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Keywords: Compared with the single-stage one, the multi-stage swirl cooling technique has great potential at the mid-chord
Gas turbine blades region of gas turbine blades. Currently, the effect of the chamber structure at the mid-chord region of the blades
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on the multi-stage swirl cooling is still unknown. In this study, four kinds of the multi-stage swirl chamber models
are built: Case 1 has two swirl nozzles and three chambers, and cases 2-4 have six swirl nozzles and seven
chambers. Fluid flow and heat transfer characteristics of the coolant in the swirl cooling configurations are
numerically investigated. The standard k-¢ turbulent model is adopted in current study and the Reynolds number
of the coolant varies from 12,000 to 52000. The results show that the long swirl chamber in case 1 has negative
effect on the performance of the swirl cooling this is because the swirl velocity along the axial direction is
gradually reduced and the Nusselt number is decreased remarkably. For cases 2-4, the chambers are separated
into several short ones. Therefore, the swirl velocity could keep high value and so is the Nusselt number.
Although more swirl chambers could lead to higher pressure loss coefficient, cases 2-4 show better compre-
hensive thermal performance as compared to case 1. Among the current cases, the swirl chamber structure in
case 4 shows the highest cooling effectiveness and obtains more uniform temperature distributions on the
external surface of the blade.

temperature distributions, and has become a hot research topic in the
field of gas turbine blade cooling [4].

Currently, swirl cooling is mainly adopted at the leading edge region
of gas turbine blades and related experimental studies have been con-
ducted. For example, Glezer et al. [5] investigated the performance of
swirl cooling and the results demonstrate that swirl cooling could show
comparable or better performance as compared to the impingement
cooling or impingement and film compound cooling. After that, Hedlund
et al. [6,7] analyzed the development of Gortler vortex pairs in a
concave chamber with swirl flow through the flow visualization exper-
iments. Biegger et al. [8,9] studied the inlet and outlet geometries on the
swirl cooling performance. The results show that more uniform heat
transfer could be achieved by the swirl chamber with multiple inlets at
the price of lower pressure loss. Fan et al. [10,11] presented the effects
of Reynolds number and temperature ratio on the flow and heat transfer
characteristics of swirl cooling. In recent years, numerical studies on
swirl cooling of the gas turbine blade leading edge are gradually
increased. Fawzy et al. [12,13], Mousavi et al. [14], and Fan et al.

1. Introduction

Nowadays, gas turbines have been widely used in aviation, industrial
power generation, ship power, and other areas. The turbine inlet tem-
perature (TIT) affects the thermal efficiency and power output of gas
turbines and is enhanced continuously year by year. At present, the TIT
of the industrial gas turbines is higher than 1700 K, which is far beyond
the melt point of the blade materials [1]. Therefore, the cooling tech-
niques, such as film cooling, impingement cooling, enhanced convective
heat transfer and so on, are extensively adopted to protect the safe
operation of turbine blades. Among them, swirl cooling is an efficient
cooling technique which could introduce the coolant through the jet
nozzle to produce vortex flow. Kreith et al. [2] and Hay et al. [3] pointed
out that the heat transfer capability of swirl flow is at least four times
higher than that of the flow without swirl. This technique could not only
show the high comprehensive thermal performance without increasing
the mass flow rate of the cooling air, but also achieve uniform
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Nomenclature

Aq Cross-sectional area of the chamber, m?

Cp; Pressure loss coefficient

D Average hydraulic diameter of the cooling chambers, m

f Friction factor

foo Friction factor of the smooth tube

i, Averaged angular momentum, kg-m/s

I, Averaged axial momentum, kg-m/s

j Comprehensive thermal performance

L Length, m

m Mass flow rate, kg/s

Nu Nusselt number

Nu, Nusselt number of the smooth tube

P Local pressure of the coolant, Pa

AP Pressure difference, Pa

pPr Prandtl Number

q Average heat flux at the interface between the fluid and
solid region, J/ (m2eK)

R Radius, m

Re Reynolds number

S Circumferentially averaged swirl number

T Temperature, K

Ty Coolant temperature, K

Twi Wall temperature, K

Ty Mainstream inlet temperature, K

T, Coolant inlet temperature, K

Two External wall temperature of the blade, K
U Velocity, m/s

u, Circumferential velocity, m/s

u, Axial velocity, m/s

Greek symbols

p Density, kg/m>

y Thermal conductivity of the coolant, W/(m-K)
U Dynamic viscosity, Pa-s

n Cooling effectiveness

c Non-uniformity factor of the temperature
Subscripts

in Inlet

ave Averaged

P Pressure surface

S Suction surface

[15,16] investigated the effects of inlet nozzle structures, such as nozzle
area, inject angle, nozzle location and so on, and gave the reasonable
suggestions for the leading edge cooling of gas turbine blades under
different Reynolds numbers. The swirl chamber is also a key research
point and Wang et al. [17] investigated the effect of the cross-sectional
areas of swirl chambers and concluded that the swirl chamber shows a
higher heat transfer performance and a lower aerodynamic loss when
the draft angle is above 0°. Li et al. [18] studied the effect of chamber
heights on the performance of the swirl cooling and the proper chamber
heights are suggested according to the different operation conditions of
gas turbines. Liu et al. [19] adopted the dimpled swirl chamber instead
of the common smooth one. The results show that the heat transfer and
pressure drop are increased by 7.2 % and reduced by 17.6 % because the
dimples increase the heat transfer area of the swirl chamber. Alhajeri
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Fig. 1. Geometry model.

et al. [20] demonstrated flow and heat transfer characteristics of the
coolant in a ribbed chamber. They concludes that the swirl cooling could
achieve better performance in a ribbed chamber when the Reynolds
number is lower than 500000. Besides the above research, the combined
effect of swirl cooling and film cooling is also attracted attention
[21,22]. For example, Wang et al. [23] and Zhou et al. [24] explored the
combined effect of swirl cooling and effusion cooling and compared with
the impingement/effusion cooling method, the swirl/effusion cooling
method shows more uniform coolant distribution. Wang et al. [25]
studied the effect of coolant injection direction on the swirl/film com-
pound cooling and flow and heat transfer characteristics of the coolant
are analyzed due to the interaction of the mainstream and swirl flow.
The above mentioned cooling method, which employs one swirl cham-
ber and several inlet nozzles, is called the single-stage swirl cooling. The
drawback of this structure is that the cooling capability of the coolant
along the flow direction in the swirl chamber is reduced gradually due to
the viscous effect and swirl flow decay. Therefore, Yao et al. [26] pro-
posed the multi-stage swirl cooling for which the swirl chamber has been
divided into several stages. The results show that compared with the
single-stage one, the multi-stage swirl cooling could not only achieve
higher heat transfer capability and pressure drops, but also obtain more
uniform temperature distributions. However, the pressure drops in the
multi-stage swirl chambers are reduced remarkably through optimizing
the connection region of adjacent chambers.

Although the thermal load at the mid-chord region of the blade is not
as high as that at the leading edge, the cooling of this part is of equal
importance and various methods, such as enhanced convective heat
transfer with ribs, impingement cooling, alternating elliptical channels,
and so on, have been investigated thoroughly [27-30]. The room for
further improving the performance of these techniques is limit. There-
fore, considering its comparatively high and uniform cooling capability,
the swirl cooling method has been tried to be employed at the mid-chord
region of the blade. Bruschewski et al. [31,32] analyzed flow charac-
teristics of swirl cooling in a U-shaped channel. The results show that the
180-deg bend reduces the tangential velocity of the coolant and there-
fore the heat transfer capability is decreased. Khalatov et al. [33]
investigated the two-stage swirl cooling in three channels of a turbine
blade. The results show that the heat transfer performance is enhanced
with acceptable aerodynamic loss in two swirl chambers. Friction factor
and Nusselt number correlations are concluded based on the
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Fig. 2. The swirl cooling structure at the mid-chord region.

experimental data.

To sum up, the research on swirl cooling at the mid-chord region of
the blade is limit at present. Furthermore, although the two-stage swirl
cooling is adopted in Khalatov et al.’s study [33], the swirl channel is
still too long that the maximum drop of Nusselt number is almost 60 %
along the channel due to the viscous dissipation and swirl flow decay.
Therefore, in this paper we shorten the swirl chamber further and pro-
pose seven-stage short chambers with six inject nozzles to form the
multi-stage swirl cooling at the mid-chord region of the blade. The
distributions of the velocities and temperatures in the chambers are
studied. The effects of Reynolds numbers on the Nusselt number, pres-
sure loss coefficient, and cooling effectiveness at the mid-chord region of
the blade are obtained. The results of swirl cooling are also compared
with those of enhanced convective heat transfer with ribs.

2. Geometry model and numerical method
2.1. Geometry structure

A NASA C3X turbine blade is chosen and the computational model is
shown in Fig. 1. The chord length and height of the blade are 144.93 mm
and 76.2 mm, respectively. The blade pitch is set to 117.73 mm.

In order to avoid the effect of the inlet and outlet on the computa-
tional results, the inlet and outlet channels are set to 1 and 1.5 times as
length as the chord. The whole blade is divided into the two parts: the
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Table 1
The cross-sectional area of each part.
Part Case 1 Case 2 Case 3 Case 4
A Ag 265.5mm?  Ag 265.5mm?  Ag 181.9mm? Ay 111.7 mm?
AR: 3.69 AR: 3.69 AR: 3.25 AR: 2.46
B Ag 257.7 mm?  Ag 257.7 mm®  Ag210.8 mm®  Ag 209.9 mm?
AR: 1.08 AR: 1.08 AR: 1.23 AR: 1.61
C 283.1 mm? Ag: 283.1 mm? Ag 424.6 mm? Ag: 509.2 mm?
AR: 0.59 AR: 0.59 AR: 0.98 AR:1.28

leading-edge region and the mid-chord region. Although the main
research part is the mid-chord region in this study, the single-stage swirl
cooling with five inlet nozzles is still adopted in the leading edge to
reduce the temperature gradient between the leading edge and mid-
chord region. The length and width of the inlet nozzles are 5 mm and
1.5 mm, respectively. The heights of the inlet chamber and the swirl
chamber are 8 mm and 19 mm, respectively. This cooling structure
shows the best performance according to the results conducted by Li
etal. [18]. As shown in Fig. 2, the mid-chord region is divided into three
parts (Part A, B, and C) and each part in case 1 has one chamber. For
example, part A includes chamber 1 (C1), and part B includes chamber 2
(C2), and part C includes chamber 3 (C3). In case 2, the cross-sectional
area of each part is the same as that in case 1. However, each part is
separated into two or three chambers through the swirl nozzles. For
example, part A includes chambers 1 and 5 (C1, C5), and part B includes
chambers 2, 4, 6 (C2, C4, and C6), and part C includes chambers 3 and 7
(C3 and C7). In order to investigate the effect of the cross-sectional area
variation of the part on the heat transfer and flow characteristics of swirl
cooling and obtain the optimal structure, cases 3 and 4 are conducted. A,
is the cross-sectional area of each part and AR is the ratio of the width w
to the height h. The detailed cross-sectional area variation of the parts is
presented in Table 1.

In order to analyze the local variation of the Nusselt number and
pressure loss coefficient along the flow direction, 72 local planes are set
and detailed location distributions are shown in Fig. 3.

2.2. Numerical method

The boundary conditions used in the simulations are presented in
Table 2. The mainstream and coolant adopt ideal air and the inlet and
outlet of the mainstream are set to pressure conditions. The inlet Rey-
nolds number of the leading edge is kept unchanged during the simu-
lations. The inlet Reynolds number of the mid-chord region varies from
12,000 to 52000. The outlets of the leading edge and mid-chord region
are set to pressure conditions. The blade material is stainless steel. The
material density and thermal conductivity are 8030 kg/m® and 16.27
W/(m-K), respectively. All the walls are set to non-slip boundary con-
ditions. The endwall, blade tip and hub are adiabatic walls without
thickness.

The commercial software ANSYS ICEM19.2 is adopted to generate
unstructured meshes in the fluid and solid domains, as shown in Fig. 4.
Prism grids are set at the interfaces between the fluid and solid regions.
The commercial software ANSYS FLUENT19.2 is used to solve the
Reynolds-Averaged Navier-Stokes equations and the Standard k-¢ tur-
bulent model with enhanced wall function. The SIMPLE scheme is
adopted for the pressure-velocity coupling. The Least Squares Cell Based
is applied to discretize the gradient and the Second Order Upwind is
applied to discretize the pressure, density, momentum, turbulent kinetic
energy, and turbulent dissipation rate.In order to obtain accurate nu-
merical results, the root mean square residuals of the mass and mo-
mentum equations are less than 102 and that of the energy equation is
less than 10,

The results conducted by Ling et al. [34] are used for comparison to
test the numerical results, as shown in Fig. 5. For the k-o and SST tur-
bulent models, y + is lower than 1 and the growth factor for the cell is set
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(b) Cases 2-4

Fig. 3. Location information.

(a) Case 1
Table 2
Boundary conditions.
Location Parameter Value
Mainstream inlet Total pressure (Pa) 305,793
Total temperature (K) 701
Turbulence intensity 5%
Mainstream outlet Outlet pressure (Pa) 215,328
Leading edge inlet Reynolds number 25,989
Total temperature (K) 450
Leading edge outlet Outlet pressure (Pa) 200,000
Mid-chord inlet Reynolds number 12000-52000
Total temperature (K) 450
Mid-chord outlet Outlet pressure (Pa) 200,000

(a) Mainstream

as 1.2. For the Standard k-¢, Realized k-¢, and RNG k-¢ turbulent models,
y + is lower than 11 and the growth factor for the cell is set as 1.2. It can
be seen that Nusselt numbers obtained by using four turbulent models
show almost the same trend compared with the experimental ones.
However, Nusselt numbers obtained by using the k-w and SST turbulent
models are far lower than the experimental data. Nusselt numbers ob-
tained by using the RNG k-¢ turbulent model are higher at the first inlet
nozzle. Nusselt numbers obtained using the Standard k-¢ and Realized k-
e turbulent models show a little lower at the first inlet nozzle. The
Standard k-¢ turbulent model needs less converging time and therefore is
chosen for current simulations.

The effects of the mesh number for case 2 are analyzed shown in
Fig. 6. The external temperature distributions at 50 % blade height are
adopted for comparison. When the value is above 18.68 million, the
mesh number has no influence on the blade temperature and the results
are reliable. For the four cases, the same method is chosento generate

(b) Blade

Fig. 4. Mesh.
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meshesand the mesh numbers are 18.31 million, 18.68 million, 18.43
million, and 18.97 million. The grid convergence index (GCI) method is
employed to valid the current mesh independence by comparing the
average Nusselt number [36]. GCI;3 is 1.09 % which demonstrates that
the mesh number with more than 18.68 million has no influence on the
average Nusselt number. For other cases, GCI; 5 are 1.24 %, 1.18 %, and
1.01 %, respectively.
Reynolds number is defined as follows:

_pUD _mD

Re
uo pAG

@

where p is the density, kg/m%; U is the velocity, m/s; D is the average
hydraulic diameter of the cooling chambers, m; y is the dynamic vis-
cosity, Pa-s; m is the mass flow rate, kg/s ; A, is the cross-sectional area
of the chamber, m2.

Nusselt number Nu is shown as follows:

gD

Nu=—17__
T =T

@

where g is the average heat flux at the interface between the fluid and

solid region, W/(m%eK); D is the hydraulic diameter of the cooling

chambers, m; 1 is the thermal conductivity of the coolant, W/(m-K); Ty,

and Tj are the wall temperature and the coolant temperature, K;
Friction factor f is defined as follows:

2APD
f=—
pUL

3

where L is the length of the swirl chamber, mm; AP is the pressure dif-
ference, Pa.
The comprehensive thermal performance j is calculated as follows:
. Nu/Nug
Jj= /7]/3 “4)
(f/f)
where Nu,, and f, are the Nusselt number and friction factor in the
smooth tube [35].

_ fu/8(Re — 1000)Pr
C 14127 /8) A (P — 1)

)

foo = (0.79InRe — 1.64) 7> (6)

The pressure loss coefficient Cp; is calculated as follows:

L
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(a) Case 1 (b) Case 2
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(c) Case 3 (d) Case 4

Fig. 7. Streamline inside the chamber.
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Fig. 8. The circumferential velocity contourat different locations.
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Fig. 9. The circumferential velocity contour at X-Z plane.

Co — Py — P 7 The cooling effectiveness 7 is defined as follows:
Pt — Pin r r
_ 4th T Lwo
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where P;, is the inlet pressure of the coolant, Pa; P is the local pressure of

the coolant, Pa. . . . . .
> where Tj, is the mainstream inlet temperature, K; T is the coolant inlet
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Fig. 10. The circumferentially averaged swirl number.
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Fig. 11. Local pressure loss coefficients.

temperature, K; Ty, is the external wall temperature of the blade, K.
The non-uniformity factor of the temperature ¢ is conducted as
follows:

o= ©)]
The circumferentially averaged swirl number S is defined as follows:
5 j_‘/f _ S puzu,rdA (10)

RI,  R[putdA
where I, and I, are the averaged angular and axial momentum in
different cross sections of the swirl chambers.

3. Results and discussion
3.1. Fluid flow and pressure drop

There are several swirl chambers in the present cases which make the
fluid flow more complicated compared to the convectional swirl cooling
structure. Therefore, in this part, the detailed streamline and contour
distributions of the velocity of the coolant in four types of swirl struc-
tures are presented. The streamline and circumferential velocity of the

0.75
—=— Case 1
o— Case 2 /
0639 —u—Case3
—v— Case 4 / "
0.50 4 7
S 0384
0.251
0.13 4
0.00 T T T T T
10000 20000 30000 40000 50000 60000
Re

(@)

coolant are shown in Figs. 7-9 when the inlet Reynolds number is 31,900
for four cases. Three cross-sectional planes are located at 16 %, 50 %,
and 84 % of the blade height in Fig. 8. Fig. 10 shows the circum-
ferentially averaged swirl number along the chamber.

In the first chamber (C1) of case 1, the streamlines are distributed
uniformly this is because the coolant flows into the chamber along the
axial direction and therefore there is no circumferential velocity shown
in Fig. 8(a) and 9(a). When the coolant flows through the swirl nozzles
which connect two adjacent chambers, the swirl flow is formed and
higher swirl numbers are achieved near the top and bottom locations of
the blade shown in Fig. 10(a). This is because the axial components of
the flow are restricted at these locations. However, the circumferential
velocities and swirl numbers decrease remarkably along the flow di-
rection in C2 and C3 due to the viscous dissipation and swirl flow decay
in the long chambers. Therefore, for cases 2-4, the chambers are sepa-
rated into seven short ones to keep high swirl intensity. It is obvious that
the whole swirl intensities are improved. For the short chambers, such
as, C2, C4, C6, and C7, the flow is disturbed continually and therefore
the boundary layers are destroyed due to the proximity of the inlet
nozzle to the outlet one. The phenomenon that the swirl numbers shown
in Fig. 10(b) are quite high near these regions also demonstrates this
point. Fig. 9(b-d) present that the swirl axes in cases 2—-4 are not directly
in the chamber center but follow a wave-like trend. This phenomenon is
due to the effect of the non-symmetry inlet nozzles, which is also

25
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—e—(lasc 2
204 —A—Case3
—v— Casc 4
=15 / /
£
-+
g >
% 10 V/ /
S .
i
_ . / /
{ ./
04
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(b)

Fig. 12. Total pressure loss coefficient and pressure drops under different Reynolds numbers.
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Fig. 13. Temperature distributions of the internal surface at the mid-
chord region.

observed in the previous studies [9,31]. This type of the circumferential
flow is defined as a solid-body vortex, which is proved to be a more
desirable topology for heat transfer. However, C3 and C5 are still a little
longer and should be shortened in the future. The ratio of width to
height AR in part C for case 2 is 0.59 presented in Table 2 and increased
to 0.98 and 1.28, respectively for cases 3 and 4. For part B, AR is
increased from 1.08 for case 2 to 1.23 and 1.61 for cases 3 and 4,
respectively. These adjustments lead to the obviously improved swirl
numbers in parts B and C. Therefore, it can be concluded that in order to
achieve higher swirl number the width of the chamber should be larger
than the height.

Fig. 11 shows the local pressure loss coefficients along the flow di-
rection for four cases. In C1, there is no jet nozzle and therefore the
pressure loss coefficient keeps low value. In other chambers, although
exist of the jet nozzle could induce the swirl flow, it is inevitable to in-
crease the pressure loss coefficient due to the throttling effect. In addi-
tion, the coolant flows in a reverse direction after passing through the jet
nozzles, which also makes a contribution to the increase of the pressure
loss coefficient. However, in each swirl chamber, the pressure loss co-
efficient could be kept almost unchanged, except near the inlet and
outlet of the chamber. Therefore, the pressure loss coefficients for all

40

33 ' Case 2
. |Case3

12000 22000 31901
Re

42000

52000

(a) Pressure surface
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cases present a ladder-type growth. Based on the above results, it can be
concluded that optimizing the jet nozzle and avoiding the change of flow
direction may be two of the effective ways to reduce the pressure drop of
the swirl cooling.

The total pressure loss coefficients and pressure drops with different
Reynolds numbers for four cases are shown in Fig. 12. It is well known
that the pressure drops are increased with the Reynolds numbers. Based
on the above analysis, case 1 only has two jet nozzles and the flow di-
rection is changed two times. Therefore the pressure loss coefficient is
the lowest. For other cases, the increase of the jet nozzle number and
flow turns number both lead to the increase of pressure loss coefficient.
Case 4 shows the highest pressure loss coefficient because the smallest
inlet cross-sectional area is set and therefore the inlet velocity is the
highest under the same Reynolds number. As shown in Fig. 12(b), the
increase rate of the total pressure drop for case 4 is higher than those for
other cases. When Re is 12000, the total pressure drop is 18.65 kPa,
which is increased by 270.48 %, 99.08 %, and 52.49 %, respectively
compared with that for cases 1-3. When Re is incease to 52000, the total
pressure drop is 220.2 kPa, which is increased by 160.72 %, 68.22 %,
and 26.57 %, respectively.

3.2. Temperature distributions and heat transfer of the internal surface

In this section, temperature distributions and heat transfer charac-
teristics of the coolant on the internal surface of the mid-chord region of
the blade are analyzed and the local and averaged Nusselt numbers
under different Reynolds numbers are presented.

Temperature distributions on the internal surface of the mid-chord
region of the blade are shown in Fig. 13. As shown in Fig. 13(a), the
temperatures on the surface of C1 are obviously higher than those of C2
and C3. This is because the convective flow in C1 has lower heat transfer
coefficient. When the coolant flows into C2 and C3, the swirl flow is
formed and heat transfer capability is improved. It also can be seen that
at the end of the chamber, the temperature is a little higher due to the
gradual reduction of the swirl velocity along the axial direction. For case
2, the surfaces of C1 and C5 both show higher temperatures. The reason
is that the flow in C1 is convective heat transfer and the heat transfer
capability is not as high as swirl cooling. C5 has large AR and is hard to
form the swirl flow. Therefore, the circumferential velocity is low shown
in Fig. 8(b). Through adjusting the cross-sectional areas of three parts at
the mid-chord region of the blade, the velocities of the coolant in C1 and
C5 are increased and therefore the surface temperatures are reduced
remarkably shown in cases 3 and 4. In conclusion, all chamber surfaces
in case 4 show lower temperatures compared with other cases and the
cross-sectional area distributions of three parts at the mid-chord region

25

0 LI . :
12000 22000 31901
Re

42000 52000

(b) Suction surface

Fig. 14. The non-uniformity factor of the temperatures.
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of the blade is optimal.

During the blade cooling process, if the temperature gradient on the
blade surface is too high, the thermal fatigue will occur and this phe-
nomenon also could lead to the failure of the blade. Therefore, the non-
uniformity factor of the blade surface temperature is one of the key
parameters to evaluate a cooling technique.

Fig. 14 shows the non-uniformity factor of the external surface
temperature at the mid-chord region of the blade. It can be seen when
the mid-chord region of the blade is divided into more chambers, the
temperature distributions on the external surface are more uniform.
Furthermore, with increasing the Reynolds number, the non-uniformity
factor of the temperature for case 1 is increased by 43.58 %-51.49 %.
However, Reynolds number has not that much effect on the non-
uniformity factor of the temperature for case 4, which are increased
only by 19.52 % on the suction surface and 6.21 % on the pressure
surface.

Fig. 15 shows the distributions of the local Nusselt number of the
internal surface at the mid-chord region of the blade along the flow
direction. The Nusselt number at the inlet location of C1 shows higher
value due to the entrance effect and decreases gradually along the flow
direction. It can be seen that for each case the Nusselt numbers in C1 are
obviously lower than those in other chambers, which demonstrates that

the heat transfer capability of swirl flow is much higher than the
convective flow. After flowing through the jet nozzle, the Nusselt
number is improved remarkably. However, the Nusselt number is
decreased obviously along the flow direction due to the reduction of the
swirl velocity. As shown in Fig. 15(b), the Nusselt numbers of C3 and C7
in case 3 and 4 are higher than those in case 2, which demonstrates that
the increase of the cross-sectional area of part C has positive effect on the
heat transfer performance of the coolant.

With increasing the Reynolds numbers, it is no doubt that averaged
Nusselt numbers Nug,, for each case are increased, as shown in Fig. 16
(a). Compared with the three-stage one in case 1, the seven-stage swirl
cooling structure in cases 2—4 performs higher Nug,,. For example, when
the Reynolds number varies from 12,000 to 52000, Nugy, in case 4 is
increased by 57.23 %-64.12 % compared with that in case 1. It can be
concluded that the cooling structure adopted in case 4 shows the best
heat transfer capability for the current study. At the same time, the
pressure drop in case 4 is the highest among these cases. Therefore, in
order to consider the combined effect of the heat transfer and pressure
loss, the comprehensive thermal performance j is employed. As shown in
Fig. 16(b), j is decreased with increasing the Reynolds number. It also
can be seen that case 4 shows the best performance on j. Compared with
that in case 1, j in case 4 is improved by 81.32 %-87.62 %.
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The results of the multi-stage swirl cooling in this study are
compared with the enhanced convective heat transfer with squared,
boot-shaped, and miniature w-shaped ribs [28,29]. As shown in Fig. 16
(a), the seven-stage swirl cooling structures in cases 2-4 show higher
Nug,, than the enhanced convective heat transfer with various ribs. Due
to the higher pressure drops, the comprehensive thermal performances
for cases 2 and 3 are lower than those obtained by the enhanced
convective heat transfer with various ribs shown in Fig. 16(b). However,
the highest j is achieved in case 4.

3.3. Cooling effectiveness

The cooling effectiveness is a meaningful parameter which demon-
strates the coupled fluid-solid-thermal interaction between the main-
stream, the coolant, and the blade. Fig. 17 shows the cooling
effectiveness contour on the external surface of the blade. For case 1, the
heat transfer capability in C1 is rather weak and so is the cooling
effectiveness. However, in C2 and C3 the swirl flow is formed and heat
transfer capability is obviously improved. Therefore, the cooling effec-
tiveness in these chambers is enhanced remarkably. Although the
chamber is divided into seven short ones, the cooling effectiveness in
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part A is still low for case 2 because the chambers in part A are not
suitable to form the swirl flow and the surface temperatures are high.
However, the pressure surfaces of C2-4 present higher cooling effec-
tiveness than other surfaces. Through adjusting the chamber structures,
the whole surfaces in cases 3 and 4 show the high cooling effectiveness,
which is above 0.32.

Fig. 18 shows the effect of the Reynolds number on the averaged
cooling effectiveness 74, on the external surfaces of the blade. The
seven-stage swirl structure in cases 2-4 shows higher cooling effec-
tiveness compared with the three-stage one in case 1, especially at high
Reynolds number. When the Reynolds number varies from 12,000 to
52000, 7aye in case 4 is increased by 16.38 %-21.63 % on the pressure
surface and 10.48 %-16.27 % on the suction surface compared with
those in case 1.

4. Conclusions

In this paper, four types of the multi-stage swirl chamber models are
adopted at the mid-chord region of the gas turbine blade. Detailed in-
vestigations on flow and heat transfer characteristics of the cooling air in
these chambers are conducted. The coupled fluid-solid-thermal inter-
action between the mainstream, the cooling air, and the blade is studied
numerically. The results show that the circumferential velocity in the
long chambers of case 1 is reduced gradually along the axial direction
and so is the swirl number due to the viscous dissipation and swirl flow
decay. Therefore, the Nusselt number is decreased obviously. After
shortening the swirl chambers in cases 2-4, the circumferential velocity
and swirl number could keep high value which leads to the higher
Nusselt number. However, the total pressure drops are increased
remarkably due to the increase of jet nozzles and number of flow turns.
Even so, the comprehensive thermal performance is still enhanced
because the Nusselt number is also increased remarkably. For cases 2-4,
the ratios of width to height for parts B and C are increased from 0.59
and 1.08 to 1.28 and 1.61, respectively. The obviously improved swirl
numbers in parts B and C are achieved through these adjustments, which
leads to higher averaged Nusselt number and cooling effectiveness.
Compared with the enhanced convective heat transfer with various ribs,
the multi-stage swirl cooling method in case 4 shows better compre-
hensive thermal performance.

Based on the current study, it is suggested that optimizing the jet
nozzle structure and reducing the number of flow turn are two of the
effective ways to improve the comprehensive thermal performance of
the swirl cooling. Because the throttling effect of the swirl nozzle and the
flow turn could increase the pressure drop remarkably. In addition, the
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Fig. 18. Averaged cooling effectiveness with Reynolds number.
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cross-sectional width should be equal to or large than the cross-sectional
height for parts B and C to increase the swirl intensity. At last, the lower
Reynolds number should be employed because the comprehensive
thermal performance is decreased with the Reynolds number.
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