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ABSTRACT 

In this paper a numerical simulation is performed to 
predict the swirl cooling on internal leading edge cooling 
passage model. The relative performances of four kinds of 
turbulence models including the standard κ-ε model, the RNG 
κ-ε model, the standard κ-ω model and the SST κ-ω model in 
the simulation of the swirl flow by tangential inlet jets in a 
circular pipe are compared with available experimental data. 
The results show that SST κ-ω model is the best one based on 
simulation accuracy. Then the SST κ-ω model is adopted for 
the present simulation. A circular pipe with a single 
rectangular tangential inlet jet or with two rectangular 
tangential inlet jets is adopted to investigate the swirl cooling 
and its effectiveness. The influence of the Reynolds number 
and the inlet to wall temperature ratio are investigated. The 
results indicate that the heat transfer coefficient on the swirl 
chamber increases with the increase of Reynolds number, and 
increases with the decrease of the inlet to wall temperature 
ratio. The swirl pipe with two tangential inlets could get a heat 
transfer enhancement of about three times to that of the 
nonswirling pipe, while swirl pipe with one tangential inlet 
could get a heat transfer coefficient 38% higher than that of 
the nonswirling pipe. 

NOMENCLATURE 
b   width of inlet duct (m) 
D   swirl pipe diameter (m) 
d   height of inlet duct (m) 

xG   local axial flux of linear momentum (kg s-2) 

θG   local axial flux of angular momentum (kg m s-2) 

h   local heat transfer coefficient (W m-2 K-1), 

= wq /( wT - jT ) 

L   length (span) of swirl pipe (m) 

1L  length of the second inlet duct to the end of the 
swirl pipe (m) 

2L   length of inlet duct (m) 

3L   length of outlet duct (m) 

Nu  Nusselt number based on swirl pipe diameter,  
= λ/hD  

aNu  axially area weighted average Nu  

cNu  circumferentially area weighted average Nu  

∞Nu  Nusselt number for fully developed nonswirling 
turbulent pipe flow  

Pr  Prandtl number 
p   static pressure (Pa) 

ap   average static pressure (Pa) 

tp   total pressure of the impinging jet (Pa) 

wq   wall heat flux (Wm-2) 
r   any radius in the swirl pipe (m) 
R   inside radius of the swirl pipe (m) 
Re  Reynolds number based on swirl pipe diameter and 

mean axial velocity, = μρ /UD  
S   local swirl number 

wT   wall surface temperature (K) 

jT   impinging jet air temperature (K) 

U   mean axial velocity (m s-1) 
u  axial component of point helical velocity of the air 

stream in the swirl pipe (m s-1) 
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τu   shear velocity (m s-1) 

V   velocity magnitude (m s-1) 
v  tangential component of point helical velocity of 

the air stream in the swirl pipe (m s-1) 
x  span wise coordinate, swirl chamber axial direction 

(m) 
Y   transverse coordinates from wall (m) 

+y   non-dimensional distance, = ντ /Yu  

Greek 

β   angle in the swirl chamber (deg) 
μ   dynamic viscosity of fluid (Kg m-1 s-1) 

λ   thermal conductivity of fluid (W m-1 K-1) 
ν   kinematic viscosity (m2 s-1) 
ρ   density of fluid (Kg m-3) 

INTRODUCTION 
As modern gas turbine’s operating temperature is 

increased continually for the sake of increasing the efficiency 
and power, turbine’s inlet temperature has been already far 
beyond the material acceptable level, which results in high 
heat loads on the turbine components. It is worth to mention 
that the leading edge area witness higher heat flow as it is 
scoured by high temperature inflows. A series of cooling 
technologies, such as impingement cooling, swirl cooling and 
film cooling, have been applied in turbine leading edge. Swirl 
flow commonly referred to as a vortical flow with an axial 
velocity component can be generated by a number of methods, 
including twisted tape inserts, coil wires, propellers, inlet 
guided vanes and tangential injection of the fluid. Some of 
these methods generate swirl continuously along the entire 
length of the test section; while the others are placed at the 
inlet with decay of swirl along the tube. 

Several studies of turbulent flow field in decaying swirl 
flows have been reported in the literature. Kreith and Margolis 
[1], and Kreith and Sonju [2] proposed a heat transfer 
enhancement concept in which swirl was introduced in the 
flow. In their concept, part of the fluid enters axially while the 
remainder is injected tangentially at various locations along 
the tube axis. And they obtained a solution for the equation to 
predict the decay of swirl through pipe. The first experimental 
study in this area was carried out by Nissan and Bresan [3] in 
1961. In their work, swirl flow was produced by tangentially 
injecting water into a tube through two ports placed 
diametrically opposite to each other. At low flow rate 
(Re≤5000), the flow was going forward throughout the tube 
axially. At higher flow rates, there was a flow reversal in the 
core of the tube. Under some circumstances, there was visual 
evidence of double reversal with water flowing forward near 
the wall and in the center and moving backwards in the 
intervening region. Blum and Oliver [4] conducted 
experiments with two kinds of gases, air and carbon dioxide, 
and reported the heat transfer enhancement of decaying swirl 
flow relative to an axial flow, measured the local heat transfer 

coefficients in an electrically heated tube with swirling flow. 
An initial swirl generator with four square slots was used to 
inject the gas tangentially into the tube. The heat transfer 
coefficients were derived from the tube wall temperature rise 
for the fluid. The directions of the flow were explored in the 
separate experiment. Migay and Golubev [5] carried out a 
theoretical analysis to predict the heat transfer coefficient 
based on the evaluation of the equivalent friction factors for 
free swirling flows. Results showed that the free swirling flow 
increases the heat transfer rate, and the theoretical results and 
the experimental data were in excellent agreement. Algifri et 
al. [6] proposed a procedure to compute the swirl intensity, the 
tangential and axial velocity distributions for the given inlet 
flow conditions. Kitoh [7] experimentally studied the confined 
swirl flow generated with guide vanes. Guo and Dhir [8] using 
water as test fluid studied the effects of injection induced swirl 
on single and two phase heat transfer. They found a six fold 
increase in the local single phase heat transfer coefficient. 
Dhir and Chang [9], and Chang and Dhir [10, 11] using air as 
test fluid experimentally investigated the heat transfer 
enhancement in a tube by tangential injection. An 
enhancement of 35 to 40 percent on a constant pumping 
power basis was obtained with tangential injection. They also 
found that the enhancement is strongly dependent on the ratio 
of tangential to axial momentum flux but is weakly dependent 
on Reynolds number, and obtained profiles for mean 
velocities in the axial and tangential directions as well as the 
Reynolds stresses. Then they conducted extensive 
investigations on the spiral multi-tangential jets at the inlet 
and summarized it in a comprehensive correlation in terms of 
the maximum and average axial velocity ratio, average 
turbulence intensity, and the swirl number. Kumar and 
Conover [12] experimentally studied the 3-D flow dynamics 
of a cylindrical cyclone with tangential inlet and tangential 
exit using flow visualization. Li and Tomita [13] studied the 
characteristics of swirling flow in a circular pipe, and the 
decay of swirl, the average dynamic, static pressure, total 
pressure and the wall pressure was investigated 
experimentally. Fitouri et al. [14] described a multi-position 
single slant hot wire probe technique for the study of a 3-D 
confined vortex flow, and they carried out the corresponding 
derivation of the three main velocity components and six 
Reynolds stresses. Chen et al. [15] investigated both 
experimentally and numerically the swirl flow induced by 
tangential inlets in a circular pipe, and found that the flow 
pattern was very sensitive to the initial swirl intensity. Gomez 
et al. [16] experimentally studied the hydrodynamics of the 
continuous liquid phase under swirling two-phase flow using 
LDV, and they analyzed the swirling flow field and developed 
cyclone and pipe swirling flow field prediction correlations. 
Gül [17] experimentally investigated the effect of swirl flow 
on the heat transfer in a tube. Their results confirmed that the 
use of tangentially injections leads to a higher heat transfer 
rate over the plain tube. Also the augmentation of heat transfer 
was found to be the function of the tangential to total flow 
momentum ratio and Reynolds number, and no pronounced 
effect of injector number and angle on heat transfer was 
observed. Guo et al. [18] numerically studied a compressible 
tangentially injected swirling flow in the nozzle of air jet 
spinning, and investigated the effects of the nozzle geometric 
parameters on both the flow and yarn properties.  
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The previous investigations of swirling flow were 
focused on heat exchanger application, and the application of 
swirl cooling has not been investigated until by Hay and West 
[19] in 1970th. They investigated the decaying swirl by 
varying a single tangential jet angle to the channel axis at the 
upstream end, and proposed a possible application to gas 
turbine airfoil cooling. They measured local heat transfer 
coefficients and the flow field in a pipe at moderate Reynolds 
number (10,000 to 50,000). The heat transfer augmentation 
was found to be a function of the local swirl number, and a 
correlation for heat transfer was presented. Their results 
showed an increase of up to eightfold in local heat transfer. 
Then Glezer et al. [20] and Moon et al. [21] introduced a 
configuration with lengthwise continuous tangential injection. 
It generates swirl motions continuously without any decay 
along the entire length of a channel and compared it to other 
techniques of gas turbine airfoil cooling. Their investigation 
indicated that the channel diameter to jet slot height was the 
most important geometric parameter, and the pressure loss 
coefficient across the tangential slot was independent of the 
slot Reynolds number for a given geometry. They also gave 
out a dimensionless correlation between Nusselt number and 
Reynolds number. Ligrani et al. [22] and Thambu et al. [23] 
performed a flow visualization study to examine the relation 
between the generation of Görtler vortices and the augmented 
heat transfer characteristics in the cooling passage. Hedlund et 
al. [24, 25, 26] experimentally studied the flow and heat 
transfer of the swirl chamber. They used the smoke injection 
for flow visualization to identify vortex structures, used a five 
hole pressure probe to obtain time averaged surveys of total 
pressure, static pressure and the three mean velocity 
components, used infrared thermometer in conjunction with 
thermocouples, energy balances, digital image processing, and 
in situ calibration procedures to resolve temperature 
distribution, and together investigated the effects of Reynolds 
number and inlet coolant to wall temperature ratio on the heat 
transfer and flow structure. Hwang and Cheng [27, 28] 
measured the detailed heat transfer coefficient on the target 
wall with an array of orthogonal impinging jets by using 
transient liquid crystal technique. The angle between the 
inclined jets and the duct axis varied from 30º to 75º. They 
examined the effects of jet Reynolds number, exit flow 
orientation, duct shape and jet spacing on the heat transfer and 
pressure drop characteristics in triangular ducts, and found 
that the flow exiting from both sides of the duct performed the 
best heat transfer on the target surface. Ling et al. [29] 
experimentally and numerically studied a circular cooling 
passage with tangential injection suitable for a blade leading 
edge. They used hot wire anemometry to measure the vortex 
flow field and used transient liquid crystal technique to 
measure the heat transfer coefficients. 

From the foregoing discussion, concerning the flow and 
heat transfer of swirl cooling on the turbine blade leading 
edge, it is clear that no systematic computational study is 
available in the previous studies. When the cooling jets 
impinging on the curved surface of turbine leading edge, the 
tangential velocity is affected by the jets Reynolds number, jet 
nozzle number and the crossflow created by the upstream jets 
(spent air). Those factors and the arrangement of the jets are 
the main factors which influence the heat transfer on the 
leading edge. Therefore, the present work is conducted to 

investigate the swirl cooling on a circular pipe with a single 
rectangular tangential inlet or two rectangular tangential inlets 
by using numerical method. The effects of jet Reynolds 
number and inlet to wall temperature ratio on flow and heat 
transfer characteristics are investigated in detail. Two different 
flow Reynolds numbers 10,500 and 24,600 for geometry (a), 
and three different flow Reynolds numbers 5,414, 7,219, and 
9,024 for geometry (b) are simulated. And four ratios of inlet 
to wall temperature 0.65, 0.75, 0.83, and 0.95 in the same 
Reynolds number for geometry (b) are studied.  

PHYSICAL AND MATHEMATICAL MODEL 
A three dimensional steady system of turbulent flow of a 

single rectangular tangential jet or two rectangular tangential 
jets impinging on a turbine leading edge model is performed 
in the present investigation. 

Geometrical details 
In this work, the physical models for present numerical 

study (Fig.1(a) and Fig.1(b)) are chosen according to the 
experimental geometry measured by Hay et al. [19] and Ling 
et al. [29].  Figure 1(a) shows the physical geometry and 
boundary conditions of the experimental geometry by Hay et 
al., and Figure 1(b) shows the physical geometry and 
boundary conditions of the experimental geometry by Ling et 
al. The geometrical dimensions of different jet configurations 
involved in this paper are indicated in Table 1.  

 
(a) Geometry measured by Hay et al. [19] 

  
(b) Geometry measured by Ling et al. [29] 

Fig. 1  Physical geometry and boundary conditions 
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Tab. 1  Geometric detail of jet configurations 

 Geometry (a) Geometry (b) 
Dimension Values Values 

D (mm) 50.8 70 
L (mm) 914 525 

L1 (mm) - 245 
L2 (mm) 175 210 
L3 (mm) - 135 

Number of jets 1 2 

Numerical method 
The numerical simulations are performed by using a 

commercial CFD software CFX11.0. The solutions are 
obtained by solving the steady compressible Reynolds- 
-averaged Navier-Stokes equations, in which a finite control 
volume method is applied to discretize these equations. The 
overall accuracy of the calculation is of the second order. 
Turbulence model is used to reflect the turbulent flow effect. 

The software ICEMCFD is adopted to generate the 
unstructured grids for calculation regions. The mesh includes 
tetrahedral elements in the main flow passage, and prism 
elements in the near wall regions. In this study, there are two 
meshes for a particular geometry, one is for high Reynolds 
number κ-ε model and the other is for low Reynolds number 
κ-ω model. The wall grid y+ is less than 1.0 when κ-ω model 
is used, and the wall grid y+ is between 15 and 40 when κ-ε 
model is used, to reflect the turbulent flow effect. The ratio of 
cell size increases by about 30% outward from the walls in all 
cases. But the total grid nodes are almost the same for a 
particular geometry. The total grid nodes are about 1.7 million 
for geometry (a), and about 2.08 million for geometry (b). 
Figure 2 shows the grid generation result for geometry (a). 

 
Fig. 2  Mesh in a pitch of the jet 

The boundary conditions are matched with those in 
References [19] and [29]. As shown in Fig. 1, the rectangular 
cross sectioned inlet duct is considered as the inlet, the outlet 
is on the other end of the circular pipe in the experimental 
geometry by Hay et al., while the experimental geometry by 
Ling et al. has two rectangular inlet ducts and one rectangular 
outlet duct in the other end of the circular pipe. Mass flow and 
total temperature conditions are given at the inlet. Constant 
temperature is given at the pipe wall and average static 
pressure is given to the outlet. Inlet total temperature of 
geometry (a) is 348.15K, and inlet total temperature of 
geometry (b) is 239.85K. The inlet flow turbulent intensity for 
all the cases are in the range between 1% and 2%. The 
average static pressure at the outlets of the two geometries is 
1atm. The fluid is air (ideal gas). The desired convergence 
target of each simulation is that the root mean square residuals 

of the momentum, mass equations, energy equation and 
turbulence equations are lower than 10-5 and remain steady. 

TURBULENCE MODELS AND VALIDATION  
In order to validate the ability of the different turbulence 

models to represent flow and heat transfer characteristics of 
the present work, two test cases are chosen. The first case 
investigated by Hay et al. [19] and the second case 
investigated by Ling et al. [29] are adopted as the model 
verification. The first case is with Ar=3.76, α =90 º , 
Re=10,500 in Reference [19], and the second case is with 
Re=7,219 and Tj/Tw=0.83 in Reference [29]. 

Calculations are carried out with four turbulence models, 
the standard κ-ε model, the RNG κ-ε model, the standard κ-ω 
model and the SST κ-ω model, and the numerical results were 
compared with the available experimental data of Reference 
[19] and Reference [29].  

Comparisons of the flow fields 
The swirl number is defined as 
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Figure 3 shows the comparison between the predicted 
and the available measured results by Hay et al. [19] involving 
the swirl number along the pipe. It is indicated that the swirl 
number of a single rectangular slot jet into the circular pipe 
couldn’t be well simulated by any of the four turbulence 
models along the whole swirl chamber. There is a large 
calculation error at the inlet region and at the region from 
middle to outlet of the swirl chamber, but in the region just 
behind the inlet, the four turbulence models show very good 
simulation accuracy. 

 
Fig. 3  Comparison of the swirl number predicted by different 
turbulence models in the swirl pipe with experimental results by 

Hay et al. [19] 

The case with Re=7,219 and Tj/Tw=0.83 in Reference [29] 
was also adopted to validate the simulation accuracy of the 
four turbulence models. Figure 4 shows the comparison of the 
near wall velocity magnitude for angleβ from 30º to 360º in  
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Fig. 4  Comparison of the near wall velocity magnitude 

predicted by different turbulence models with experimental 
results by Ling et al. [29] for β from 30ºto 360ºwhen x/R=0.5, 

Re=7219 

the swirl pipe predicted by the four turbulence models with 
experimental results by Ling et al. [29] at x/R=0.5. The 
definition of angle β is shown in Fig.5. Figure 4 indicates that 
among the four turbulence models, the SST κ-ω model is the 
best one concerning the simulation accuracy and the variation 
trend of the simulation flow results, which is in good 
agreement with the experimental results.  

 
Fig. 5  Definition of angle β 

Comparisons of the heat transfer 
For a constant temperature surface, the local heat transfer 

coefficient can be expressed as 

jw

w

TT
qh
−

=       (2) 

And the value of h can be normalized in the form of local 
Nusselt number as 

λλ )( jw

w

TT
DqhDNu

−
⋅

==             (3) 

The values of Nu∞ should be obtained from a relevant 
correlation for fully developed nonswirling turbulent flow. For 
example, the Dittus-Boelter equation is 

nNu PrRe023.0 8.0=∞          (4) 
where n is equal to 0.4 while heating the fluid, and 0.3 is 
adopted for cooling the fluid. 

Figure 6 shows the comparison of relative 
circumferentially averaged Nusselt number predicted by the 
four turbulence models with experimental results by Hay et al. 
[19]. It is indicated that except the RNG κ-ε turbulence model, 
all other three turbulence models predicted results that agreed 
well with the experimental results in the region just behind the 
inlet, but in a large discrepancy from the middle to the outlet 
of the swirl chamber. This is in agreement with the swirl 
number shown in Fig. 3. 

Figure 7 shows the comparison of local surface Nusselt 
number predicted by the three turbulence models with 
experimental results by Ling et al. [29] along β=210º . 
Because of the large error predicted by the standard κ-ε model, 
the result predicted by this model is not shown in Fig.7. As 
shown in Fig.4 and Fig.6, the results predicted by the RNG 
κ-ε model don’t agree well with the experimental results. 
While for the standard κ-ω model and the SST κ-ω model, the 
predicted results agree well with the experimental results 
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along the swirl chamber at β=210º. And the SST κ-ω model is 
the best one concerning the simulation accuracy and the 
variation trend of the simulation results.  

 
Fig. 6  Comparison of relative circumferentially averaged 

Nussselt number in the swirl pipe predicted by different 
turbulence models with experimental results by Hay et al. [19] 

 
Fig. 7  Comparison of local surface Nussselt number by 

different turbulence models with experimental results by Ling et 
al. [29] along β=210º, Re=7219 

Figure 8 shows the comparison of local surface Nusselt 
number predicted by the four turbulence models with 
experimental results by Ling et al. [29] at x/R=0.5, Re=7,219. 
It indicates that the results predicted by the standard κ-ε model 
and the RNG κ-ε model don’t agree well with the 
experimental results. While for the standard κ-ω model and 
the SST κ-ω model, the predicted results agree well with the 
experimental results along the circumference of the swirl 
chamber at x/R=0.5 except at the near inlet region, and this is 
agreed with the velocity magnitude predicted by the four 
turbulence models shown in Fig.4.  

Figure 9 shows the comparison of axially averaged 
Nusselt number variation with angle from inlet predicted by 
the four turbulence models with experimental results by Ling 
et al. [29]. It is also indicated that the results predicted by the 

standard κ-ω model and the SST κ-ω model agree well with 
the experimental results along the circumference of the swirl 
chamber, except for the abrupt increase in Nua in the region 
near 30º. The error in the range between 0º to 30º is that 
part of this area is in the inlet duct which is not take into 
account. The SST κ-ω model showed excellent simulation 
accuracy.  

 
Fig. 8  Comparison of local surface Nussselt number by 

different turbulence models with experimental results by Ling et 
al. [29] at x/R=0.5, Re=7,219 

 
Fig. 9  Comparison of axially averaged Nussselt number 

variation with angle from inlet by different turbulence models 
with experimental results by Ling et al. [29] 

Figure 10 shows the Comparison of circumferentially 
averaged Nussselt number along the axis of the swirl chamber 
by different turbulence models with experimental results by 
Ling et al. [29]. The SST κ-ω model presents excellent 
simulation accuracy on the Nuc. 

Based on the validation of the four turbulence models 
above, the SST κ-ω model is the best one concerning the 
simulation accuracy and the variation trend of the simulation 
results. All the following results reported are based on SST 
κ-ω model. All cases having the same geometry are 
investigated with the same domain grids and the same wall 
boundary conditions. 
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Fig. 10  Comparison of circumferentially averaged Nussselt 

number along the axis of the swirl chamber by different 
turbulence models with experimental results by Ling et al. [29] 

RESULTS AND DISCUSSIONS 

Effect of Reynolds number 
Figure 11 shows the swirl number along the axis of the 

swirl chamber by different Re in geometry (a), and Fig. 12 
shows the swirl number along the axis of the swirl chamber by 
different Re in geometry (b). It indicates that the swirl number 
isn’t affected by the Re number, it only decay along the axis of 
the swirl chamber with the increase of x/R. The swirl number 
became to negative in the region near the second inlet duct in 
Fig. 12. This is because of the flow reversal led by the 
increase of the tangential velocity in this region.  

Figure 13 shows the variation of relative pressure along 
the axis of the swirl chamber by different Re in geometry (b). 
The result also indicates that the relative pressure would 
barely change with the Re over the swirl chamber. The relative 
pressure increases along the axis of the swirl chamber and 
become lower in the second inlet. 

 
Fig. 11  The variation of swirl number along the axis of the swirl 

chamber with Re in geometry (a) 

 
Fig. 12  The variation of swirl number along the axis of the swirl 

chamber with Re in geometry (b) 

 
Fig. 13  The variation of relative pressure along the axis of the 

swirl chamber with Re in geometry (b) 

 
Fig. 14  The variation of circumferentially averaged Nusselt 

number along the axis of the swirl chamber with Re in geometry 
(a) 
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Figure 14 shows the variation of the area weighted 
circumferentially averaged Nusselt number along the axis of 
the swirl chamber by different Re in geometry (a). Figure 15 
shows the variation of the area weighted circumferentially 
averaged Nusselt number along the axis of the swirl chamber 
by different Re in geometry (b). It is indicated that the Nuc 
decays along the axial direction, and there is a distinct 
improvement in the region near the second tangential inlet. 
Because of the development of the new thermal boundary 
layer at each inlet, the development of the Görtler vortices, 
and the interactions between Görtler vortices and shear layer 
vortices, the peaks of Nuc appear at the inlets. The convective 
activities are enhanced by the increase of Re, so the Nuc 
increases with the increase of Re all along the axis of the swirl 
chamber. Figure 15 also shows good agreement of the 
numerical results with the experimental results by Ling et al. 
in the same condition. 

 
Fig. 15  The variation of circumferentially averaged Nussselt 

number along the axis of the swirl chamber with Re in geometry 
(b) 

 
Fig. 16  The variation of axially averaged Nussselt number 

along the circumference of the swirl chamber with Re in 
geometry (b) 

Figure 16 shows the variation of the area weighted 
axially averaged Nussselt number along the circumference of 
the swirl chamber by different Re in geometry (b). It is also 
shown that the Nua increases with the increase of Re. This is 
because the convective activities are enhanced by the increase 
of Re. The Nua decrease gradually with the increase of β when 
β is larger than 35 º . And it is very even along the 
circumference of the swirl chamber. The numerical results 
agree well with that of the experimental results by Ling et al. 
shown in Fig.15. 

Hedlund et al. [25] proposed an empirical correlation of 
globally averaged Nusselt number for swirl cooling in a pipe 
like geometry (b). 

          )/(
56.07.5

Re63.0 wj TT

w

j

T
T

Nu ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=            (5) 

valid for 2,000<Re<80,000 and 0.6<Tj/Tw<1.0. 
Figure 17 shows the variation of area weighted globally 

averaged Nusselt number of the swirl chamber by different Re 
in geometry (a). In the figure, the green line is correlation for 
fully developed nonswirling turbulent pipe flow predicted by 
Dittus-Boelter, and the blue line is correlation for swirl 
turbulent pipe flow predicted by Hedlund et al. It is indicated 
that the area weighted globally averaged Nusselt number also 
increases with the increase of Re, and the globally averaged 
Nusselt number of swirl cooling in geometry (a) is always 
38% larger than that of the nonswirling turbulent pipe flow, 
but it is always about 150% lower than that of the swirl 
cooling in a pipe with two inlet ducts. 

 
Fig. 17  The variation of globally averaged Nusselt number of 

the swirl chamber with Re in geometry (a) 

Figure 18 presents the variation of area weighted 
globally averaged Nusselt number of the swirl chamber by 
different Re in geometry (b). The area weighted globally 
averaged Nusselt number also increases with the increase of 
Re, and an excellent agreement is observed with the numerical 
results of this study and the experimental results by Ling et al. 
And the gradient of the present study is larger than the 
correlation got by Hedlund et al. This may be caused by that 
Tw defined by Hedlund et al. [25] is not the same with its 
defined in the present study and Ling et al. [29]. The wall 
condition in the experimental of Hedlund et al. is constant 
wall heat flux, and the Tw was measured at the section of the 
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swirl chamber farthest downstream. But the wall condition in 
the present study and in the study of Ling et al. is constant 
temperature, which is defined as Tw. The globally averaged 
Nusselt number of swirl cooling in geometry (b) is about three 
times of the nonswirling turbulent pipe flow. 

 
Fig. 18  The variation of globally averaged Nusselt number of 

the swirl chamber with Re in geometry (b) 

Effect of inlet to wall temperature ratio 
Figure 19 shows the variation of the area weighted 

circumferentially averaged Nusselt number along the axis of 
the swirl chamber by different Tj/Tw in geometry (b). It 
indicates that all along the swirl chamber, for centrifugal 
forces from helical fluid motion force cooler, denser air moves 
towards the warmer swirl chamber wall, Nuc increases with 
the decrease in Tj/Tw. And with the decrease of Tj/Tw, the 
increasing amount of Nuc at each location decrease. 

 
Fig. 19  The variation of circumferentially averaged Nussselt 

number along the axis of the swirl chamber with Tj/Tw in 
geometry (b) 

Figure 20 shows the variation of the area weighted 
axially averaged Nussselt number along the circumference of 
the swirl chamber by different Tj/Tw in geometry (b). The air 
near the swirl chamber surface is warmer, while the air from 

the core region of the swirl chamber is cooler and denser. With 
the decrease of Tj/Tw, the mixing and the replacement of the 
warmer air and the cooler air enhanced, which lead the Nua 
increases at each value of β. And with the decrease of Tj/Tw, 
the increasing amount of the Nua at each β decrease. 

 
Fig. 20  The variation of axially averaged Nussselt number 
along the circumference of the swirl chamber with Tj/Tw in 

geometry (b) 

CONCLUSIONS 
A numerical simulation has been performed to study the 

flow and heat transfer of swirl cooling on model of turbine 
blade leading edge. The influence of impinging fluid 
Reynolds number and temperature ratio have been analyzed, 
respectively. Four different turbulence models are validated, 
and the results show that the SST κ-ω model is the best one of 
the four tried for solution both of the flow field and heat 
transfer in the present problem.  

The numerical results show that the globally area 
weighted average Nusselt number of the swirl chamber 
surface increases with the increase of Re and the jet nozzle 
number. The swirl pipe with two rectangular tangential inlets 
in this investigation could get a heat transfer enhancement of 
about three times to that of the nonswirling pipe, while the 
swirl pipe with one tangential inlet in this investigation could 
get a heat transfer coefficient 38% higher than that of the 
nonswirling pipe. 

The Nuc and Nua increase with the increase of Re and the 
decrease of Tj/Tw. Each inlet causes a peak of Nuc. But with 
the decrease of Tj/Tw, the increasing amount of the Nuc and 
Nua at each location of the swirl chamber decrease. 
Furthermore, the Nua is very even along the circumference of 
the swirl chamber. 

The decay of the swirl number isn’t affected by the Re. It 
only decays along the axis of the swirl chamber and is 
affected by the rectangular jet. 
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