C,,
increases with either centrifugal or centripetal non-pre-swirl through-flow. The relationship
between K and Cy, for different Re in the C1 cavity of this paper is shown in Figure 4.
The values of K firstly decrease, then increase with increasing Cgr- The decreasing trend
happens in the backflow area (mainly region 6 in Figure 3). With increasing p;; tota1, the
values of K in this area become small. The reason for this is that the leakage flow rate is
larger with larger values of p;;, ;o1,. The work performed by the rotor on the volumetric
flow drops. When x further increases, the values of K start to increase in most cases, except
for cases where hot gas is ingested (see the radial velocity at the outer radius in Figure 3a)
from the main flow passage through the rim seal.
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0.0018
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+30%Design pressure () +40%Design pressure

0.0019

Figure 4. Radial distribution of core swirl ratio in C1 cavity at different Re: (a) Re = 2.3793 x 105,
(b) Re = 4.7586 x 10°, (c) Re = 7.1379 x 10°, and (d) Re = 9.5172 x 10°.

The distribution of K in the C3 cavity is shown in Figure 5. Above the receiv-
ing hole, the results fit relatively well with Equation (11). Below the pre-swirl noz-
zle, a relatively large difference occurs. Therefore, we determined a leakage flow term
(—44.44e%479Cr 1 47.3) and extended the correlation in Ref. [40], which can be written
in Equation (12). The results are compared in Figure 4. As C,, increases, the values of
K firstly significantly drop and almost remain the same. When C,, further increases, the
values of K gradually drop. The results from Equation (12) are in good agreement with
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those from numerical simulation with different p;;, 401, and different Re, compared with
those in Refs. [38—-41].

2
r M, + M
K= (P) K, + Mt M (11)
]"l' mrdi),r:ri
2
M, + M
K= (”’) K, + Lt Vs (—44.44(6479% + 47.3) (12)
i mTiV(p,r:ri

where 2.3793 x 10° < Re < 9.5172 x 10°,1.9191 MPa < total inlet pressure < 3.8381 MPa
and G = 0.044.

0.16 |

%015 s 0.08 F
0.10
0.04 |
0.05
0.00 0.00
-0.05
<0.0082  -0.0080  -0.0078  -0.0076  -0.0074 20.0049  -0.0048 -0.0047 -0.0046 -0.0045 -0.0044
Cyqr Cyr
(a) (b)
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0.10
3
0.08 b+
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e
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-0.00360 -0.00352  -0.00344 -0.00336 -0.00328 -0.00287  -0.00280  -0.00273  -0.00266  -0.00259
Cyr Cyr
() (d)
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@ == CFD-(+10%Design pressure) = == CFD-(+20%Design pressure) = @ CFD-(+30%Design pressure) = == CFD-(+40%Design pressure)
® Eq.12-(—30%Design pressure) @ Eq.12-(-=20%Design pressure) @ Eq.12-(—10%Design pressure) @ Eq.12-(Design pressure)
© Eq.12-(+10%Design pressure) @ Eq.12-(+20%Design pressure) @ Eq.12-(+30%Design pressure) @ Eq.12-(+40%Design pressure)
¥ ByBoHuetal & By Poncet et al,

Figure 5. Comparison of core swirl ratio in C3 cavity at: (a) Re =2.3793 x 105, (b) Re = 4.7586 x 105,
(c) Re =7.1379 x 10°, and (d) Re = 9.5172 x 10° [38—41].

4.1.3. Pressure Coefficient C,

The radial pressure distribution on the meridional section is depicted in Figure 6 for
different inlet pressures at Re = 9.5172 x 10° (at 0.5 times the maximum rotational speed).
It can be seen that the pressure in the C3 cavity rises with increasing p;; ;ota1- Near the inlet
of receiving hole, there is a relatively high-pressure zone for p;;, ;11 > 1. The rise of ps
also results in the increase of the pressure gradient from the pre-swirl nozzle to the outer
labyrinth seal in C3. The high-pressure zone enlarges as p;y, ota1 increases. Conversely,
the pressure at the outlet of the receiving hole minimally changes. In the downstream C1
cavity, there is a low-pressure zone downstream of the inner labyrinth seal. The scope of
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Pressure

l 1.54

1.53
1.52

1.51
1.50

1.49

1.48
[MPa]

Pressure
l 1.54
1.53
1.52
1.51
1.50

1.49

1.48
[MPa]

(e)

the zone increases with increasing p;y, to1a7- With a larger pressure difference at either side
of the labyrinth seal, the leakage flow rate is expected to increase.

® () (h)

Figure 6. Pressure distribution of pre-swirl cavity at Re = 9.5172 x 10° with different nozzle pres-
sure: (a) —30% design pressure, (b) —20% design pressure, (¢) —10% design pressure, (d) -design
pressure, (e) +10% design pressure, (f) +20% design pressure, (g) +30% design pressure, and (h) +40%
design pressure.

Since the axial thrust is an important parameter for the safe operation of a gas turbine,
the radial distribution of pressure coefficient C, was compared. The reference pressure
was taken at the radius of labyrinth Al from numerical simulation. Since the pressure
drop is radial inwards, the values of the pressure coefficient C, are positive, as depicted
in Figure 7. In all the cases, the increasing trend of C, towards the shaft are similar. The
parameter C, is positively correlated with ps at each Re. When the Reynolds number is
large, the C, increases with the nozzle inlet pressure, but the increments are small, and
the effect of increasing ps on C, is relatively weak. The flow below the pre-swirl nozzle is
mainly controlled by the strong swirl flow in the C3 cavity and the pressure ratio is less
influenced by p;,, toa1 at this point. The larger values of p; cause the more severe pressure
difference along the disk.
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Figure 7. Radial distribution of pressure coefficients in C3 cavity at different Re: (a) Re = 2.3793 x 10°,
(b) Re = 4.7586 x 10°, (c) Re = 7.1379 x 10°, and (d) Re = 9.5172 x 10°.

4.2. Performances of Pre-Swirl System
4.2.1. Non-Dimensional Pressure Drop

In this paper, we estimate the non-dimensional pressure drop ¢ to predict the capacity
of cooling air delivery. It is defined in Equation (13). The variation of { are plotted in
Figure 8. The values of { increase with the total pressure p;;, ;o0 at the nozzle inlet. With
the increase of Re, the dominant rotation is strong in C3, and the values of { are less
influenced by pjy, tots1- When Re reaches the maximum value (9.5172 x 10°), the increment
rate of ( is less than 2%.

Pin *
Spwr3

—Poyt* (13)

g =
where P, is the total pressure at the pre-swirl nozzle, P, is the static pressure at the
receiving hole, P;,* is the total pressure at the inlet, and P,,;* is the total pressure at
the outlet.
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Figure 8. Distribution of { at different Re.

4.2.2. Through-Flow Capacity of Nozzle and Receiving Hole

The total pressure distribution in the mid-section of the pre-swirl nozzle at Re =9.5172 x 10°
is depicted in Figure 9. It shows that as the p;,, 1,4, continues to increase, there is a significant
increase in the pressure, and the values of total pressure near the wall are larger than those
near the center of the flow passage, which indicates that there is more flow resistance in the
wall region.

Total Pressure

. 3.5
3.0

25 (a) (b) (©) (d)
Radial X
F 2.0

1.5
I 1.0

[MPa] (e ® (® (h)

Circumferential

Figure 9. Distribution of total pressure at the middle section in the pre-swirl nozzle at Re = 9.5172 x 10°
with different nozzle pressure: (a) —30% design pressure, (b) —20% design pressure, (c) —10% design
pressure, (d) -design pressure, (e) +10% design pressure, (f) +20% design pressure, (g) +30% design
pressure, and (h) +40% design pressure.

The pressure distribution of each section at different axial positions of the pre-swirl
nozzle with either maximum or minimum p;y, ;o5 is shown in Figure 10. The circumferential
velocity of airflow increases due to rotation. The pressure of the whole pre-swirl nozzle
decreases along the flow direction. It is obvious that the through-flow capacity of the nozzle
is good in the range of pj; 1o For other Re, the trends are similar.
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—30% inlet pressure

Pressure

. 1.58

156

1.52

Il,SO
[MPa]

Pressure

l 21 Inlet 1/4 nozzle 1/2 nozzle 3/4 nozzle Outlet

+40% inlet pressure
Figure 10. Pressure distribution in the pre-swirl nozzle at different axial positions (Re = 9.5172 x 10°).

Figure 11 reflects the variation of C; versus pj, a1 for the pre-swirl nozzle at four
different Reynolds numbers. These values show an increasing trend versus p;, i, The
maximum relative increment is up to 2% when Re increases from 2.39 x 10° to 9.5172 x 10°
at a fixed pjy, total-

1.0

Bl e - 2.3793%10° B Re=4.7586%10°
08
06
3
04
02t
007 08 09 10 L1 12 13 14 07 08 09 10 L1 12 13 14
" Nozzle inlet pressure/Design value Nozzle inlet pressure/Design value
' B Rc-7.1379%10° [ ke =9.5172x10°
08
06
S
04
02t

0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
Nozzle inlet pressure/Design value Nozzle inlet pressure/Design value

Figure 11. Distribution of flow rate coefficients of pre-swirl nozzle at different Re.

In Figure 12, the total pressure distribution in the mid-section of the receiving hole at
Re =9.5172 x 10° is shown. The receiving hole is a long orifice since the gas reattaches to
the wall after a flow separation near the inlet. In the separation area, the values of pressure
are large, which is represented by the red color. With increasing p;,, tot41, the scope of the
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separation area enlarges. In the rest of the area, the values of pressure drop, indicating
better through-flow capacity.

Total Pressure

l 1.440

1.436

1.432
1.428

1.424

1.42
[MPa]

® (® (h)

Figure 12. Distribution of total pressure on the middle section of receiving hole at Re = 9.5172 x 10°

with different nozzle pressure: (a) —30% design pressure, (b) —20% design pressure, (c) —10% design
pressure, (d) design pressure, (e) +10% design pressure, (f) +20% design pressure, (g) +30% design
pressure, and (h) +40% design pressure.

The static pressure distribution of each section at different axial positions of the
receiving hole with either maximum or minimum pj, o4, is shown in Figure 13. The values
of pressure increase along the passage of the receiving hole. At the same axial position,
the pressure is large with an increase in pj, 1. At the minimum py, 40141, there is a region
with large pressure. When the air flows through the passage of the receiving hole, the
pressure violently fluctuates. At the outlet, the pressure reaches the maximum value, which
indicates the most flow resistance.

—30% in]et pressure

Pressure

- - -
I 1530

1.528

1526 |

1524 =

1.522

h m

'l"“‘.“.;'w Inlet 1/4 hole 1/2 hole 3/4 hole Qutlet
s ~

1.525

1.520

1515

1.510
[MPa]

+40% inlét pressure

Figure 13. Pressure distribution in the receiving hole at different axial positions (Re = 9.5172 x 10°).
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The variations of the receiving hole flow rate coefficient versus p;, o1, are depicted in
Figure 14. The values of C; ranges from 0.43 to 0.73. It increases first and then decreases
with increasing p;;, toa at a fixed Re. There is an optimal value of p;;, ;o1a1, Where the best
through-flow rate can be achieved. The values increase up to 13.5% with increasing Re.

0.8 F

Il R -2.3793x10° B o= 4.7586%10°

0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4
1.0 Nozzle inlet pressure/Design value Nozzle inlet pressure/Design value
B Re-7.1379%10° [ Re=9.5172x10°

0.7 0.8
Nozzle inlet pressure/Design value Nozzle inlet pressure/Design value

0.9 1.0 L1 1.2 1.3 14 0.7 0.8 0.9 1.0 L1 1.2 1.3 1.4

Figure 14. Distribution of C; for receiving hole at different Re.

4.2.3. Cooling Effects of the Cavity Flow

The temperature distribution on the meridional surface at different inlet pressures
for Re = 9.5172 x 10° is depicted in Figure 15. From the figure, the whole temperature
in the cavity decreases with increasing pj, 1. In the C1 cavity, the effects of p;y,, torar
on temperature becomes weaker when p;,, 11, €xceeds 1.1. In the C3 cavity, there is a
low-temperature region between the nozzle, receiving hole, and A2 labyrinth seal. It is a
comprehensive influence of impingement cooling and swirl flow cooling. The temperature
at the outlet of receiving hole drops with increasing p;, ot as well. This indicates that
increasing pj, ot €nhances the cooling effect on the turbine blade.

In Figure 16, the radial distribution of T* in the C1 cavity at different Re is depicted. It
can be observed that T* in the C1 cavity has a general tendency to fall and then rise along
the radial direction, and there is a low-temperature zone in the middle section of the cavity.
As the nozzle inlet pressure increases, T* is negatively correlated at the high and low radius
of the C1 cavity, but a positive correlation in the middle section, and the variation is greater
in this area. When the speed increases, the relative velocity between the rotor and the gas
decreases, this reduces the heat transfer effect of the gas on the rotor and causes an upward
shift of the low-temperature zone. The temperature in the C3 cavity decreases in the radial
direction, as shown in Figure 17. When the pre-swirl jet flow enters the C3 cavity, it is
mixed with the cavity flow and then impinges on the rotor. With the increase of Re, the
change of T* is small. On the other hand, the values of T* decrease up to 21.4% when the
Pin, total decreases. This can be explained by the more intense impingement cooling and
swirl flow cooling.
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Figure 15. Temperature distribution of pre-swirl cavity at Re = 9.5172 x 10° with different nozzle
pressure: (a) —30% design pressure, (b) —20% design pressure, (c) —10% design pressure, (d) design

pressure, (e) +10% design pressure, (f) +20% design pressure, (g) +30% design pressure, and (h) +40%

design pressure.
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Figure 16. Radial distribution of non-dimensional temperature in C1 cavity for different Re: (a)
Re =2.3793 x 105, (b) Re = 4.7586 x 105, (c) Re = 7.1379 x 105, and (d) Re = 9.5172 x 105.
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Figure 17. Radial distribution of non-dimensional temperature in C3 cavity for different Re: (a)
Re =2.3793 x 10°, (b) Re = 4.7586 x 10°, (c) Re = 7.1379 x 10°, and (d) Re = 9.5172 x 10°.
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The change of AT* is plotted versus p;;, 4ot in Figure 18. For different Re, the values of
AT* increase with increasing p;,, 10151, Which indicates better cooling performances. When
the nozzle inlet pressure is fixed, the values of AT* decrease with the increase of Re.
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—@— Re=2.3793x10° = @=— Re =4.7586x10° — @=— Re=7.1379x10° Re=9.5172x10°

Figure 18. Distribution of AT* at different Re.

4.2.4. Moment Coefficient Cyy

The moment coefficients of the C1 cavity are compared in Figure 19 with increasing Re.
The decreasing trend is similar to the experimental results by Hu et al. [38,39]. The results
also show that the flow resistance on the stationary wall is larger than those on the rotor,
which should not be neglected. Meanwhile, the variation of p;, 141 has a larger influence
on the values of Cjs on the stationary wall than those on the rotor.
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0.0025 0.0025 F
*\
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0.0020 00020 N
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0.001 0.0010 |
0010 0.0010 o
0.0005 0.0005
s
0.0000 107 0000
2 10 2
(2) (b)
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=@ = +10%Design pressure +20%Design pressure =) = +30%Design pressure =)= +40%Design pressure

Figure 19. Variations of Cys in C1 cavity at different p;;, ;1o and Re on: (a) rotor and (b) stator.

Figure 20 shows the variation of different inlet pressures in the C3 cavity on the
moment coefficients of the rotor and stator, respectively. It can be observed that the Cy
values of the rotor decrease as Re increases. The trend is similar to the trend of the rotor—
stator cavity with either centrifugal or centripetal through-flow [38,39]. Meanwhile, the
moment coefficient of the stator is up to 75% larger than that of the rotor. With increasing
Pin, total, the values of Cy obviously rise. This is because more work has to be performed
on the cavity flow by the rotating disk with a more mass flow rate through the nozzle.
With regard to the stator, the tangential velocity increases with increasing p;;, 10107, which
contributes to larger wall shear stress. Unlike those on the stator, the values of Cj; on the
rotor are almost not influenced by p;,, 1, at the maximum value of Re. The parameter of
Ch on the stator are more sensitive to p;, 1o, than those on the rotor.
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Figure 20. Variations of Cys in C3 cavity at different p;;, ;1o and Re on: (a) rotor and (b) stator.

4.2.5. Axial Thrust Coefficient Cp

The variations of Cr in the C1 cavity are depicted in Figure 21. The values drop with
increasing Re or with increasing p;,, ;o15- The variations of Cr in the C3 cavity for different
Re and different p;;, ;0,1 are made in Figure 22. As for the rotor, the Cr decreases with
increasing Re, with an average reduction of 73%; meanwhile, it increases with increasing
Pin, total- InCreasing p;,, 40141 results in the rise of Cr on both the rotor and the stator, although
the influence is much weaker on the stator.
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Figure 21. Cr distribution in the C1 cavity at different p;, toto; and Re on the (a) rotor and (b) stator.
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Figure 22. Cr distribution in C3 cavity at different p;;, 4,1, and Re on the (a) rotor and (b) stator.
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5. Conclusions

In this paper, the influence of p;;, 41 (70—140% of design values) on the flow character-

istics and performance of a disk cavity at Re = 2.3793 x 10° to 9.5172 x 10° are numerically
studied. Some conclusions are as follows:

1.

2.

To better predict the distribution of K between the inner seal and nozzle, the empirical
formula for K in the literature was extended by adding a leakage flow term.

The variation of T* in the pre-swirl rotor—stator cavity is mainly influenced by convec-
tive heat transfer and impingement cooling. As the nozzle inlet pressure increases, T*
is negatively correlated at both the high and low radii of the C1 cavity. The values of
T* in the C3 cavity decrease along the radial direction, with a relative increment of up
to 21.4% for different inlet pressures.

The current disk cavity shows relatively good performance at low speeds of rotation.
Firstly, the flow rate coefficient of the receiving hole is not positively correlated with
Pin, total- InCreasing p;,, 4,151 May cause excessive flow resistance due to the backflow
in the receiving hole. Secondly, the pre-swirl system has a good cooling effect on the
C3 cavity at low rotation speeds. Thirdly, when the p;,, 1,14 values exceed the design
values, the performance of the pre-swirl system decreased, which lowered the cooling
ability of the turbine blades.

The moment coefficient and axial thrust coefficient show decreasing trend as Re
increases. Increasing p;, t,tq causes the rise of Cjs and Cr, which cause additional
frictional losses and have a negative influence on the bearing systems.
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Nomenclature

A
Ar
As

A
B
Ca
Cr
Cm

Nozzle outlet area, m?

Rotor surface area, m?

Stator surface area, m?

Hub radius, m

Outer radius of the disk, m
Flow rate coefficient

Axial thrust coefficient
Moment coefficient

Pressure coefficient

Isobaric specific heat capacity
Local flow rate coefficient
Receiving hole diameter, m
Nozzle hole diameter, m
Core swirl ratio

Core swirl ratio at nozzle
Adjiabatic exponent of gas, k = 1.4
Friction torque, N-m

Rotor surface torque

Stator surface torque
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M Actual mass flow rate, kg/s

m; Isentropic mass flow rate, kg/s

p Pressure, Pa

Py Pressure atr =b, Pa

Pin® Total pressure at inlet, Pa

Pt Total pressure at the pre-swirl nozzle, Pa
Pout Static pressure at outlet, Pa

Pout™ Total pressure at outlet, Pa

pr Static pressure at the receiving hole, Pa
p* Non-dimensional pressure

Q Volumetric through-flow rate, m3/s

R Air constant, R = 287

Re Global circumferential Reynolds number
Rey Local circumferential Reynolds number
R Radial coordinate, m

h Receiving hole to position, m

Tp Nozzle radial position, m

s Axial gap of the front cavity, m

T Temperature, K

T* Non-dimensional temperature

AT* Non-dimensional temperature drop

T1* Inlet total temperature, K

Ti* Total temperature at the inlet of the pre-swirl nozzle, K
Tout* Relative total temperature at the main outlet of the system, K
Tinax Maximum temperature in the cavity, K

T nin Minimum temperature in the cavity, K
Vi Inlet tangential velocity, m/s

Vay Outlet tangential velocity, m/s

X Non-dimensional radial coordinate, x = r/b
Vo, r=ri Tangential velocity at ¥ =r; m/s

Greek symbols

4 Density of air, kg/m?

U Aerodynamic viscosity, N-s/m?

v Kinematic viscosity, m?/s

g Non-dimensional pressure drop

0 Inlet angle of pre-swirl nozzle,°

w Angular velocity of the disk, rad/s
Subscripts

x circumferential

Yy radial

z axial
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