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A B S T R A C T   

Swirl cooling is one of the latest and promising internal cooling strategies, which has been widely reported in the 
designs of the turbine blade leading edges. Based on the traditional single-stage swirl cooling configuration, this 
paper introduces a novel conception of multistage swirl cooling configuration (two and three stage), aiming to 
improve the cooling performances of the leading edges without increasing the cooling air consumption. In the 
new multistage configurations, the vortex chamber is divided into several stages, so that the tangential velocity 
of cooling air is significantly increased. To reveal the heat transfer and flow characteristics of cooling air in the 
multistage swirl cooling configuration, a series of numerical simulations are conducted by conjugate heat transfer 
algorithm under the realistic conditions of gas turbine operations and the real leading edge model of a VKI 
turbine blade. The numerical results indicate that: under the same coolant mass flow rate, the averaged Nusselt 
number in the three-stage swirl cooling structure is at least over 75% higher than that in the single-stage 
structure, and the Nusselt number distribution is also more uniform. At ReD = 40,000, the surface tempera
ture averaged over the entire leading edge wall of the three-stage swirl cooling structure can be nearly 100 K 
lower than that in the single-stage one. The significant heat transfer enhancement of multistage swirl cooling is at 
the cost of a higher total pressure loss. However, if the bends connecting the adjacent stages are modified into 
round-shaped, the pressure loss can be significantly decreased, therefore the thermal performances of the 
multistage swirl cooling models are higher than that of the single-stage model.   

1. Introduction 

In order to get a higher thermal efficiency or power output, modern 
gas turbines are usually operating at the high temperatures exceeding 
the melting point of turbine blade materials. Therefore, it is necessary to 
develop effective cooling methods, especially for the leading edge of 
turbine blades, because the leading edge bears heavy heat load and 
aerodynamic force [1]. 

The swirl cooling (also called vortex cooling) scheme is one of the 
promising internal cooling strategies [2] in the blade leading edge ap
plications. Early in 1959, Kreith and Margolis [3] firstly found that in a 
cylindrical pipe, the heat transfer coefficient is significantly enhanced by 
swirling flow. Then, Glezer et al. [4,5] started to apply the swirling 
chamber to real blade leading edge. In their experiments, the swirling 
flow was introduced by discrete tangential slots, and the surface heat 

transfer coefficients were measured by an IR radiometer. Later, Ligrani 
et al. [6] and Hedlund & Ligrani [7] investigated the heat transfer and 
flow phenomena in different vortex chambers, and found that the arrays 
of Görtler vortices along the chamber surface had a positive effect to 
increase local heat transfer. In their another work, Ligrani et al. [8] 
compared the heat transfer coefficients of different internal cooling 
strategies of a turbine blade leading edge, and found that the swirl 
cooling structure provided the highest levels of heat transfer augmen
tation. Using transient liquid crystal technique, Ling et al. [9] compared 
the local heat transfer coefficients between a swirl cooling system and a 
normal impingement cooling system, and claimed that the swirl cooling 
system could provide a more uniform heat transfer distribution in axial 
direction. 

In recent years, there have been a large number of experimental and 
numerical investigations focused on the complicated turbulent flow and 
heat transfer characteristics inside the vortex chambers of swirl cooling. 
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Through both experimental and numerical methods, Biegger et al. [10] 
investigated the fluid flow and heat transfer mechanism of swirl cooling 
in a swirl tube. They observed the double helix vortex structure inside 
the swirl tube, which led to a high circumferential velocity and a high 
heat transfer rate. Rao et al. [11] compared the heat transfer and pres
sure loss in two swirl tubes between one and five tangential nozzles, and 
concluded that at the same mass flow rate, the swirl tube with five 
nozzles showed a more uniform heat transfer distribution and a less total 
pressure loss. Using Ling et al. [9]’s experimental model, Liu et al. [12, 
13] numerically studied the effects of coolant Reynolds number, nozzle 
aspect ratio and injection angle on the heat transfer and pressure loss 
characteristics. By numerical simulations, Du et al. [14–16] systemati
cally investigated the influences of the geometrical parameters of 
nozzle, aerodynamic parameters and rotational conditions on flow and 
heat transfer behaviors. Fan et al. [17,18] used a semi-cylindrical shaped 
vortex chamber to match turbine blade leading edges, and numerically 
compared various internal cooling methods of a real blade leading edge. 
They claimed that the swirl cooling structure can reach the highest heat 
transfer enhancement, the most uniform Nusselt number distribution 
and the largest thermal performance factor. 

To further improve the utilization efficiency of cooling air, consid
ering the design requirement of blade leading edge, a novel conception 
called “multistage swirl cooling” (MSC) is suggested in this work. The 
similar idea of multistage cooling was reported by Liu and Zhang [19, 
20], but their multistage cooling means a series of impingement cooling, 
and the target wall is a flat plate without swirling cooling air. In our new 
MSC configuration, the whole vortex chamber is divided into two or 
three stages. After passing through the first stage with highly-increased 
tangential velocity, the cooling air can be re-used in the later stages, 
therefore the cooling performance is improved without increasing the 
cooling air consumption. 

In addition, in the previous investigations of swirl cooling, the 
simplified boundary conditions, such as isothermal or constant heat flux 
boundaries, were widely used to substitute the real conjugate heat 
transfer conditions. Although the conclusions drawn by the simplified 

boundary conditions can provide useful information, the real cooling 
information on the leading edge wall is still missing. Wang et al. [21] 
reported that the differences between the numerical results obtained by 
simplified and realistic boundary conditions are quite noticeable. In this 
work, by a series of validated conjugate heat transfer numerical simu
lations, the heat transfer and flow characteristics of single-stage and 
multistage swirl cooling structures are studied by the real leading edge 
model of a VKI blade and under the real operation conditions. The aim of 
this work is to provide the internal cooling researchers and designers of 
turbine blade a new selection of enhancing heat transfer performances. 

2. Geometrical models of the single-stage and multistage swirl 
cooling 

The swirl cooling structure used in this work is planted in the real 
leading edge of a VKI turbine blade with linear cascade reported by Arts 
[22]. The chord length of the VKI blade (C) is 80 mm, the pitch of the 
blade (P) is 53.6 mm, the height of the blade (H) is 100 mm, and the 
diameter of the blade leading edge (DL) is 6.25 mm. The other detailed 
parameters of the blade are given in Table 1 and Fig. 1(a–b). 

As Fig. 1 shows, the conventional single-stage swirl cooling model 
consists of a cuboid coolant chamber, a cylindrical vortex chamber and 
six tangential nozzles. Coolant firstly enters into the coolant chamber, 
then ejects from the six tangential nozzles to the vortex chamber. The 
length (L) and width (W) of the vortex chamber are 5 mm and 3 mm, 

Nomenclature 

x, y, z Coordinates, mm 
N Stage number 
C Chord length, mm 
P Pitch length, mm 
H Blade height, mm 
DL Diameter of blade leading edge, mm 
α1 Inlet angle, 
α2 Outlet angle, 
L Length of coolant chamber, mm 
W Width of coolant chamber, mm 
l Length of nozzle, mm 
w Width of nozzle, mm 
D Diameter of vortex chamber, mm 
θ Angle of tangential direction, 
h Length of stage-entrance part, mm 
e Length of conjunction section, mm 
T Temperature, K 
Re Reynolds number 
m Mass flow rate, kg/s 
Tu Turbulent intensity 
ρ Density, kg/m3 

Cp Specific heat capacity, J/(kg⋅K) 
λ Thermal conductivity, W/(m⋅K) 
h Heat transfer coefficient, W/(m2⋅K) 
Nu Nusselt number 

u Velocity, m/s 
η Thermal performance 
q Heat flux, W/m2 

Φ Overall cooling effectiveness 
CPt Total pressure coefficient 
Pt Total pressure, Pa 

Acronyms 
MSC Multistage swirl cooling 
VKI von Karman Institute 
MFR Mass flow ratio 
TR Temperature ratio 
CV Corner vortex 
RANS Reynolds-averaged Navier- Stokes 

Subscripts 
c Coolant 
∞ Mainstream 
D Diameter of vortex chamber 
iw Inner wall 
ow Outer wall 
ref reference 
f fluid 
in Stage inlet 
exit Exit of vortex chamber 
1, 2, 3 Stage number 
j Coolant jet  

Table 1 
Geometrical parameters of the VKI blade and cascade.  

Parameters Value 

Pitch length, P 53.6 mm 
Chord length, C 80 mm 
Inlet angle, α1 30◦

Outlet angle, α2 38.5◦

Diameter of leading edge, DL 6.25 mm 
Blade height, H 100 mm  
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respectively, while the dimensions of the nozzles (l × w) are 3 mm ×
0.85 mm. The diameter of the vortex chamber is 5 mm, and the angle 
between the tangential direction and x axis is 45◦. The locations of the 
six nozzle centers are shown in Fig. 1 (c) and Table 2. 

Fig. 2 shows the MSC models with two and three stages (N = 2 and N 
= 3), respectively. In the models, the parameters of the coolant chamber, 
vortex chamber and six nozzles are the same to the single-stage model 
(N = 1). However, the vortex chamber is divided into two or three 
stages, and each stage contains the same number (three or two) of 
nozzles. As shown in Fig. 2 (a), instead of simultaneously ejecting from 
all the six nozzles, the coolant firstly passes through the three or two 
nozzles in the first stage, and then enters into the subsequent stage. As 
Fig. 2 (b) shows, the length of the stage-entrance part (h) and the 
conjunction section between two adjacent stages (e) is 3 mm and 1 mm, 
respectively. 

3. Numerical methodology 

3.1. Governing equations and boundary conditions 

Steady-state three-dimensional numerical simulations of the single- 
stage and multistage swirl cooling configurations were conducted. The 
SST k–ω turbulence model was used to enclose the governing equations 
as follows: 

Fig. 1. Single-stage swirl cooling structure in the blade leading edge.  

Table 2 
Location of the six nozzle centers.  

Nozzle 1 2 3 4 5 6 

Location (z/D) 1.30 4.66 8.02 11.38 14.74 18.10  
Fig. 2. Multistage swirl cooling configurations (N = 2 and N = 3).  
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Mass conservation: 

∇ ⋅ (ρ u→) = 0 (1) 

Momentum conservation: 

∇ ⋅ (ρ u→ u→)= − ∇P+∇⋅(τ) (2) 

Energy conservation: 

∇ ⋅ ( u→(ρE+P))=∇⋅
(

keff∇T +

(

τeff ⋅ u→
))

(3)  

where: 

τ = μ
(

(∇ u→+∇ u→T
) −

2
3
∇ ⋅ u→I

)

(4)  

E = h −
P
ρ +

u2

2
(5) 

Transport equations for the SST k-ω model: 

∂
∂xi

(ρkui)=
∂

∂xj

(

Γk
∂k
∂xj

)

+ Gk − Yk (6)  

∂
∂xi

(ρωui)=
∂

∂xj

(

Γω
∂ω
∂xj

)

+ Gω − Yω + Dω (7) 

The definitions of each term in the SST k-ω turbulence model are 
exhibited in ANSYS Fluent documents [23]. 

To reduce the amount of calculation, the periodic condition is used, 
and the entire computational domain consists of three regions: the 
mainstream region, the solid region, and the coolant region, as shown in 
Fig. 3. To mitigate the influences of the mainstream inlet and outlet on 
the numerical results, the mainstream region is extended 1.0 time of 
chord length (C) upstream from the leading edge of the blade, and 1.5 C 
downstream from the trailing edge, respectively. 

The boundary conditions in the swirl cooling configuration are 
illustrated in Fig. 3. In both lateral sides of the mainstream region, 
translational periodic boundary condition is used. All interfaces of fluid 
and solid regions are set as coupled walls, which means that the heat flux 
can pass through the fluid-solid interface, but the mass flow is not 
allowed to pass through the interface. The walls on the upside and 
downside are set as adiabatic walls. At both inlets of mainstream and 
coolant, the mass flow rates, temperatures and turbulence intensities are 
given. The outlets of mainstream and coolant are set as pressure outlet, 
where the static pressures are given. 

The detailed parameters at the two inlets are listed in Table 3. The 
temperatures of mainstream and coolant inlets are 1500 K and 600 K, 
respectively, which corresponds to a real large temperature ratio (TR) of 

2.5. In the mainstream inlet, the Reynolds number based on the chord 
length is 1.75 × 105, which is in the same level of several typical sub
sonic gas turbine experiments [24,25]. Three different mass flow rates 
are given at the coolant inlet, and the Reynolds number based on the 
vortex chamber diameter are 20,000, 30,000 and 40,000, respectively. 
The corresponding mass flow ratio (MFR) of cooling air to mainstream is 
respectively 0.28%, 0.42% and 0.56%. The turbulence intensities (Tu) at 
both inlets are 5%, which is a moderate value. 

3.2. Mesh generation and grid independence research 

The meshes in the computational domain are generated using the 
commercial software ANSYS Fluent Meshing 15.0. As shown in Fig. 4, 
the mainstream and coolant regions are filled by polyhedral cells for the 
main body, and prismatic cells near the walls. 12 layers of prism grids 
are stretched from the solid walls to the fluid region, and the thickness of 
the first layer is carefully set to ensure the value of y+ is less than 1.0. In 
the solid region, only polyhedral cells are generated. 

The grid independence of numerical results is validated by three 
groups of mesh strategies with different cell numbers, as shown in 
Table 4. Under the condition of ReD = 20,000, the surface averaged 
Nusselt numbers (Nu) at the vortex chamber are calculated by the three 
swirl cooling models using the three mesh strategies. From the results, 
one can find that the maximal difference between the first and second 
strategies is about 1%, but less than 0.5% between the second and third 
groups. Therefore, to save computational resource and ensure calcula
tion accuracy, the second group of mesh strategy is selected in the 
following work. 

3.3. Computational settings and convergence criterion 

In the present work, the mainstream and coolant are set as ideal gas 
air, and the dynamic viscosity is calculated by the Sutherland law. As 
shown in Eqs. (8) and (9), the polynomial empirical formulas are used to 

Fig. 3. Computational domain and boundary conditions in MSC configuration.  

Table 3 
Boundary conditions at the mainstream and coolant inlets.  

Boundary conditions Value 

T∞ 1500 K 
Tc 600 K 
TR 2.5 
m∞ 0.6536 kg/s 
Re∞ 1.75 × 105 

mc 1.83 × 10− 3 kg/s 2.75 × 10− 3 kg/s 3.67 × 10− 3 kg/s 
ReD 20,000 30,000 40,000 
MFR 0.28% 0.42% 0.56% 
Tu∞ 5.0% 
Tuc 5.0%  
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calculate the specific heat capacities (Cp) and thermal conductivities (λ) 
based on the Ref. [26], which is valid in the temperature range from 250 
K to 1800 K. The solid blade is made of stainless steel with a constant 
density of 8055 kg/m3. According to Ref. [27], the specific heat ca
pacities (Cp) and thermal conductivities (λ) of stainless steel are func
tions of temperature as shown in Eqs. (10) and (11). 

For air [26]: 

Cp = 1.2665 × 10− 10T4 − 5.8145 × 10− 7T3 + 9.0458 × 10− 4T2 − 3.5186

× 10− 1T + 1.0151 × 103( J ⋅ K − 1 ⋅ kg− 1)

(8)  

λ= 1.3228 × 10− 11T3 − 4.6304 × 10− 8T2 + 1.0241 × 10− 4T − 9.3851

× 10− 4( W ⋅ m− 1 ⋅ K − 1) (9) 

For solid [27]: 

Cp = 472 + 13.6 × 10− 2T − 2.82 × 106T − 2( J ⋅ K − 1 ⋅ kg− 1) (10)  

λ= 9.2 + 0.0175T − 2 × 106T − 2( W ⋅ m− 1 ⋅ K
)

(11) 

In the calculation process, the SST k-ω model developed by Menter 
[28] is selected as the turbulence model to solve the steady state 
Reynolds-averaged Navier-Stokes (RANS) equations. The turbulent 
Prandtl number is set as 0.85. Second order upwind scheme is used to 
discretize the momentum, energy, and turbulence transport equations. 
The residual levels of continuity, velocity and turbulence variables are 
given as 1 × 10− 4, but 1 × 10− 6 for the energy equations. In order to 
ensure the solution convergence, the unbalanced mass should be less 
than 0.5%, and the surface averaged Nusselt number on the vortex 
chamber is monitored. The numerical calculations are carried out by the 
supercomputing system in the Supercomputing Center of University of 

Science and Technology of China, with eight groups of 24-core Intel (R) 
Xeon (R) E5-2680 v3 central processing units. 

3.4. Validation of the turbulence model and numerical method 

As MSC is a novel conception, there is no similar experiment in the 
current published references, therefore in the validation of our numer
ical method, the experimental data of single-stage swirl cooling reported 
by Rao et al. [11] are used. The validation of the numerical method is 

Fig. 4. Vol grids in the computational domain.  

Table 4 
Three groups of mesh strategies and surface averaged Nu at ReD = 20,000.  

Models Cell number Surface averaged Nu 

Group 1 Group 2 Group 3 Group 1 Group 2 Group 3 

N = 1 13,345,834 18,605,251 27,156,547 96.32 97.65 97.93 
N = 2 13,624,358 18,842,364 27,584,962 142.30 143.67 144.01 
N = 3 14,354,850 19,305,229 27,906,714 170.61 171.40 171.72  

Fig. 5. Geometrical model and boundary conditions of reference [11] 
for validation. 
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conducted using the experimental condition and swirl cooling model as 
shown in Fig. 5. Three turbulence models are selected for comparison, 
including RNG k-ε, SST k-ω and transition SST model. 

At coolant ReD = 40,000, Fig. 6 (a) and (b) compare the local and 
circumferential averaged Nusselt number (Nu) with the experimental 
data of reference [11]. From the comparison, one can find the same 
trend of Nu distributions. However, the Nusselt number predicted by 
RNG k-ε model is significantly higher than the experimental data; pre
dicted by the transition SST model is obviously underestimated in the 
region of 16 < z/D < 20; and predicted by SST k-ω turbulence model 
illustrates a good agreement with the experimental data. Therefore, SST 
k-ω turbulence model is selected in the following simulations. 

4. Results and discussions 

Using the validated numerical method and mesh strategy, numerical 
simulations are conducted under the three mass flow ratios (0.28%, 
0.42% and 0.56%) using the three swirl cooling configurations: (N = 1, 2 
and 3), respectively. 

4.1. Local heat transfer rate 

To investigate the heat transfer characteristics on the vortex cham
ber, local heat transfer coefficient and Nusselt number (Nu) are defined 
by: 

h=
q

Tiw − Tref
(12)  

Nu=
hD
λf

. (13)  

where q and λf are the heat flux on the vortex chamber surface and the 
local fluid thermal conductivity, D is the diameter of the vortex cham
ber, Tiw and Tref represent the local temperature on the vortex chamber 
inner wall, and the fluid bulk temperature, respectively. 

Fig. 7 shows Nu distributions obtained by three cases (N = 1, 2 and 3) 
at ReD = 20,000. When N = 1, one can find the following phenomena: 1) 
Nu achieves the peak values near each nozzle. This phenomenon is 
reasonable, because the coolant passing through the nozzles directly 
impinges the chamber wall with high tangential velocity. 2) Along the 
axial flow direction, the averaged Nu in the downstream region (15 < z/ 
D < 20) is generally higher. Rao et al. [11] also discovered this phe
nomenon and explained it by using non-uniform coolant allocation in 
each nozzle. 3) In the circumferential direction, the high Nu region 
gradually extends from each nozzle exit to downstream, i.e. from 0◦ to 
180◦. In this process, the maximal value of Nu decreases. 

When N = 2 and N = 3, the local heat transfer characteristics show 
noticeable differences from N = 1. At first, Nu is much larger than that of 
N = 1, in general. This is caused by the much larger tangential velocity of 
the coolant impingement, which is approximately as twice or three times 
large as that of N = 1, respectively. Secondly, the distributions of Nu in 
N = 2 and 3 cases become more uniform, and the areas with low Nu 
between two adjacent nozzles in the single-stage configuration almost 
disappear. 

4.2. Averaged Nu distributions at different ReDs 

Fig. 8(a–c) exhibit the circumferential averaged Nu distributions 
obtained at ReD = 20,000, 30,000 and 40,000, respectively. From Fig. 8, 
one can find the following phenomena: 1) The averaged Nu increases 
distinctly with ReD (coolant mass flow rate), and the peak values of Nu 
appear approximately at z/D = 1.3, 4.7, 8.0, 11.4, 14.7 and 18.1, which 
corresponds to the six exits of the nozzles. 2) The valley values of Nu 

Fig. 6. Comparison of simulation and experiment (a) Local Nu; (b) Aver
aged Nu. 

Fig. 7. Nusselt number distributions on the vortex chamber wall at ReD =

20,000. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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always appear between the two adjacent nozzles. 3) When N = 1, the 
peak value near the nozzle can be as 5 times large as its neighboring 
valley value. But with an increase of N, the ratio of the peak value to the 
neighboring valley value decreases, which indicates that Nu distribution 
is more even. 4) In the downstream region of 16 < z/D < 20, at the same 
ReD, the influence of the stage number N on the averaged Nu is not 
significant. 

The global area-averaged Nu over the vortex chamber wall at three 
coolant Reynolds numbers are calculated, and the numerical results are 
also compared with the previous single-stage swirl cooling data of Rao 
et al. [11] and Fan et al. [17]. As a reference, Nu0 calculated by Sieder & 
Tate’s correlation for axial flow in a cylindrical pipe considering the 
varying thermal property [29] is also included: 

Nu0 = 0.024Re4/5
D Pr1/3

(μref

μ∞

)0.14

(14) 

Fig. 9 exhibits the heat transfer performances between the different 
cooling structures. It is clear that, all the averaged Nusselt numbers of 
swirl cooling structures are significantly higher than Nu0 obtained by the 
case of a cylindrical pipe (axial flow) [29]. The present Nu data of N = 1 
is very close to the experimental data of reference [11], but a little lower 
than that by Fan et al. [17]’s work with five nozzles at a temperature 
ratio of 0.94. 

From the data of Nu, one can also find that the values of global 
averaged Nu obtained by the present multistage swirl cooling configu
rations are obviously higher than all the single-stage data, which in
dicates that the increase of N can significantly increase the global Nu. At 
each ReD, the increase of global averaged Nu from N = 1 to N = 2 is over 
45%, and about 20% from N = 2 to N = 3. Comparing the cases between 
N = 1 and N = 3, the global Nu is increased by 75.5% at ReD = 20,000, 
88.7% at ReD = 30,000, and 99.5% at ReD = 40,000. 

4.3. Cooling effectiveness on the target wall at blade leading edge 

The overall cooling effectiveness (Φ) is defined by dimensionless 
temperature on the target wall as follows: 

Φ=
T∞ − Tow

T∞ − Tc
, (15)  

where T∞, Tc and Tow are the temperatures at the inlets of mainstream 
and coolant, outside wall of the blade leading edge, respectively. 

Fig. 10 shows the local overall cooling effectiveness obtained in the 
cases of N = 1, 2 and 3 at ReD = 20,000. From Fig. 10, one can find the 
following two important phenomena: 1) When N = 2 and 3, the target 
surfaces can obtain higher overall cooling effectiveness, but the values of 
Φ generally decreases along the axial flow direction. This phenomenon 
is reasonable, because the temperature of coolant rises along the axial 
flow, as listed in Table 5. Although coolant enters the inlet at the same 
temperature of 600 K, the final exit temperature (Texit) increases, and the 
increasing amplitude rises with the stage number N. This phenomenon 
implies that the total usage efficiency of coolant rises with the final exit 
temperature. 2) When N = 2 and 3, there are small conjunction sections 
(1 mm length) between two adjacent stages, i.e., 10.88 < z/D < 11.08 in 

Fig. 8. Circumferential averaged Nu at (a)ReD = 20,000, (b)ReD = 30,000 and 
(c)ReD = 40,000. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 9. Comparison of averaged Nu between different cooling structures.  
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N = 2 case, 7.52 < z/D < 7.72 and 14.24 < z/D < 14.44 in N = 3 case, 
where coolant is not directly contacted with the target wall. However, 
through heat conduction effect, the overall cooling effectiveness in the 
sections is not obviously lower compared to the neighboring regions in 
Fig. 10. 

Fig. 11 shows the temperature averaged over the entire leading edge 
surface at three coolant Reynolds numbers. It is clear that an increase in 
ReD corresponds to an averaged temperature falling. At ReD = 20,000, 

30,000 and 40,000, the temperature drops from N = 1 to N = 3 are 65.5 
K, 84.8 K and 99.4 K, respectively. This trend implies that the temper
ature drops increase with ReD. 

4.4. Coolant allocations at each nozzle 

The mass flow ratio of each nozzle to the total flow rate (m/mc) is 
calculated at three different ReDs, and Fig. 12 shows the numerical re
sults. When N = 1, the mass flow ratio increases along the axial flow 
direction at all ReDs, and this phenomenon was also reported in the 
references of [11,18,19]. The absolute difference of m/mc between the 
first and last nozzles is larger than 2.65%, which implies a relative dif
ference over 17% (2.65%/15.52% at ReD = 30,000). When N = 2, the 
ratio through each nozzle is almost doubled, but the maximal difference 

Fig. 10. Overall cooling effectiveness on the target wall at ReD = 20,000. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 5 
Averaged temperatures at each stage inlet and exit at ReD = 20,000.   

Tin,1 (K) Tin,2 (K) Tin,3 (K) Texit (K) 

N = 1 600.0 – – 1039.1 
N = 2 600.0 949.7 – 1109.1 
N = 3 600.0 904.1 1093.8 1136.0  

Fig. 11. Averaged temperature on the leading edge surface at different ReDs.  

Fig. 12. Coolant mass flow rate allocation at 6 nozzles at different ReDs.  
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of the coolant allocation (m/mc) decreases noticeably. When N = 3, the 
ratio further increases to approximate three times of N = 1, but the 
maximal difference of the coolant allocation is also significantly lower 
than that in the single-stage cases. This phenomenon implies a more 
uniform allocation of coolant in each nozzle, when MSC configurations 
are used. 

4.5. Flow characteristics inside the vortex chamber 

At ReD = 20,000, the jet (nozzle) Reynolds number (Rej) is calculated 
based on the hydraulic diameter of the nozzle, and Fig. 13 exhibits Rej 
distributions with streamlines in three x-y cross sections of z/D = 1.30, 
8.02, 14.74, respectively, which correspond to the middle planes of the 
1st, 3rd and 5th nozzles. From Fig. 13, it can be seen that in each plane, a 
large-scale spiral vortex appears inside the vortex chamber, and the 
vortex center is nearly at the geometrical center of the chamber. This 
vortex causes a large turbulence kinetic energy, and a thin thermal 
boundary layer near the chamber wall. Comparing the three configu
rations, it is clear that Rej is significantly higher in MSC configurations 
compared to N = 1. Along the circumferential chamber wall from 0◦ to 
180◦, one can find that in N = 3, the coolant with a high velocity can 
extend the furthest among the three configurations, which implies the 
best coolant impingement effect. 

4.6. Total pressure loss characteristics 

To study the characteristics of fluid friction, the total pressure loss 
coefficient (CPt) is defined as follows: 

CPt =
Pt,in − Pt

Pt,in
. (16)  

where Pt is the averaged total pressure in the vortex chamber, the 
subscript in represents the coolant inlet. 

Fig. 14 shows the total pressure loss from the coolant inlet to the 
outlet at the three Reynolds numbers. It is clear that CPt increases with 
ReD in all cases, and at the same ReD, the pressure loss coefficient in
creases with N. For example, at ReD = 40,000, in N = 1 and 3 cases, CPt 
are 0.29 and 0.72, respectively. The high pressure loss in MSC is caused 

Fig. 13. Coolant jet Reynolds number distributions with streamlines on different x-y cut planes across nozzles 1, 3 and 5 at ReD = 20,000. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 14. Comparison of total pressure loss in different cooling models.  
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by the following two reasons: 1) The coolant impinging to the vortex 
chamber wall from the six nozzles contains a much higher velocity, as 
shown in Fig. 13. 2) The additional loss appears when the coolant passes 
through the two adjacent stages. 

The pressure loss coefficients passing through each stage along the 
axial flow direction are calculated at ReD = 20,000 in the three cases N 
= 1, 2 and 3, and Fig. 15 quantitatively compares the numerical results. 
From Fig. 15, one can find that in the middle of each nozzle, there is a 
slight fluctuation of the coefficients due to the coolant injections from 
the coolant chamber. When N = 1, the pressure loss is mainly caused by 
the swirling flow inside the vortex chambers. When N = 2 and 3, the 
pressure loss between two adjacent stages jumps up significantly. 

To explain the reasons of the pressure loss jump, Fig. 16(a–c) illus
trate the flow characteristics on the vertical cut-planes of the three 
configurations. In Fig. 16(a), N = 1, the streamlines in the vortex 
chamber and coolant passage are almost parallel, and therefore the 
pressure loss coefficients are gradually increase. In Fig. 16(b–c), there 

are complicated vortex systems in the bend regions due to Z-shaped 
coolant passage, which causes very large total pressure loss. 

Although MSC models can provide a significant heat transfer 
enhancement and more even Nusselt number distribution under the 
same conditions, the corresponding pressure loss coefficients are also 
much larger than that of single-stage swirl cooling model. To solve this 
problem, the right-angled bends, which connect the coolant passage and 
vortex chamber, are modified into round bends, as shown in Fig. 17. The 
corresponding fluid fields are calculated at ReD = 20,000, and the nu
merical results are shown in Fig. 18. It is clear that in the right-angled 
bend, there are two corner vortices marked by CV1 and CV2 in 
Fig. 18. But in the round bend, CV1 disappears, and CV2 weakens 
significantly. 

4.7. Thermal performances 

To estimate the comprehensive performance between the heat 
transfer enhancement and total pressure loss in the three swirl cooling 
configurations, the thermal performance (η) defined by Eq. (17) is used. 
In Eq. (17), f is the friction factor of entire passage defined by Eq. (18), 
while f0 is the friction factor for axial flow in a cylindrical pipe [30] for 
reference defined by Eq. (19): 

Fig. 15. Total pressure loss coefficient along the axial direction at ReD =

20,000. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 16. Streamlines on the vertical cut-planes in three configurations ReD = 20,000. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 17. The right-angled bend and modified round bend in MSC 
configurations. 
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η=Nu/Nu0

(f/f0)
1
3

(17)  

f =
Pt,in − Pt.out

4 H
D

(
1
2ρinu2

in

) (18)  

f0 =(0.790lnReD − 1.64)− 2 (19) 

Fig. 19 exhibits the thermal performances (η) in the cases of N = 1, 2 
and 3 with the right-angled and round bends, at different ReDs. At ReD =

20,000, although the original MSC configurations with right-angled 
bends can provide better heat transfer enhancements, when N in
creases, η decreases from 1.31 to 1.23 due to the high expense of total 
pressure loss. However, at ReD = 30,000 and 40,000, the trends are 
different: the values of thermal performance rise up with N. The reason 
is that, according to the definition of thermal performance, at the large 

ReDs (30,000 and 40,000), the enhancement of Nu/Nu0 obtained by 
increasing N exceeds the cost of (f/f0)1/3. 

After the modification of right-angled bends to round bends, the 
friction loss decreases noticeably. As a result, MSC configurations can 
provide much higher thermal performances at all ReDs, especially in the 
case of N = 3. 

5. Conclusions 

This paper presents a novel multistage swirl cooling (MSC) concep
tion, aiming to improve the internal cooling performances of turbine 
blade leading edges. Different from the traditional single-stage swirl 
cooling, the vortex chamber of MSC contains two or three stages. A se
ries of numerical simulations are conducted using conjugate heat 
transfer algorithm, a real blade model and under real turbine operation 
conditions. Through the comparisons of heat transfer, fluid flow and 
thermal performances between different swirl cooling configurations, 
the following important conclusions can be drawn:  

● The Nusselt number on the vortex chamber wall increases with the 
stage number. In the three-stage swirl cooling configuration, the 
averaged Nusselt number is 75% higher than that of the single-stage 
structure at least, and the Nusselt number distribution is also more 
uniform than that of the single-stage configurations. 

● The overall cooling effectiveness on the leading edge surface in
creases with coolant Reynolds number, and the benefits of MSC are 
more obvious at high Reynolds numbers. At ReD = 40,000, the sur
face temperature averaged over the entire leading edge wall of the 
three-stage swirl cooling model is close to 100 K lower than that in 
the single-stage configuration.  

● The coolant allocation to different nozzles in MSC configuration is 
more uniform compared to the traditional single-stage model. For all 
the three swirl cooling configurations, large-scale spiral vortex 
structures can be observed in the vortex chambers, but the tangential 
velocities of coolant exiting from the nozzles are significantly higher 
in MSC structures.  

● The heat transfer enhancement of MSC configuration is at the cost of 
the higher total pressure loss, which mainly happens in the bend 
region. If the right-angled bend is modified into round bend, the 
pressure loss falls quickly. 

Fig. 18. Streamlines in the two bend regions of N = 3 at ReD = 20,000. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 

Fig. 19. Thermal performances in the cases N = 1, 2 and 3 with two types 
of bends. 
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● After the modification of the bend shape, at all ReDs, the thermal 
performances of two MSC configurations are much higher than that 
of the single-stage swirl cooling configuration. 
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