energies MBPY

Article

Optimization of A Swirl with Impingement
Compound Cooling Unit for A Gas Turbine Blade
Leading Edge

Hamza Fawzy *, Qun Zheng, Naseem Ahmad and Yuting Jiang

College of Power and Energy Engineering, Harbin Engineering University, Harbin 150001, China;
zhengqun@hrbeu.edu.cn (Q.Z.); naseem_saddiqui@hrbeu.edu.cn (N.A.); jlangyuting07314@126.com (Y.].)
* Correspondence: hmzfawzy@hrbeu.edu.cn; Tel.: +86-1320-667-1307

check for

Received: 3 December 2019; Accepted: 23 December 2019; Published: 2 January 2020 updates

Abstract: In this article, a compound unit of swirl and impingement cooling techniques is designed
to study the performance of flow and heat transfer using multi-conical nozzles in a leading-edge of a
gas turbine blade. Reynolds Averaged Navier-Stokes equations and the Shear Stress Transport model
are numerically solved under different nozzle Reynolds numbers and temperature ratios. Results
indicated that the compound cooling unit could achieve a 99.7% increase in heat transfer enhancement
by increasing the nozzle Reynolds number from 10,000 to 25,000 at a constant temperature ratio. Also,
there is an 11% increase in the overall Nusselt number when the temperature ratio increases from
0.65 to 0.95 at identical nozzle Reynolds number. At 10,000 and 15,000 of nozzle Reynolds numbers,
the compound cooling unit achieves 47.9% and 39.8% increases and 63.5% and 66.3% increases in
the overall Nusselt number comparing with the available experimental swirl and impingement
models, respectively. A correlation for the overall Nusselt number is derived as a function of nozzle
Reynolds number and temperature ratio to optimize the results. The current study concluded that
the extremely high zones and uniform distribution of heat transfer are perfectly achieved with regard
to the characteristics of heat transfer of the compound cooling unit.
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1. Introduction

Recently, heavy-duty gas turbines are always being subjected to new challenges to be efficient
with the increasing energy demands [1]. Also, achieving the highest power and efficiency requires a
high turbine entry gas temperature [2], which is excessively higher than the thermal resistance of the
blade material. In order to provide a reasonable uniform temperature of the blade material, various
complex cooling techniques are required to protect it. The blade leading-edge is the most critical part,
which is directly forced by a very high gas temperature. As a result, over the past years, many cooling
techniques have been developed by various researchers to overcome this problem. Nowadays, the
impingement cooling and swirl cooling are the only common methods to cool down the leading edge
of a blade. Also, due to the great impact of those two cooling methods on cooling performance, deep
investigations are required to optimize the cooling method.

Numerous studies have been performed on the impingement cooling technique in a half-cylindrical
duct inside a blade leading edge. Chupp et al. [3] presented an experimental work on an internal
impingement cooling of a blade leading-edge. Results reported that the cooling performance was
affected by correlations of Nusselt number as a function of some affecting parameters like nozzle
Reynolds number. Tabakoff et al. [4] performed an experimental study of the effect of different jet
configurations on the performance of impingement cooling in a leading-edge of a blade. Results
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revealed that the circular-shaped nozzle row had the best enhancement of heat transfer compared with
both round and slot nozzles together. Yang et al. [5] studied the influences of Reynolds number and jet
forms on the impinging cooling on a half-circular wall. Outputs indicated that there was a notable
heat transfer enhancement compared to some other experimental results. Also, the impingement
cooling performance for a half-circular wall was experimentally studied by Choi et al. [6]. Meanwhile,
the average velocity and its fluctuation were monitored by utilizing Laser Doppler Anemometer.
Kayansayan et al. [7] experimentally studied the impinging cooling inside a curved passage. Outputs
revealed that the previous numerical results had a good agreement with the experimental data at a low
range of Reynolds numbers. Florschuetz et al. [8-10] performed experimental work and theoretical
analysis to study the effect of heat transfer performance for nozzle array impingement with the
cross-flow on a flat test plate. The results confirmed that the crossflow decreased the performance
of heat transfer. Taslim et al. [11-14] presented experimental and numerical studies of impingement
cooling on a half-circular surface at various affecting parameters. The influences of a soft and rough
surface, a spacing of jet to target wall, with and without film holes and crossflow were analyzed.
The most related results confirmed that the cooling performance was increased by the rough wall
surface and decreased by the crossflow. Moreover, numerous numerical studies were conducted of
impingement cooling on a blade leading-edge of a gas turbine. Three different profiles were used
inside a blade leading-edge interior cavity, which were numerically investigated by Rajamani et al. [15].
Results showed that there was an important effect on cooling performance due to cross-flow and
vortices production. Liu et al. [16,17] studied the characteristics of the flow and heat transfer of
the impingement cooling in a blade leading-edge using the (Shear Stress Transport) SST k-w model.
Results showed that there was an enhancement of heat transfer when the Mach number and jet nozzle
diameter increased. In addition, an experimental investigation was performed by Liu et al. [18] to
describe the flow pattern of a restricted passage with a row of a staggered jet. Outputs indicated that
the distribution of static pressure, mass flow and coefficient of discharge were all controlled by the
channel height to impinging hole diameter ratio. Yang et al. [19] described the impact of film-holes on
the impinging cooling performance. The numerical simulations were validated using the SST k-w
model. Results showed that the location and angle of the film hole had an important influence on the
heat transfer distribution in the stagnation area.

Concerning the different techniques of swirl cooling, many studies have been conducted. The first
work on swirl inside a cylinder was performed by Kreith et al. [20] to investigate the characteristics of
flow and heat transfer. They explored whether the swirling motion by the airflow could improve the
heat transfer due to the lower thickness of the thermal boundary layer. Hay and West [21] investigated
the heat transfer performance of free swirl flow using tangential injectors in a tube. Outputs indicated
that the intensity of the swirling motion had a quite effect on the heat transfer performance. Fan et
al. [22] experimentally investigated the flow field and heat transfer performance of the vortex cooling
with a semicircular vortex channel with five jets and a cooling fluid inlet channel. Outputs indicated
that the model obtained heat transfer enhancement at higher Reynolds number and lower temperature
ratio. Many works were conducted to study different structures of swirl cooling techniques. Kusterer
et al. [23-25] presented a modified swirl cooling model using double swirl chambers to investigate
the effectiveness of cooling. Results revealed that the double swirl chambers model had a better
enhancement of heat transfer compared to the swirl and impingement cooling models. A numerical
study was performed by Luan et al. [26] to compare three different swirl cooling models according
to the characteristics of flow and heat transfer. Results indicated that the inlet channel configuration
had a great effect on the variations of the flow field and heat transfer. Rao et al. [27] introduced an
investigation of heat transfer in a swirling channel with one and five jet slots. Results indicated that
the single jet model obtained a 100% increase in the heat transfer compared with the model with five
jets for the same mass flow rate. However, the model with five jets had a 12 times higher loss of total
pressure compared to the model with a single jet. Fan et al. [28] numerically studied the swirl cooling
performance in a vortex channel under the effect of multiple holes bleeding using the standard k-w
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model. The results revealed that there was a 5.2% increase in the heat transfer due to using film holes
bleeding compared to the case without it. Biegger et al. [29] presented an experimental and numerical
investigation to study the flow and heat transfer in a swirl pipe with multiple tangential jet nozzles.
They confirmed that the swirling pipe with one jet nozzle obtains higher heat transfer while the model
with multiple jets achieves more uniform heat transfer with higher pressure loss. Moreover, Liu et
al. [30] numerically analyzed the effect of using dimples on the swirl channel surface with multiple
inlet nozzles to examine the performance of heat transfer and pressure loss using the SST k-w model.
Results showed that the heat transfer increased by 7.2% and the loss of pressure decreased by 17.6%
for the dimpled surface compared to the smooth surface of the swirling channel.

There were various parameters affecting swirl cooling behaviors have been considered by
investigators. Ling et al. [31] introduced an experimental and numerical study on swirl and
impingement cooling inside a cylindrical passage using two tangential/ normal inlet nozzles. Results
revealed that the swirl cooling provided a more uniform heat transfer distribution with higher cooling
performance than the impingement cooling. Du et al. [32-34] systematically investigated some
geometric factors numerically such as axial number, aspect ratio and angle of injection in a swirl
cooling channel. Also, they studied different aerodynamic parameters of the Reynolds number and
temperature ratio. Furthermore, Du et al. [35] conducted a numerical simulation to investigate the
influence of the internal swirl cooling on the conjugate heat transfer in a film cooled vane leading
edge. Results revealed that there was a 57% and 75% increase in the overall cooling effectiveness in the
passage and segment swirl cases, respectively.

With regard to advanced swirl and impingement cooling techniques, there are many studies
interested in those issues. Experimental and numerical works were conducted by Wang et al. [36]
to investigate the effect of jet Reynolds number on the heat transfer performance. Results showed
that the heat transfer increased with the increase of Reynolds number of the impinging jet. Zhou
et al. [37] introduced a study of the influences of the film hole diameter on heat transfer and flow
characteristics for impingement and swirl cooling. Results indicated that by using a double swirl tube,
there was about a 20% to 33% increase in overall Nusselt number. Wu et al. [38] studied the effect of
circumferential jet number and ratio of temperature on internal vortex cooling. Results declared that
using two circumferential jets with increasing ratio of temperature provided the best heat transfer
enhancement. Furthermore, impingement cooling was studied by Zhang et al. [39] in a film cooled
blade leading-edge with and without mainstream effect. They analyzed the effect of tangential and
normal jets on the internal heat transfer performance at fixed arrays of film holes. Results showed
that the overall Nusselt number for the tangential jets was higher than at the normal jets by 15%-20%.
Moreover, the mainstream flow had a slight effect on the overall Nusselt number for all cases.

From the current cited literature, all previously applied techniques of the internal cooling of
a blade leading-edge were either swirl cooling or impingement cooling separately. Besides, swirl
cooling is mainly characterized by a uniform distribution of heat transfer on the target surface where
the cross-flow effect is neglected. Moreover, impingement cooling has a good feature of high and
concentrated heat transfer on the target surface but it is affected by the cross-flow. Based on these
observations, it could innovate a compound cooling unit including the two techniques for internal
cooling for a blade leading edge. The compound cooling unit utilizes the new design of coolant nozzles
with a conical flow-path which are directed tangentially for one row of them and normally for the other.

In the present study, the compound cooling unit is numerically investigated under different
aerodynamic parameters of the Reynolds number and temperature ratio. To achieve the best internal
cooling performance of the proposed unit, the results were compared with some previous relevant work
under the same conditions. Also, a correlation was derived as a function of aerodynamic parameters
to optimize the compound cooling unit.
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2. Description of the Physical Model and Solution Methods

2.1. Physical Geometry

In the current work, the compound cooling unit is evolved based on the geometry of Zhang et
al. [39]. To study the flow field and heat transfer characteristics of the proposed cooling unit in a wide
manner, a swirl with an impingement compound cooling model was established. Both swirling and
impinging flow are created using conical nozzles which are arranged in a staggered arrangement.
Figure 1 shows a three-dimensional structure of the compound cooling unit. The dimensions detail of
this cooling unit is depicted in Figure 2, where the unit is mm. As indicated in Figure 1, the compound
cooling unit consists of a circular inlet short duct connected with a long rectangular duct (coolant
channel) to feed the half-cylindrical passage with the coolant. The inner curved surface of the
half-cylindrical passage is the target surface to study the internal cooling performance. The coolant
flow is injected inside the half-cylindrical passage through multi-conical nozzles, in which the coolant
impinges tangentially and normally on the target surface. In the end, the coolant flows out through
a normal rectangular duct (outlet). The compound cooling technique is conducted using 10 conical
nozzles distributed tangentially for swirl cooling and 9 conical nozzles directed normally with deviation
by 22.5° to y-axis for impingement cooling according to the target surface. All conical nozzles are
identical and have the same pitch.

Inlet

Half-circular surface
(Target surface of vane
leading edge)

Coolant
channel

Swirl conical nozzles (10 nozzles)

Impingement conical nozzles (9 nozzles)
3

A

Figure 1. 3D structure of the compound cooling unit.
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Figure 2. Dimensions detail of the compound cooling unit.
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2.2. Definition of Parameter

In order to describe the characteristics of the flow field and heat transfer of the compound cooling
unit, the following parameters are defined. To investigate the flow potential to create swirling and
impinging motion inside the half-cylindrical passage, the Reynolds number is calculated based on the
inlet diameter of the conical nozzle (d,; i, = 0.00635 m) and defined in Equation (1) as.

Reyoz = PVdnoz,in /I/l ’ (1)

where p is the cooling fluid density, V is the mean area-average velocity at nozzle inlet and p is the
dynamic viscosity. To study the effect of the rate of heat transfer between the cooling fluid and target
surface of the cooling unit, a coolant to wall temperature ratio is acquainted in Equation (2) as

TR = T,/ T. )

To evaluate the intensity of heat transfer inside the compound cooling unit, the Nusselt number is
defined in Equation (3) as
Nu = qudnoz,in/ (Tw — Tc)A, 3)

where gy, is the wall heat flux of the target surface [40] and A is the thermal conductivity. To study the
aerodynamic losses, the local pressure coefficient is acquainted in Equation (4) as

CP = (ptot,lnc - Ptot,out) /Ptot,in/ (4)

where Py joc is the local total pressure, Py iy, is the total pressure at inlet and Pyt o4t is the total pressure
at outlet. The percentage of total pressure drop is defined in Equation (5) as

APy = {(Prot,in = Protout) / Protin) X 100. )

2.3. Computational Method

The numerical model equations are solved using a commercial (Computational Fluid Dynamics)
CFD software tool (ANSYS CFX 17.0). The results are obtained by solving turbulent steady
viscous compressible Reynolds-averaged Navier—Stokes equations and turbulence model equations.
Convection terms are discretized using a high-resolution scheme of second-order overall accuracy.
Some significant assumptions of neglecting the radiation heat transfer, buoyancy and sources of external
momentum are all applied. The CFD solution becomes converged and stable when the root mean
square residuals of all terms is lower than 10~ and remain steady. Considering these hypothesizes,
the details of the governing equations are presented as follows [41].

The continuity equation is acquainted in Equation (6) as

V x (pU) = 0. (6)
The momentum equation is specified in Equation (7) as
Vx(pU®U) =-Vp+Vx1+ Sy, (7)
where 7 is the viscous shear stress tensor and given in Equation (8) as
= y[vu+ (vuyT - §5qu]. ®)
The total energy equation is defined in Equation (9) as

V X (pUhgt) = V X (AVT) 4V x (U x T) + Sk, )
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where U, u, Sy, hior, A and Sg are the velocity component, molecular viscosity, external momentum
sources, total enthalpy, effective thermal conductivity and energy source term, respectively.

2.4. Boundary Conditions

The coolant is specified as air ideal gas for all simulations. Mass flow inlet is selected for coolant
inlet, where the simulations are performed at different mass flow rates based on different conical nozzle
Reynolds numbers of 5000, 10,000, 15,000, 20,000 and 25,000. The inlet coolant total temperature is
kept at 298 K with 5% turbulence intensity for all cases. The outlet condition is set at an average static
pressure of 1 atm for all cases. The wall temperature of the target surface is varied according to the
different coolant to wall temperature ratios of 0.65, 0.75, 0.85 and 0.95. Also, all remaining walls are
adiabatic surfaces with the no-slip condition.

2.5. Turbulence Model Validation

The CFD results accuracy is evaluated using the best turbulence model, which achieves a
reasonable agreement with the most relevant experimental data. Nevertheless, almost no experimental
work on a compound cooling unit of swirl and impingement has been conducted yet. The applied
turbulence model must detect the results’ reliability of the flow behavior of the compound cooling unit
for both swirl and impingement flow. As a result, the model is verified with an experimental work
by Zhang et al. [39] on both swirl cooling and impingement cooling. The SST k-w, standard k-w and
(Renormalization Group) RNG k-¢ models are used to predict the heat transfer in terms of Nusselt
number at different nozzle Reynolds numbers.

The numerical results are compared to the experimental data in terms of contours for both swirl
cooling and impingement cooling as shown in Figures 3 and 4. Also, an additional comparison
between the experimental and numerical results according to spanwise area-averaged Nusselt number
as illustrated in Figures 5 and 6. As depicted in Figures 3 and 4, the SST k-w and standard k-w models
are both show a good agreement with the experimental data contours, while the RNG k-¢ model is not
completely converged for all cases. Figures 5 and 6 illustrate the deviation among the experimental
data and all numerical results for different turbulence model for all cases. It is clear that all turbulence
models over predict the experimental data with different average percentage deviations.

0 5 101520 25 30 3540 45 50 55 606570 75 80

= L

RNG k-& SST

(a) Rexs: = 5000 (b) Rexs: = 15,000 (€) Reuoz = 25,000

Figure 3. Nusselt number contours for both experimental (without mainstream [39]) and numerical
results of swirl cooling at (a) Re;o; = 5000, (b) Reyo; = 15,000 and (c) Reyo, = 25,000.
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Figure 4. Nusselt number contours for both experimental (without mainstream [39]) and numerical
results of impingement cooling at (a) Reyo; = 5000, (b) Reyo, = 15,000 and (c) Reyoz = 25,000.
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Figure 5. Spanwise averaged Nusselt number for both experimental and numerical results of swirl
cooling at (a) Reyoz = 5000, (b) Reyoz = 15,000 and (c) Rejoz = 25,000.
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Figure 6. Spanwise averaged Nusselt number for both experimental and numerical results of
impingement cooling at (a) Rey,; = 5000, (b) Reyo; = 15,000 and (c) Reyoz = 25,000.

The SST k-w model obtains an average deviation of 4.2%, standard k-w model yields 8% of
average deviation, while the RNG k-¢ model gives the highest average deviation of 172.8% as depicted
in Figure 5. In the case of impingement cooling (Figure 6), the average deviations are 15.2%, 14.86%
and 148.46% for the SST k-w, standard k-w and RNG k-¢ models, respectively. As a result, the SST k-w
model could well predict the experimental data than the standard k-w model for swirl cooling cases.
However, the standard k-w model obtains more slight convergence with the experimental data than
the SST k-w model in the cases of impingement cooling.
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The SST k-w model combines the virtues between the standard k-w in the boundary layer and the
k-e model in the core-flow region [17,42]. Thereby, the SST k-w model is valid for complex flow with
turbulent shear transportation, which obtains highly accurate predictions of the flow separation under
adverse pressure gradients [43,44]. Thus, all numerical simulations apply the SST k-w model to study
the compound cooling flow and heat transfer characteristics. The details of the applied turbulence
model were presented by Safaei et al. [45]. The spanwise distance equals the arc length which starts
from the stagnation point (0°) and finishes at the end of internal leading-edge curvature (90°) according
to the experimental geometry. The arc length is specified in Equation (10) as.

Lare = 27tr(0/360) (10)

2.6. Mesh Generation and Grid Independence Test

Unstructured grids are generated using the ICEM CFD software for the numerical calculation.
Figure 7 shows the fine mesh details of the compound cooling unit. As depicted in Figure 7, the coolant
channel, all conical nozzles, half-cylindrical channel and the outlet duct are discretized by tetra/mixed
grids. The mesh is refined near all walls except the inlet and outlet surfaces using 20 prism layers at
0.001 mm of first layer height with 1.2 of height ratio. To fulfill the requirements of the turbulence
model, the dimensionless wall distance value (y+) of the first layer is less than 1.0 for all simulations.
In order to reduce the running cost of the simulation process, a grid dependence number test is
necessary to trust the accuracy of the numerical results. Six different meshes with the node number
of 0.86 million, 1.2 million, 1.88 million, 3.2 million, 4.7 million and 7.3 million are chosen. Per each
mesh, a three-dimension refinement is performed and the SST k-w model is applied at Re;o, = 15,000
and TR= 0.85. Figure 8 indicates the streamwise-averaged Nusselt number distribution on the target
surface for the six different meshes. Also, Table 1 provides the overall Nusselt number corresponding
to the different meshes. It is obvious that Ny, distribution and its overall value are almost the same
when the node number is more than 4.7 million with a relative error of 0.266% based on the previous
calculation. Consequently, the mesh with 4.7 million nodes is applied for all simulations.

(@)

Figure 7. Cont.
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yz section of swirl
cooling

(b)

Figure 7. Unstructured fine mesh details of the compound cooling unit. (a) 3D view; (b) yz sections of

swirl and impingement nozzles.
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—— 7.3 million
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x/d,
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Figure 8. Streamwise-averaged Nusselt number distribution on the target surface for six different meshes.

Table 1. Overall Nusselt number at Re;,, = 15,000 for different meshes.

Mesh (million) Overall Nu

0.86 55
1.2 59.46
1.88 65
32 69.3
4.7 71.3
7.3 71.49

3. Results

3.1. Coolant Flow Analyses

The flow structure inside the compound cooling unit can be deeply described using the area-average
velocity contours with streamlines at different x/d,,,, sections along the streamwise direction as depicted
in Figure 9. Also, the fluid flow is studied at different nozzle Reynolds numbers to predict the variation
of the flow characteristics. Ten successive x/d;,, sections passing through swirl and impingement
nozzles are chosen to show different flow patterns. The coolant area-average velocity increases
drastically by five and a half times through each conical nozzle for all different Reynolds numbers.
This is attributed to the flow-path contraction effect, due to the new design of the coolant nozzles.
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As shown in Figure 9, the coolant rotates with a semi-uniform swirling motion downstream the first
swirl nozzle (x/d,,,, = 2) forming a large-scale vortex. By increasing x/d;,0;, the near-wall flow rotation
decays forming two or more small-scale vortices at low Reynolds number (Rey,o, = 10,000). This is due
to the interference with the upstream flow from the flowing impingement nozzles and the core flow.
Regarding sections of swirl nozzles, the coolant area-average velocity increases near the wall of the
leading-edge downstream each nozzle and decreases further along the peripheral direction due to
shear stress. By increasing the nozzle Reynolds number, the coolant area-average velocity increases and
the flow streamlines have similar distributions per each section of both swirl and impingement nozzles.
According to the impingement nozzles sections, the coolant jet is divided toward both right and left
sides, forming two or more different-scale vortices. Besides, the impinging intensity on the target
surface increases with the increase in the nozzle Reynolds number. Also, the generated impinging
vortices are heterogeneous, which is mainly caused by the collision with the upstream flow coming
from the following swirl nozzle. As clearly depicted in Figure 9, both swirl and impingement nozzles
achieve the best coolant contact with the target surface with lower momentum loss. Besides, the
uniform staggered distribution of all nozzles contributes to uniform concentrated coolant jets especially
with the increase of nozzle Reynolds number.

Velocity/(m/s) 0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96 102 108 114 120
xhdnoz =2 x/dnoz = x/droz = 12 x/dnoz = 18

] 1 | b i
x/dnoz = 20 x/dnoz = 26 Xenoz = 28 ,\‘/dnu 34 x/dno =36

Reyo; = 10,000

x/dnoz = 10

Rey; = 15,000

Ren; = 20,000

Figure 9. Cont.
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wdnoz =2 xdnoz = 4 x/dnoz = 10 x/dnoz =12 Xdnoz =18

x/dnoz = 26 xlenoz = 28 x/dnoz = 34 Xdnoz = 36

MDA

Figure 9. Area-average velocity contours with streamlines of the compound cooling unit at different
X/d 0, sections.

Reyo; = 25,000

Figure 10 indicates the axial velocity contours with streamlines in different xy sections of both
swirl and impingement nozzles at different nozzle Reynolds numbers. With regard to the flow
structure of both swirl and impingement nozzles sections, the axial velocity increases along the axial
direction further downstream near the core flow inside the leading-edge cavity. This is attributed to
the developing successive coolant nozzles along the axial direction. As depicted in Figure 10, there
are little reverse-flow regions in the leading-edge cavity, in which the reverse-velocity decreases with
the increase of nozzle Reynolds number. Besides, the high axial velocity zones start from the seventh
impingement nozzle in the leading-edge cavity, which increases with the increase of nozzle Reynolds
number. This flow phenomenon of the accelerating of axial velocity toward the outlet may be attributed
to the generation of the simultaneously accumulated different-scale vortices due to both swirl and
impingement nozzles.

E—
Vx/(m/s) 40 -32 24-16 -8 0 & 16 24 32 40

xy section of swirl nozzles

15,000
s
3
S
g
3
y &

\"&\(r:\" &4—/‘\
-------- |

Xy section of impingement nozzles

Figure 10. Cont.
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Figure 10. Axial velocity contours with streamlines of the compound cooling unit at different xy sections.

In order to describe the fluid rotation, the axial vorticity is employed to indicate the intensity of
the swirling motion inside the leading-edge cavity. Figure 11 illustrates the axial vorticity contours at
different x/d,,, sections along the x-axis direction of both swirl and impingement nozzles at different
nozzle Reynolds numbers. As shown in Figure 11, for the swirl sections (x/d,,0; = 2, 10, 18, 26 and 34),
the positive vorticity regions occur directly downstream of each nozzle and very close to the curved
wall. However, by increasing the nozzle Reynolds number, the negative vorticity zones increase further
downstream along the circumferential direction and near to the core flow at the fixed x/d,,; section.
The different distributions of the axial vorticity are attributed to the existence of different scale vortices
generated due to the interaction between the tangential flow and the core flow as depicted in Figure 9.
With regard to the impingement sections (x/d,0; = 4, 12, 20, 28 and 36), the normal jet creates two
opposite accompanied high vorticity regions which propagate with adverse direction per each one.
Moreover, additional negative vorticity appears in different positions and increases with the increase
of nozzle Reynolds number per each x/d,,; section. The negative vorticity zones are generated due to
the existence of different scale and corner vortices as depicted in Figure 9. Generally, the gathering
between both swirl and impingement nozzles in the compound cooling model causes a complex
vorticity distribution which hinders the continuous swirling intensity inside the leading-edge cavity.

X Vorticity/(1/s) .10000 -7000 -4000 -1000 2000 5000 8000 11000 14000 17000 20000
x/dnoz =2 xidnoz =4 x/dnoz =10 xtdnoz = 12 xldnoz =18

10,000

x/dnoz =20 Xdnoz =26 xdnoz = 28 x/dnoz = 34 x/idnoz = 36

Reyp;

Figure 11. Cont.
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Figure 11. Axial vorticity contours of the compound cooling unit at different x/d,,, sections.

Figure 12 shows the local pressure coefficient contours of the compound cooling unit at different
xy sections. As depicted in Figure 12, the coolant pressure reduces when the flow is injected through
each conical nozzle due to the increase in the coolant velocity. Meanwhile, the high-pressure zone is
located in the coolant chamber while the low pressure exists in the leading-edge cavity. As indicated in
Figure 12, the local pressure distributions are similar through each of the swirl and impingement xy
sections with small relatively different gradients. Moreover, the coolant pressure coefficient increases
for each xy section with the increase of nozzle Reynolds number. Furthermore, Figure 13 indicates
the total pressure drop through the compound cooling unit at different nozzle Reynolds numbers.
As shown in Figure 13, the total pressure drop increases with the increase of the nozzle Reynolds
number. Thereby, the pressure penalty is higher when the nozzle Reynolds number is greater due to
the higher area-average velocity of coolant.
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Figure 12. Cont.
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Figure 12. Coefficient of local pressure contours of the compound cooling unit at different xy sections.

Figure 13. Total pressure drops of the compound cooling unit at different Rey.
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3.2. Thermal Analyses

Undoubtedly, the compound cooling unit would achieve the ideal features of the swirl and
impingement techniques of cooling according to the analysis of heat transfer. Figure 14 shows the local
Nusselt number on the target surface of the compound cooling unit at different Re;o,. As depicted in
Figure 14, the regions of the high Nusselt number happen directly downstream of each swirl nozzle
and concentrate in front of the impingement nozzles. Besides, the local heat transfer is enhanced by
increasing the nozzle Reynolds number. The staggered distribution of the impingement nozzles has a
great role in reducing the cross-flow effect due to the upstream swirl nozzles. Besides, this distribution
contributes to reducing the area of the low Nusselt number zone, which in turn enhances the cooling
performance. Moreover, the swirl nozzles cover more areas of the high Nusselt number zone and
compensate the other areas that are located far from the impingement nozzles due to the loss of coolant
momentum. Figure 15 shows the effect of TR on the local Nusselt number on the target surface at
an identical nozzle Reynolds number. As depicted in Figure 15, the high Nusselt number zones are
increased a little with the increase in TR. Furthermore, the quite high zone of heat transfer and the
semi-uniform distribution of heat transfer are jointly noticed in the compound cooling unit, which
is very effective for transacting with numerous ranges of the operating temperatures of the blade
leading-edge of a gas turbine.

Nu o 10 20 30 40 50 60 70 80 90 100110 120 130 140 150
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Figure 14. Local Nusselt number on the target surface of the compound cooling unit at different Rey;.
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Figure 15. Local Nusselt number on the target surface of the compound cooling unit at different TR.
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For further clarification, spanwise average Nusselt Number variations on the target surface are
introduced in Figures 16 and 17 under different Re,,,, and different TR, respectively. As depicted in
Figure 16, the Ny value increases drastically along the circumferential direction until a peak value
around L/dyo; = 4 due to the swirl coolant injectors. Then, the Nugyg value decreases until reaching a
bottom value around L;,/dy0; = 9 and it again increases dramatically to another peak value around
Layc/dnoz = 10.5 due to the impingement coolant injectors. Moreover, the Nig,e variations increase with
the increase of nozzle Reynolds number as shown in Figure 16. On the other hand, by increasing the TR
at fixed Rey,;, there is a clear enhancement in the heat transfer on the target surface of the compound
cooling unit. Furthermore, the high N, value is mainly dependent on the position of the conical
nozzles, which clearly occurs at high coolant velocity as described in Figure 9.
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Figure 16. Spanwise average Nusselt number on the target surface of the compound cooling unit at
different Rey;.
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Figure 17. Spanwise average Nusselt number on the target surface of the compound cooling unit at
different TR.

In order to describe an overall evaluation, it is indispensable to present the Nu,, under different
Reypz and TR as shown in Figures 18 and 19, respectively. As depicted in Figure 18, it is obvious that
the Nu,, increases with the increase in the Rey,,;. Hence, the Ny, increases by 99.7% when the Rej,,
increases from 10,000 to 25,000 at constant TR. Besides, at a fixed Re;,;, the compound cooling unit
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obtains an 11% increase in the Nu,, when the TR increases from 0.65 to 0.95 as shown in Figure 19.
Figure 20 indicates a comparison between the numerical results of the compound cooling unit and
experimental data of Zhang et al. [39] of the tangential (swirl) model at the same Re;,o;. As shown in
Figure 20, the compound cooling unit obtains a Nu,, increase by 47.9% compared to the experimental
model at Re,,o; = 10,000. Besides, the current numerical model could also achieve a 39.8% increase in
the Nuy, comparing with the experimental model at Re,y, = 15,000 and, by comparing with the normal
(impingement) experimental model of Zhang et al. [39] at identical Rey,, as indicated in Figure 21.
There are Nu,, increases of 63.5% and 66.3% at Re;,; = 10,000 and Rey,,; = 15,000, respectively compared
to the experimental model.
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Figure 18. Overall Nusselt Number of the compound cooling unit at different Rey;.
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Figure 19. Overall Nusselt Number of the compound cooling unit at different TR.
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Figure 20. Experimental swirl cooling versus compound cooling at identical values of Rejo;.
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Figure 21. Experimental impingement cooling versus compound cooling at identical values of Rej.
3.3. Correlations

Figure 22 indicates the Nu,, versus Reyy, and coolant to mainstream temperature ratios. This
relation is plotted in logarithmic coordinates for all x-axis and y-axis coordinates. As depicted in
Figure 22, there is a linear relationship between Nu,, and Rej,,,, which is also found between the Ny,
and TR. When the Re;,; increases, the Nu,, increases dramatically. Meanwhile, the increase of TR
slightly increases the Nu,,. To optimize the design of the compound cooling unit, the present paper
summarizes a correlation of the heat transfer based on CFD results. According to Figure 22, the Nu,, is
a monotonic function of Rey,, and TR. This function can be expressed via a correlation that could be of
interest and very eligible for optimization. To derive this correlation a relationship of Ny is assumed
as a function of Rejy,; and TR which is acquainted in Equation (11) as

Nty = kX Ré?,, X TR, (11)

The constant k and the exponents a and b are calculated via regression analysis of different CFD
data under different conditions using engineering software MATLAB R2016b. The desired correlation
is calculated in Equation (12) as

Nitgy = 0.0391Re%784TR02906 (12)

noz



Energies 2020, 13, 210 19 of 23

where, 10,000 < Rejyo, < 25,000 and 0.65 < TR < 0.95. According to these data, the derived correlation
of the Nu,, is examined. Figure 23 indicates the Nu,, calculated by CFD simulations against that
computed by the derived correlation. As shown in Figure 23, the CFD simulation results under different
conditions are in a perfectly straight line and all points locate between the line y = 0.98x and the line y
= 1.02x. Consequently, the derived correlation gives the overall Nusselt number value within +2% of
the corresponding computed values. In words, the derived correlation of the overall Nusselt number
matches well with the computations with a 98% accuracy.
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Figure 22. Variations of overall area average Nusselt number as a function of Rey,y; and TR.

110

. CFD Results

_ 4

100

90

80

70

Nu, (Correlation)

60

50

40 L1 ‘ L1 ‘ L1 ‘ - ‘ L1 ‘ L1 ‘ L1
40 50 60 70 80 90 100 110
Nu,,(CFD)

Figure 23. Overall Nusselt number correlation fit with CFD and computation results.

4. Conclusions

CFD simulations have been performed to investigate the characteristics of the flow field and
heat transfer for a compound cooling unit in a blade leading-edge of a gas turbine blade. The effect
of different operating conditions of nozzle Reynolds number and temperature ratio have been
analyzed. The applied turbulence model is validated, which achieved a reasonable agreement with the
experimental data.
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e Atidentical nozzle Reynolds number, the area-average velocity of coolant increases dramatically
by five and a half times through each conical nozzle. Also, the coolant area-average velocity
increases near the leading-edge wall downstream of each nozzle and decreases further along the
circumferential direction. The impingement nozzles generate heterogeneous vortices around the
jet, where the impinging intensity increases with the increase of the nozzle Reynolds number.

e  The staggered arrangement of both swirl and impingement nozzles obtain coolant contact and
uniform on the target surface well, with low momentum losses. The axial velocity increases
along the axial direction further downstream near the core-flow. There are complex vorticity
distributions which hinder the continuous swirling intensity in the compound cooling unit.
The pressure penalty is higher when the nozzle Reynolds number is greater due to the higher
coolant velocity.

e Inthe compound cooling unit, the local heat transfer is enhanced with the increase in the nozzle
Reynolds number. Also, the staggered distribution of the impingement nozzles with respect to
the swirl nozzles, have a major role in decreasing the cross-flow effect. In addition, it contributes
to a decrease in the area of the low Nusselt number zone which in turn enhances the cooling
performance. There is a little effect of the temperature ratio on the Nusslet number under a
constant nozzle Reynolds number.

e  The overall Nusselt number increases by 99.7% when the nozzle Reynolds number increases
from 10,000 to 25,000 at a fixed temperature ratio. Also, at constant nozzle Reynolds number,
the compound cooling unit achieves an 11% increase in the overall Nusselt number when the
temperature ratio increases from 0.65 to 0.95. Moreover, the compound cooling unit could achieve
a 47.9% increase and a 39.8% increase in the overall Nusselt number comparing with the swirl
experimental model at nozzle Reynolds numbers of 10,000 and 15,000, respectively. Furthermore,
there are increases in the overall Nusselt number of 63.5% and 66.3% at nozzle Reynolds numbers
of 10,000 and 15,000, respectively compared to the impingement experimental model. A correlation
for the overall Nusselt number is derived as a function of nozzle Reynolds number and coolant to
mainstream temperature ratio at a specified range of these parameters.

According to the numerical simulation results and the aforementioned analysis, the compound
cooling unit could achieve the best cooling performance compared to the available experimental model.
The extremely high zone of heat transfer and its semi-uniform distribution are simultaneously noticed
in the compound cooling unit, which is very effective at transacting with numerous ranges of operating
temperatures of a blade leading-edge of a gas turbine.
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Abbreviations

Latin Characters

Apozin  Inlet diameter of the conical nozzle m

r Radius of curvature of the target surface m

Re Reynolds number

Reno;  Reynolds number based on conical nozzle inlet diameter

Juw Target wall heat flux W/m?2

Nu Nusselt number
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Nuyy Overall Nusselt number

Nugye  Area average Nusselt number

Piot Total pressure Pa

APy Percentage of total pressure drop Pa

Cp Local pressure coefficient

TR Temperature ratio

T, Coolant temperature K

Tw Target wall temperature K

v, u Magnitude of velocity m/s

y+ Non-dimensional wall distance

X, Y, Z Cartesian coordinates

Greek Letters

p Fluid density kg/m3

A Thermal conductivity W/m. K

U Dynamic viscosity N.s/m?

T Viscous shear stress Pa

0 Angle of curvature of the target surface
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