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Abstract: The spatiotemporal evolution of the flow structures and coolant coverage of double-row
film cooling with upstream forward jets and downstream backward jets, having a significant impact
on film-cooling performance, is studied using the simplified thermal lattice Boltzmann method
(STLBM). Moreover, the effect of the inclination angle of downstream backward jets is considered.
The high-performance simulations of film cooling have been conducted by using our verified in-
house solver. Results show that special flow structures, such as a sand dune-shaped protrusion,
appear in double-row film cooling with upstream forward jets and downstream backward jets,
which is mainly because of the blockage effect resulting from the coolant jet with backward injection.
The interaction among structures results in the generation of an anti-counterrotating vortex pair
(anti-CVP). The anti-CVP with the downwash motion can result in the attachment of coolant to the
bottom wall, which promotes the stability and lateral coverage of coolant film. The momentum and
heat transport are strengthened as the backward jet is injected into the boundary layer of the main-
stream. Although the downstream evolution of the backward jet is not very smooth, its core attaches
closely to the bottom wall due to the downwash motion of anti-CVP. Moreover, there is an obvious
backflow zone shown in the trailing edge of the downstream backward jet with a large inclination
angle. The obvious backflow makes the coolant attach to the bottom wall well. Therefore, the film
cooling effectiveness is improved as the inclination angle of the downstream backward jet varies

from &, = 135° to [ —— 155° , with a constant blowing ratio of BR=0.5. In addition, the fluc-
tuation of the bottom wall’s temperature is weak due to the stable coverage of the coolant layer
under &y, = 155°  The film-cooling performance with an inclination angle of &, = 155° is the

best among all the cases studied in this work. This work provides essential insights into film cooling
with backward coolant injection and contributes to obtaining a complete understanding of film cool-
ing with backward coolant injection.

Keywords: spatiotemporal evolution; flow structures; coolant coverage; simplified thermal
Boltzmann method; film cooling; forward and backward jets

1. Introduction

The inlet temperature of the advanced heavy-duty gas turbine has been well above
the melting points of advanced superalloy materials. To ensure the sustainable operation
of turbines, advanced cooling techniques are essential [1,2]. Film cooling is one of the most
useful cooling technologies of the gas turbine engine, which is applied extensively to the
external surfaces of turbine blade airfoils [3]. In film cooling, a thin coolant film is involved
over the blade surface to prevent its direct contact with hot gases, thus enabling longer
operating time of the turbine [4,5]. However, it is still a highly difficult challenge to pro-
vide sufficient cooling with less coolant flow under a continuously rising inlet
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temperature of the gas turbine. Therefore, continuous improvement of film-cooling per-
formance is still a necessity, which means that an in-depth investigation of flow and heat-
transfer characteristics of film cooling is of critical importance.

The essence of the film-cooling flow process is actually jet in crossflow (JICF). The
results of previous research [6-8] have shown that the counterrotating vortex pair (CVP)
formed in the downstream region of the film-cooling hole has a negative effect on the film-
cooling performance. Thus, the key point of improving film-cooling performance is the
mitigation of CVP, which enhances the lateral spreading of coolant film and weakens the
wall-normal penetration of the coolant jet. The intensity and patterns of CVP can be con-
trolled by adjusting the injection of the coolant jet and the boundary layer of the main-
stream. According to this opinion, lots of active and passive control strategies for the im-
provement of film-cooling performance have been proposed. As for active control, jet flow
frequency [9,10], the intensity of freestream turbulence [11,12], density ratio [12,13] and
blowing ratio [14,15] are mainly the key parameters. Among the passive control methods,
such as the geometry of the film-cooling hole [16,17] and the geometrical parameters of
the upstream ramp [18,19] have received an enormous amount of attention. The results
have indicated that either the shaped hole or the upstream ramp can control the CVP’s
generation, which significantly enhances the performance of film cooling. However, a
large number of these designs are difficult to apply widely because of the huge cost and
difficulty of manufacturing.

In order to weaken the CVP and avoid difficulties in manufacturing, lots of research-
ers have paid particular attention to the application of backward coolant injection, in
which the streamwise flow direction of the coolant jet is opposite to that of the main-
stream. The injection of the coolant jet is a vital factor that influences the interaction be-
tween the mainstream and jets, having a significant impact on the performance of film
cooling. About ten years ago, Subbuswamy et al. [20,21] and Li [22] found that film cooling
with backward coolant injection showed a unique feature of the interaction between the
mainstream and jets, resulting in a better spreading of coolant film in the lateral direction
compared with film cooling with a forward jet. For the cylindrical hole film cooling, the
backward injection shows the obvious performance advantage over the forward injection
[23,24]. The coolant jet with the backward injection can enhance the laterally averaged film
cooling effectiveness of cylindrical hole film cooling and obviously reduce the net heat
flux. Following this opinion, some researchers have begun to dig up whether the back-
ward injection can gain a similar advantage in shaped hole film cooling as that of film
cooling with a cylindrical hole. Zhao et al. [25] numerically investigated the influence of
coolant injection on film-cooling performance for three different holes (cylindrical hole,
expansion-shaped hole and fan-shaped hole). The results showed that the backward cool-
ant injection could enhance the uniformity of film cooling effectiveness. Chen et al. [26]
experimentally investigated the combined effects of coolant injection and hole geometry
on flat-plate film cooling. It was demonstrated that the film cooling effectiveness with a
fan-shaped hole was slightly reduced by the coolant jet with backward injection. Recently,
Singh et al. [27] numerically evaluated the performance of film cooling with a cylindrical
hole and a laidback fan-shaped hole for forward and backward injection configurations
by using large eddy simulation (LES). It was found that the laidback fan-shaped hole with
backward jet injection showed promising results.

As previously mentioned, both the cylindrical and shaped holes with backward in-
jection have been proven to have great potential to enhance the lateral spreading of cool-
ant film. However, a significant streamwise momentum loss in backward jet flow leads to
the awful streamwise spreading of coolant film. How to significantly improve the film-
cooling performance with backward jet injection becomes one of the hard pots. It seems
that the configuration that is composed of one row of holes with forward injection and
another row of holes with backward injection may tackle this problem. The authors [28]
recently found that the film cooling effectiveness of double-row film cooling was greatly
enhanced with the configuration of an upstream row of holes with forward injection and
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a downstream row of holes with backward injection. However, it was just a preliminary
study of film cooling with this special configuration, which only analyzed the effect of the
blowing ratio of downstream backward jets on the time-averaged velocity field and film
cooling effectiveness. In film cooling with an upstream row of forward coolant jets and a
downstream row of backward coolant jets, the mutual interaction of coolant jets with a
hot mainstream is extremely complicated, resulting in complex vortices and thermal
transport. The backward coolant jets cause different flow structures and corresponding
spatiotemporal evolution, especially in the region between rows, which leads to different
development of the coolant film. The development of coolant film has an impact on the
coolant jet’s adhesion to the wall and the performance of film cooling. Therefore, it is nec-
essary to investigate the spatiotemporal evolution and coolant coverage of film cooling
with an upstream row of forward coolant jets and a downstream row of backward coolant
jets, which provides essential insights for film cooling with backward coolant injection.

Moreover, the jet inclination angle can also influence the development of coolant film.
In 2017, Zhai et al. [29] experimentally investigated the effect of the inclination angle of
forward jets on the performances of the laidback hole and laidback fan-shaped hole film
cooling. It was found that the film cooling effectiveness of the laidback fan-shaped hole
reduced as the inclination angle increased, while, for film cooling of the laidback hole, the
increase of the inclination angle led to good cooling performance under a large blowing
ratio. The cooling effectiveness of rectangular diffusion hole film cooling under various
inclination angles was examined by An et al. [30]. The results illustrated that the increase
of the inclination angle could suppress the coolant diffusion in a lateral direction, resulting
in decreased film cooling effectiveness. Except for the shaped hole film cooling, the incli-
nation angle of the coolant jet also has a great influence on film cooling with a cylindrical
hole. Our previous work [31] indicated that the increased inclination angle intensified the
turbulence fluctuation of the flow field greatly, and thus weakened the performance of
cylindrical hole film cooling. As far as the authors know, the published works mainly fo-
cused on the effect of forward-jet inclination angles. Few works have reported the effect
of backward-jet inclination angles on flow and heat transfer characteristics in the film cool-
ing process.

This current work aims to figure out the spatiotemporal evolution of the flow struc-
tures and coolant coverage, as well as the effects of the inclination angle of backward
downstream jets in double-row film cooling with upstream forward coolant jets and
downstream backward coolant jets using large-scale numerical simulation. It is an ex-
tended study of our recently published work [28] on film cooling with an upstream row
of forward coolant jets and a downstream row of backward coolant jets. This current work
is performed by using our in-house code based on the simplified thermal lattice Boltz-
mann method (STLBM). This paper is organized as follows: Sec. 2 shows the details of the
computational domain and boundary conditions of the simulation, Sec. 3 details the gov-
erning equations and turbulence model used in this work, and Sec. 4 illustrates and dis-
cusses the results. Finally, Sec. 5 draws the conclusion.

2. Computational Domain and Boundary Conditions

The computational domain for double-row film cooling with an upstream row of for-
ward coolant jets and a downstream row of backward coolant jets is shown in Figure 1,
which includes a mainstream channel with a size of L, xL, xL, =40Dx3Dx10D and

two rows of film cooling holes with a hole diameter of D. [, Ly, and [, denote the

length of the mainstream channel in streamwise, lateral and wall-normal direction, re-
spectively. The upstream forward holes are located at the site that is 10D away from the
mainstream inlet. The row-to-row space is 4D. The hot mainstream with a constant tem-
perature of T, flows over the bottom wall with a constant velocity u_. A coolant jet with

a constant temperature of . is injected into the boundary layer of the mainstream via a

film cooling hole and forms a coolant film to avoid direct contact of the bottom wall with
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hot mainstream. The Reynolds number based on the mainstream velocity ;  and the di-
ameter of film cooling hole D is defined below:
Pott, D

Re=l==— 1)
v

in which v is the molecular kinetic viscosity of mainstream.
The blowing ratio, one of the most important flow parameters for film cooling, can
be expressed as

.
BR= —::]uf (2)

Here, p and , represent the density of mainstream and coolant jet, respectively.
u, 1s the coolant jet velocity. In the simulation of this present work, Re and BR are con-
stant and respectively set as 1000 and 0.5. The ratio between the hot mainstream temper-
ature 1, and coolant jet temperature 7 is equal to 7 ;7. —2.0. As for the inclination
angle, its value for the upstream forward jetis «,, =35 ", while for the downstream back-

ward jet, five values of o, -135",140°,145°,150° and 155° are taken into considera-
tion. The definition of the inclination angle of the coolant jet is shown in Figure 2. The
inclination angle of the coolant jet is the angle measured counterclockwise from the posi-
tive x-axis. This is why the inclination angle of the upstream jet with forward injection
is the acute angle, while the inclination angle of the downstream backward coolant jet
is the obtuse angle.

Xdown
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Figure 1. Sketch map of computational domain and BC settings.

The setting of boundary conditions (BCs) in the computational domain is also indi-
cated in Figure 1. For the inlets of the mainstream and coolant jets, the Dirichlet BCs are
employed in both the flow and thermal fields. The outlet is set as Neumann BCs with zero
gradients of flow and thermal properties in a streamwise (x-) direction. Periodic BCs are
applied at the front and back sides of the mainstream channel in a lateral (y-) direction.
Meanwhile, for the top side of the mainstream channel, both the flow and thermal prop-
erties are assumed to be fully developed in a wall-normal (z-) direction, leading to Neu-
mann BCs with zero gradients in the z-direction. The bottom wall of the mainstream chan-
nel is assumed to be adiabatic and no-slip.
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Figure 2. Definition of inclination angle of coolant jet.

3. Governing Equations and Turbulence Model

In this work, STLBM is adopted to conduct the simulation of film cooling. STLBM is
the extension of LBM, which directly updates the macroscopic variables without the
achievement of the distribution-function evolution. This can greatly reduce the cost of vir-
tual memory. Moreover, STLBM inherits all the advantages of LBM, such as simple com-
putation, simple programming and easy implementation of the boundary condition.
Therefore, STLBM demonstrates superiority in fulfilling large-scale simulations with lim-
ited hardware resources.

3.1. Simplified Thermal Lattice Bolizmann Method

For LBM, the density distribution #, and temperature distribution function ¢, are

applied to show the development in the flow and thermal fields. The lattice Boltzmann
equation (LBE) for £ and g, canbe written as [32]:

1
. A , At) = f. , _ eq 7 ~Ji 7
f(x+eALt+At) = fi(x t)+Tf [£7(x)- fi(xt) ] ®3)

1
: AL t+ A =g (x, )+—| ¢ (x,t)-g,(x, t
g (x+eAtt+At) = g.(x )+Tg (8" (xt)-8 (xt)] @)

Here, the discrete velocity ., of the particle at the position of x=(x,v,z) is applied

to describe the evolution of the flow and thermal fields. At is the time step adopted in

the simulation. 7, and 7, denote the relaxation factors related to kinematic viscosity V

f
and thermal diffusivity @, respectively. f;* and ;" are the equilibrium distribu-
tion functions of density and temperature, respectively.

Since the continuity and momentum equations can be recovered from Equation (3),
the energy equation is recovered from Equation (4) by assuming that the viscous dissipa-
tion and the compression are neglected; the macroscopic density o, velocity # and the

fluid temperature T in the thermal lattice Boltzmann method (TLBM) are derived as
[32]:

Pen=Sf(etuer), u(en= Sef(x). T(xH=3a(x) ©

It is noted that all the density and temperature distribution functions should be
stored in the collide and streaming steps of TLBM, resulting in great consumption of vir-
tual memory. This brings much difficulty to the achievement of large-scale simulations.
In STLBM, the whole calculation process is performed by the direct evolution of the mac-
roscopic flow and thermodynamic quantity, avoiding the dependence on distribution
functions. It results in less virtual memory and simpler boundary conditions implemen-
tation. Moreover, previous investigations [33,34] have indicated that STLBM is uncondi-
tionally stable. Compared with the conventional TLBM, STLBM has superiority in numer-
ical stability, boundary treatment and memory cost.

In STLBM, the macroscopic physical parameters of the discrete particle, such as den-
sity p,velocity # and temperature T, can be predicted by the predictor step and cor-

rector step, as shown below [35]:
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Predictor step:
p(xt)=2 f7 (x-eAtt-At) ©)
p (xt)u (x,t)=> e f(x-eAtt-At) @)
T (x,t)=)_ 8" (x-eAtt-At) ®)

Corrector step:
p(x,t)=p (x,t) ©)

p(x,t)u(x,t)=p*(x,t)u*(x,t)+[1-iJZe,.fi””(x-e,.At,t)+PE(x,t)At (10)

Ty

T(xt)=T (x/t){l-iJZg;“’q (x-eAtt) (11)
Tg i
In the above equations, the symbols with the superscript * are the intermediate val-

ues. f and g/ represent the non-equilibrium distribution functions of density and

1

temperature, respectively. The approximation of f and g canbe expressed as [35]:

P )= [ ) £ e -] -

87 (1.1)= 1, [ 87 (v1)-g" (v-e, At - A1) )

Note that the predictionof f7 and g;" are fulfilled with the intermediate param-
eters p°, u' and T obtained in the predictor step. In this work, for the three-dimen-
sional simulation, the velocity set D3Q19 is adopted. Figure 3 illustrates the schematic
representation of discrete velocity directions in the D3Q19 model. Correspondingly, the
weighting factors of various discrete velocity directions are expressed in Equation (14)
[32]. It is illustrated that the weighing factor of the 0-direction is 1/3. 0 represents that the
particle is stationary. The weighing factor of the directions, which is parallel to the x-, y-
and z-axes, is 1/18. The weighing factor of the directions, which is parallel to the diagonal
of x-y plane, y-z plane and x-z plane, is set as 1/36.

1/3, i=0
w =1118  i=1-6 (14)
136,  i=7-18
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Figure 3. D3Q19 discrete velocity model.

According to Ref. [32], the equilibrium distribution functions f and g;’ of the

1

D3Q19 discrete velocity model can be written as:

fff=w _1+ﬂ+—(e".u)2_%_ 15
B R % (1>

9 =T g (o) Juf
’ ' c 2¢t 2¢?

S S

(16)

In the film cooling process, the external force term is the buoyance force, which is in
connection with temperature according to the Boussinesq approximation [36]. The corre-
sponding expression is shown below:

0
Foxt) e
(%0 [-Pgﬂ [T(x,1)-T)( xrt)]j v

in which ¢ and g denote the gravitational acceleration and thermal expansion co-
efficient, respectively. T, represents the reference temperature, which is the temperature
difference between the hot mainstream and coolant jet in this work.

3.2. Smagorinsky Subgrid-Scale Stress Model

The LES-SGS model, an explicit and validated model of LES, is adopted in this work
for the simulation of turbulent flow and heat transfer. In the LES-SGS model, introduced

to LBM by Hou et al. [37], the molecular viscosity V, is replaced by effective viscosity
Vgt to take the comprehensive effect of molecular viscosity V, and SGS eddy viscosity

V, into account. Vg4 can be calculated as follows:
Ver =Vo+V, (18)
The SGS eddy viscosity V; is defined as:

v, =C fzzalﬁiﬁaﬁ (19)

Here, the size of the filter length scale A is equal to the grid size Ax in STLBM. By
following our previous work [38], the Smagorinsky constant is set as Cg =0.13. The fil-

tered strain rater tensor §aﬁ can be deduced as:
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z 1/, - _

Smﬁ = E (aﬁun{ + aauﬁ ) (20)

In this work, a two-order central difference scheme is chosen to compute the strain
rater tensor.

Analogously, the effect thermal diffusivity & can be deduced as follows:
Qup = T, (21)

where ¢, and ¢, are the molecular thermal diffusivity and the turbulent thermal diffu-
sivity, respectively. @, is in connection with the turbulent thermal Prandtl number,

whose value is set as Pr, = 0.87 [39] in this work.

3.3. Numerical Validation and Grid-Sensitivity Study

The STLBM-LES solver used in this work is improved based on the HTLBM code
developed by the authors and accelerated by multiple graphic processing units (multi-
GPUs). It should be emphasized that the HTLBM code was validated in our previous work
[40] and good agreement was obtained. Furthermore, the computed results of the STLBM-
LES code show good agreement with the experimental data of film cooling obtained by
Chen et al. [41], which is presented in our recently published work [28].

In order to make sure all the numerical results obtained by the STLBM-LES solver
are independent of the size of the computational grid, a grid-sensitivity study was also
performed in our recently published work [28]. The film cooling effectiveness with
BR=0.5,a,, = 35", a,,, =145° was calculated with four grid systems whose total grid
numbers, respectively, are 7.68x10”, 1.17x10°, 1.58x10° and 1.89x10°. The results
show that the relative disparity becomes insignificant as the grid number exceeds
1.58x10° . Moreover, for the sake of meeting the best grid requirement of LES, 1.89x10°
grids are adopted in all the simulations of this work to make the grid near the bottom wall
satisfy z" < 1.Further, the in-house STLBM-LES code is also accelerated by multi-GPUs.
The simulations of this work are performed by applying two pieces of NVIDIA Telsa P100
GPUs, and a computational performance of 1089.5 MLPUS (Million Lattices Updated Per
Second) is obtained.

4. Results and Discussion
4.1. The Evolutions of Flow Structures

This part displays the details of the flow structures” evolution, especially focusing on
the flow structures in the region between rows. Here, the evolution time and length of all

the flow structures are scaled by flow-through time %, and cooling hole diameter D .
t, isthe time that is taken by the mainstream to flow through the inlet of the mainstream

to the outlet with the constant velocity #,.
Figure 4 shows the instantaneous snapshots of coherent structures with
BR=05,a,, = 35°,a,,, =145° attheinstantof (a) {=2.0f, and (b) t=6.0t), which indi-

cate both the spatial and temporal evolution of flow structures in the whole flow field. In
this paper, all the coherent structures are identified by the Q-criterion with an iso-surface

of Q=1.0x10" and colored by spanwise vorticity @, = 0uf/0w - Ow/dx . It is found that

the spatial evolution of flow structures along a streamwise (x-) direction is a typical pro-
cess. A horseshoe vortex first appears at the leading edge of both the upstream and down-
stream film cooling holes. Subsequently, a protrusion forms above the film-cooling hole
due to the strong blockage effect of the coolant jet. Just behind the downstream protrusion,
the unstable corrugated-like shear vortices turn out. Hairpin vortices arise behind shear
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vortices. As the flow structures move downstream, the breakup of flow structures occurs,
which is marked by large-scale distorted streaks. Moreover, the results of Figure 4a,b il-
lustrate that the streamwise extension of shear vortices becomes larger, which changes

from 1.0D to 5.0D as the instant time shifts from t=2.0f, to t=6.0f;. The hairpin vorti-

ces appear at about x=20.0D at the instant of f=2.0¢,, while at t=06.0t,, the first ap-

pearance of hairpin vortices happens at x=15.0D. The interaction among vortices pro-
motes the breakup of flow structures and enhances the turbulent mixing downstream. All
of these lead to the violent momentum exchange of the mainstream and coolant jets at the
expense of vorticity dissipation. Additionally, there are no visible flow structures except
for the legs of the horseshoe vortex and protrusion shown in the region between upstream
and downstream rows.

. . . 5 A
Hairpin vortices o 4 NS

Shear vortices

0.005
0.0045
0.004
z 0.0035

% 0.003
Y £ — | 00025

0.002
0.0015
0.001
0.0005
0

Downstream protrusion

Downstream horseshoe
vortex
Upstream protrusion

Upstream horseshoe
vortex

Hairpin vortices 2l ¢ 30D

Shear vortices

0.005
0.0045
0.004
0.0035
0.003
= 0.0025
1 0.002
0.0015
0.001
0.0005
0

0D

Figure 4. Instantaneous snapshots of coherent structures with BR=0.5, a, = 35%,a,,, =145° atthe

instant of (a) +=2.0t, and (b) t=6.0t,.

The details of the flow structures in the case of BR=0.5a,, =35°,a,,, =145° and
BR=05,a,,=35",a,,, =35° are respectively shown in Figure 5a,b, to illustrate the effect

of jet injection of the downstream row on the evolution of flow structures. Both the over-
head and front views of flow structures are illustrated. The black dashed line shown in
the front view represents the bottom wall. In the case of double-row film cooling with an
upstream row of forward coolant jets and a downstream row of backward coolant jets,
displayed in Figure 5a, the flow structures are hard to identify maybe because of the
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intensive mixing between mainstream and coolant jets. According to Figure 5a, the corru-
gated shear vortices just appear on the heels of the downstream protrusion (x=7.0D).
These structures are unstable and a little distorted. Later, the hairpin vortices surrounded
by streaks occur at the location of x=15.0D. The interaction among vortices has an im-
portant effect on the spatial evolution of flow structures. In the region of
15.0D <x<20.0D, the interaction between hairpin vortices and the streaks leads to the
breakup of flow structures at about x=20.0D. Many distorted streaks are illustrated in
the downstream region of x=20.0D . The results of Figure 5(b) display that the flow struc-
tures in double-row film cooling with forward coolant jets are very compact and clear.
Justin the rear of the downstream protrusion, a pair of hanging vortices form on the lateral
sides. Then, a series of interlocking hairpin vortices appear around x=11.0D by linking
with hanging vortices. Due to the lift-up motion introduced by hairpin vortices, the flow
structures stay away from the bottom wall. Further, the shape of the downstream protru-
sion becomes different as the downstream jet changes from backward to forward injection.
The sand dune-shaped downstream protrusion shows up in the case of
BR=05,a,, =35 a,,, =145° (Figure 5a), while it changes into a pair of fly wings located
at the lateral sides of the downstream film cooling hole in the case of
BR=05,a,, =35 a,,, =35° (Figure5b). All of these indicate that the injection of a down-

stream jet has a great impact on the spatial evolution of flow structures, especially in the
region between rows.

[ R —— |

o 0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005

@)
[ D R R ——

o, 0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005

(b)

Figure 5. Details of the flow structures at the instant of t=6.0t, under (a)

BR=0.5,a,,=35"ay,,=145° and (b) BR=05a, =35 a,,,=35". (The dotted line shown in fig-

up
ure 5b represents the bottom wall.)

Figure 6 illustrates the details of streamwise vorticity @, and the streamlines under

BR=0.5,a,, =35, a,,, =145° at various streamwise locations to study the effect of the

up
interaction between the mainstream and jets on the lateral motion of vortices. The arrows
on the streamlines represent the flow direction. Here, the region between rows obtains the
special focus. It can be observed in Figure 6a—d that only a CVP, the typical vortex in film
cooling with forward jets, forms near the streamwise location of x=1.0D (Figure 6(b)).
The strength of the CVP becomes weaker and its wall-normal distance from the bottom
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wall becomes larger at x=2.0D (Figure 6c)and x=3.0D (Figure 6d)). The motions of
CVP, signaled with red curves with arrows, enhance the mixing between mainstream and
upstream forward jets and lead the lift-up of the coolant jet. The results shown in Figure
6¢,d also indicate that the injection of the downstream backward jet has little effect on the
motions of streamwise vortices near the leading edge of the downstream hole. Addition-
ally, the CVP disappears, replaced by a calabash-shaped vortex contour, as the down-
stream coolant jet is injected into the boundary layer of the mainstream at the point of
x=4.0D (Figure 6e). Subsequently, a large anti-CVP occurs just above the bottom wall
and below a small-sized CVP, nearby x=5.0D (Figure 6f). The motions of anti-CVP,
whose rotation direction is opposite to that of CVP, are represented by the white curves
with arrows. The downwash flow velocity caused by the anti-CVP leads to the attachment
of the coolant jet to the surface of the bottom wall. Combined with the results shown in
Figure 5, the authors believe that the mixing between the downstream backward jet and
the mainstream results in the formation of anti-CVP, leading to an improved coolant-film
coverage on the surface of the bottom wall. As the coolant jets flow downstream, the in-
teraction between anti-CVP and CVP makes these vortices fade away gradually and in-
duces the appearance of disordered small-scale vortices at the locations of x=6.0D (Fig-
ure 6g) and x=7.0D (Figure 6h). Large-scale structures dissipate into vortices with a
small scale. The motion of the vortices with a small scale and their interaction are confused
Moreover, the interaction among the small-scale vortices enhances the exchange of mo-
mentum and heat. The influence of vortices on the flow and heat transfer characteristics
is analyzed further in the next subsection.

(e) () (8) (h)
Figure 6. The contours of time-averaged streamwise vorticity =,  under
BR=0.5,a,,=35" a,,,=145° at the locations of (a) x=0D, (b) x=1.0D, (c) x=2.0D, (d)
x=3.0D, () x=4.0D,(f) x=5.0D,(g) x=6.0D and (h) x=7.0D.

4.2. Momentum and Heat Flux Transport in the Region between Rows

The statistical parameters of turbulence are illustrated in this subsection to explore
the effects of vortices on the flow and heat transfer characteristics of film cooling. Here, all
the data are sampled at various streamwise (x-) locations in the region between rows.



Energies 2024, 17, 3387

12 of 22

Since in this special region, the backward downstream coolant jet is just injected into the
boundary layer of the mainstream, it is easy to examine both the mixing between the back-
ward jet and the mainstream and the mixing between the backward and forward jets. The
streamwise time-averaged velocity and streamwise fluctuation velocity under
BR=05,a, =35, a,,, =145° are exhibited in Figure 7ab, respectively. All the curves

describe the changes in flow variables along with the wall-normal distance from the bot-
tom wall. The direction of the streamwise velocity component is the significant distinction
between jets with forward and backward injections. Therefore, the flow variables in the
streamwise direction are mainly focused on. The results illustrated in Figure 7a indicate
that an obvious velocity gradient in the z-direction is observed near the bottom wall,
which resulted from the strong viscous shear. Subsequently, there is a negative velocity
gradient showing in the region ranging from z=0.05D to z=0.6D because of the mix-
ing of the low-velocity coolant jet with the high-velocity mainstream. Then, as the wall-
normal distance from the bottom wall increases, the value of streamwise velocity recovers
to the initial value of mainstream. At the streamwise location of x=3.5D-4.5D, a reduc-
tion of velocity gradient occurs in the near-wall region because of the injection of back-
ward jet flow; meanwhile, the negative velocity gradient becomes less obvious. As for the
streamwise fluctuation velocity (Figure 7b), there is also an obvious gradient near the wall;
however, the gradient of the fluctuation velocity is negative. Because the coolant jet mixes
with the mainstream, the gradient of fluctuation velocity reduces. Moreover, the injection
of the backward jet weakens the velocity fluctuation near the bottom wall; however, it
strengthens the fluctuation of velocity in the region far from the bottom wall (z >1.0D).

x/D=0.0 xD=0.5 wD=1.0 xD=135 x/D=2.0

[*)
T

S
]
1+
1 1 1 1 1 L 1 1 1 1
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Figure 7. (a) The streamwise (x-) time-averaged velocity and (b) streamwise (x-) fluctuation velocity

under BR=05,a,, =35',a,,, = 145"

The Reynolds stresses in the streamwise direction R,, and in the wall-normal di-
rection R, under BR=0.5, a,, =35°,a,,, =145° are illustrated respectively in Figure

8a,b. It can be observed that the jet injection has a marked impact on momentum exchange.
The disturbance caused by the jet flow enhances both the streamwise and wall-normal
momentum transport. Additionally, in the region near the downstream hole
x=3.5D-4.5D, the values of R, and R,, increase sharply, implying that the back-

ward jet flow intensifies the momentum transport more significantly. Moreover, because
of the momentum exchange in the wall-normal direction, the core zones with a large value
of Reynolds stress in streamwise and wall-normal directions stay away from the bottom

wall, especially for wall-normal Reynolds stress R,,.

3
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Figure 8. (a) The streamwise Reynolds stress R, and (b) the wall-normal Reynolds stress R,
under BR=05,a,, =35, a,,, =145

The non-dimensional temperature 6, defined as 0= (Taw - T] ) / (Tw - T] ) ,is used to as-

sess the heat transport. Here, T., T] and T, represent the adiabatic bottom-wall tem-

perature, coolant jet temperature and hot mainstream temperature, respectively. The non-
dimensional temperature 6 contours in the y-z plane at various streamwise locations be-
tween rows are illustrated in Figure 9. At the location of the center of the upstream hole (
x=0D), shown in Figure 9a, the coolant-jet core attaches closely to the bottom wall and
the shape of low-value temperature looks like an inverted ‘D’. Subsequently, a lifting of
the coolant jet is generated by the entrainment of CVP, and a mushroom-shaped low-
temperature contour arises between x=1.0D and x=3.0D (Figure 9 c—e). In this re-
gion, the lateral coverage of coolant film becomes smaller. Then, at the point of x=3.5D
(Figure 9f), the low-temperature contour with a mushroom shape is replaced by a rabbit-
like temperature contour with larger lateral coverage, which is because of the backward
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jet injection. Following the mixing between mainstream and coolant jets with forward and
backward injections, the rabbit-shaped coolant core splits into an inverted ‘D’ core and a
hat-like core at the point of x=4.5D (Figure 9h), which implies that the downstream
developments of the forward and backward coolant jets are totally different. As develops
in the downstream region, the core of the forward jet detaches from the bottom wall due
to the CVP’s entrainment, while the core of the backward jet attaches closely to the bottom
wall because of the motion of anti-CVDP, as illustrated in Figure 6. The downwash motion
of anti-CVP enhances the coolant coverage in a lateral direction, improving the perfor-
mance of film cooling.

-

. ’
0.5 0 08
wo

(b)

250 08
w0

(d)

a5 0 08
wi

(h)

Figure 9. The contours of time-averaged non-dimensional temperature f under
BR=05,a,,=35a,,,=145° at the locations of (a) x=0D, (b) x=0.5D, () x=1.0D, (d)
x=2.0D, (e) x=3.0D,(f) x=3.5D,(g) x=4.0D and (h) x=45D.

To further examine the heat transport between rows, Figure 10 a,b depicts, respec-

tively, the heat flux in streamwise direction T and in wall-normal direction WT  un-

der BR=05a,, =35, a,,, =145°. The positive value of uT in Figure 10a indicates that

the heat is transferred to a downstream region. The negative value of WT in Figure 10b
implies that the heat is transported away from the bottom wall. As the backward jet is
injected into the boundary layer of the mainstream, both the streamwise and wall-normal
thermal transport becomes obvious. In the region between x=3.5D and x=4.5D, the

valuesof #T and WT become negative near the wall. This phenomenon is especially
noticeable at the point of x=4.5D . Although the injection of the backward jet strength-
ens the heat removal from the bottom wall, it prevents the coolant jet from developing
downstream.
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4.3. Effect of Injection Angle of Downstream Backward Jet

Figure 11 illustrates the overhead view of coherent structures to reveal the effect of
the injection angle of the downstream backward jet on the evolution of flow structures.

Here, the injection angle of the downstream backward jet ranges from @, =135" to

®pn = 1557 . As the value of @, decreases, the protrusion near the downstream hole

becomes more elongated because of the weakened blockage effect of the backward jet.
Meanwhile, the streamwise extension of shear vortices enlarges and the evolution of flow
structures becomes more unstable with the reduced inclination angle. The wall-normal
momentum of jet flow is enhanced under the case with a small inclination angle of the
downstream backward jet, leading to an intensified penetration of the coolant jet into the
mainstream. The significant penetration of the jet results in the breaking up of flow struc-
tures and the generation of disordered streaks. As aforementioned, the interaction among
streaks strengthens the momentum and heat transport, causing the instability of the cool-
ant film.

(O 0 00005 0,001 00015 0002 0.0025 0.003 00035 0.004 00045 0.005

a

Figure 11. The overhead view of instantaneous coherent structures at the instant of t=6.0z, with

various inclination angle of downstream backward jet «, -

To further analyze the influence of the inclination angle of the downstream backward
jet on flow characteristics, Figure 12 displays the distributions of time-averaged spanwise
vorticity @, inthe mid-span plane with various injection angles of the downstream back-
ward jet. According to Figure 12, the obvious shear layer forms in the region between
upstream and downstream rows (x =0-5D) because of the strong shear effect between
the mainstream and the jet. In addition, in the case of @, =155, a significant backflow
zone occurs just at the rear of the downstream hole. The strong backflow makes the cool-
ant film attach closely to the bottom wall, enhancing the film-cooling performance.
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However, the backflow becomes weak and the lift-up of the coolant jet is obvious as the
inclination angle of the downstream backward jet decreases.

[0 -1 -08-06-04-02 0 02 04 06 08 1
15-:1“‘“,,“:155"
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10 -5 0 5 x{f’?:) 15 20 25 30
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Q 3 ‘down
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0, =140°
S
0
2 - 0
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01 - 0
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Figure 12. The distributions of time-averaged spanwise vorticity @, in the mid-span plane with

various inclination angles of downstream backward jet «, -

Accordingly, the distributions of non-dimensional temperature 6 in the mid-span
plane with the inclination angle of the downstream backward jet ranging from o, -135°
to 4, -155° aredepicted in Figure 13 to illustrate the effectof ~, , on the covering of
the coolant film. Although the streamwise extension of the coolant layer is enhanced by
reducing the value of »,  , the adhesion of the coolant layer to the bottom wall becomes
poor. This is mainly because the jet penetration into the mainstream is significant in the

case of a small inclination angle of the downstream backward jet, causing the instability
of the coolant layer and poor performance of film cooling.
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Figure 13. The distributions of non-dimensional temperature 6 in mid-span plane with various
inclination angles of downstream backward jet «, .
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Film cooling effectiveness 1, given as 7= (Tw -T, )/ (Tw -Tj), is utilized to quanti-

tively exhibit the performance of film cooling. Figure 14 shows the comparisons of (a) the
laterally averaged film cooling effectiveness ; on the bottom wall and (b) area-averaged
film cooling effectiveness ,__ _ ~ with various inclination angles of the downstream
backward jet , . As illustrated in Figure 14a, the value of ; in the region between

upstream and downstream rows (x=0-5D) is improved under a large inclination angle
of the downstream backward jet (o, - 155°), while it is reduced sharply just behind the
downstream hole, x=5-12D. And then, a gentle reduction of ; is shown in the down-
stream region (x>12D) mainly due to the interaction among streaks. In the other cases
with smaller inclination angles of the backward jet, the jet with large wall-normal momen-
tum penetrates violently into the mainstream, making the coolant film detach from the
bottom wall, which lowers the value of ;. It seems that the performance of film cooling
with 4, —155° is the best among the investigated cases of this study. This is fully
demonstrated by the results of area-averaged film cooling effectiveness ,__ . (Figure
14b). The value of

downstream backward jet », . Note that the value of

generally decreases with a reducing inclination angle of the
is 0.1746 in the case of

a,,,, =155°, which is almost the same as that of o, -150°. The value of

Tlarea_ave

Tlarea _ave
Tlarea7 ave 18

0.1749 under ,, -150°. This special phenomenon may be concerned with the evolution
of flow structures.
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x'D
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Figure 14. The comparisons of (a) the laterally averaged film cooling effectiveness ; on the bottom
wall and (b) area-averaged film cooling effectiveness 5 _ .~ with various inclination angles of

downstream backward jet «, -

To further study the influence of ~, , on the performance of film cooling, Figure
15 displays the laterally averaged value of the root mean square (RMS) of temperature
Tms oN the bottom wall with various inclination angles of the downstream backward jet

a,,., - The large value of T,,. indicates the intensive fluctuations of the bottom wall’s

temperature, which has an adverse impact on the performance of film cooling. Generally,
the fluctuation of the bottom wall’s temperature becomes strong as the inclination angle
of the downstream backward jet reduces. The value of T,.. with alarge inclination an-
gle of the downstream backward jet («,, - 155°) remains small, except for the region just
behind the downstream film cooling hole (x=5D-8.5D ), in which the strong backflow
occurs. The results reflect that the fluctuation of the bottom wall temperature is weak in
the case of a large inclination angle of the downstream backward jet (o,  -155°).

0.15

0 5 10 15 20 25 30
x/D

Figure 15. The comparisons of root mean square (RMS) of temperature T,. on the bottom wall with

various inclination angles of downstream backward jet «,,, -

5. Conclusions

In this present work, a verified in-house STLBM-GPU solver is utilized to investigate
the spatiotemporal evolution of the flow structures and the coolant coverage in double-
row film cooling with upstream forward jets and downstream backward jets. The effect of
the inclination angle of the downstream backward jet is the focus. The main conclusions
are drawn as follows.

The mixing between the downstream backward coolant jet and the mainstream leads
to a special evolution of flow structures. A sand dune-shaped protrusion occurs above the
downstream hole and large amounts of streaks turn out in the downstream region. The
interaction among flow structures causes the generation of anti-CVP. The downwash mo-
tion of anti-CVP makes the core of the backward jet adhere closely to the bottom wall.
However, the core of the forward jet keeps away from the bottom wall due to the CVP’s
entrainment. Meanwhile, the downstream development of the jet with backward injection
is less smooth than that of the forward jet.

The injection of the backward jet significantly influences the coolant coverage. The
results indicate that the injection of the backward jet strengthens the heat removal from
the bottom wall and prevents the coolant jet from developing downstream. In addition,
the downwash motion of anti-CVP improves the coolant coverage in a lateral direction
and enhances the stability of the coolant film. Therefore, the lateral coolant coverage is
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improved and the streamwise coolant coverage is reduced due to the injection of the back-
ward jet.

The inclination angle of the downstream backward jet has a marked impact on flow
and heat transfer characteristics. As the inclination angle of the downstream backward jet
is small, the backflow happening in the trailing edge of the downstream hole is weak and
the jet penetration into the mainstream is enhanced, which strengthens the instability of
the coolant film. Hence, the film cooling effectiveness is decreased and the fluctuation of
the bottom wall’s temperature is intensified under a small inclination angle of the down-
stream backward jet.
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