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Abstract

In the present research, the influence of the particle dispersion onto the
continuous phase in film cooling application was analyzed by means of numerical
simulations. The interaction between the water droplets and the main stream plays an
important role in the results. The prediction of two-phase flow is investigated by
employing the discrete phase model (DPM). The results present heat transfer
characteristics in the near-wall region under the influence of mist cooling. The local
wall temperature distribution and film cooling effectiveness are obtained, and results
show that the film cooling characteristics on the downstream wall are affected by
different height of surface deposits. It is also found that smaller deposits without
mist injection provide a lower wall temperature and a better cooling performance.
With 2% mist injection, evaporation of water droplets improves film cooling
effectiveness, and higher deposits cause lateral and downstream spread of water
droplets. The results indicate that mist injection can significantly enhance film
cooling performance.
Keywords: film cooling; injection; mist cooling; deposition; water droplet; thermal

barrier coating

NOMENCLATURE
d Slot width. m
h Heiaht of deposition. m
M Blowina Ratio. =p iVi/p «V«
T Temperature, K
X.V.Z Local coordinates. m



Greek svmbols

n Adiabatic film coolina effectiveness. =(Ti-Taw)/( Ti-Ti)
Subscripts
aw Adiabatic wall

i Mainstream flow

i Coolant iet



1 Introduction

In order to maintain high thermal efficiency and high power output, Benini [1]
indicated that modern gas turbine engines should operate at high temperatures
(1200-1600°C). Since such temperatures are much higher than the allowable metal
temperatures, it is necessary to cool the turbine components for the safe and durable
operation. In order to cool the turbine blade internally and externally, the coolant air is
usually extracted from the engine compressor. Polezhaev [2] presented that the
transpiration gas-cooled blade concept had demonstrated its ability to provide
protection from high temperatures. Hao et al. [3-5] numerically analysed uncoupled
thermoelasticity using the Discontinuous Galerkin (DG) finite element method and
presented an unconventional formulation for conjugate heat transfer (CHT) problems
in gas turbines.

Air film cooling is nowadays commonly employed for the external turbine blade
cooling. Discrete holes or several rows of holes with different shapes and inclination
angles were investigated in the film cooling technology. Maiteh and Jubran [6]
indicated that a favourable pressure gradient reduces the film cooling protection. Koc
et al. [7] found that the film cooling effectiveness of a given curved surface depends
on the optimum selection of the blowing ratio and maximum curvature height. Asghar
and Hyder [8] carried out an analysis of averaged film cooling effectiveness from a
row of semi-circular holes, and they found it is almost similar to that of circular holes.

Bayraktar and Yilmaz [9] found that maximum cooling efficiency is obtained at the



inclination angle of 30° and blowing ratio of 2.0. Shine et al. [10] showed that
increase in the tangential angle may not provide an improvement in film cooling.
However, the air film cooling approaches its limitation. The coolant flow with
water mist injection, also called mist cooling, can enhance the film cooling
effectiveness due to the following mechanisms [11]: the latent heat of droplet
evaporation, direct contact of droplets with the cooling wall and a higher specific heat
of both the water steam and water compared to that of air. Li et al. [12] investigated a
mist/steam slot jet impinging on a concave surface and simulation results showed that
water injection of the 2% coolant flow rate can enhance the adiabatic cooling
effectiveness for about 30-50%. Recently, Dhanasekaran and Wang [13,14] revealed
the phenomenon of mist secondary flow interaction at bend portion and also
performed simulations on both stationary and rotating turbine blades. Jiang et al.
[15,16] investigated the effect of various parameters, including mist concentration,
droplet diameter (5um, 10um and 15um) and different particle-wall interaction
conditions on the improvement of cooling performance. In order to evaluate cooling
enhancement, conjugate simulation for the C3X gas turbine vane with leading film
holes was also carried out by them. Now scholars point potential merit out in injecting
mist into the film-cooling flow, although there are existing problems, such as erosion
and corrosion of the turbine components. Mohapatra and Sanjay [17] focused on the
comparison of impact of vapour compression and vapour absorption cooling
integrated to a cooled gas turbine, and the two methods of inlet air cooling improve

the efficiencies of gas turbine cycle by 4.88% and 9.47%, respectively.



For a typical gas turbine, components operate under high temperature, high
pressure and high velocity. The harsh environment causes thermal oxidation and
surface deterioration, thus reducing component’s life. Deposits are formed by various
contaminants present in the combustion gases and tend to adhere to surface region
around the film cooling holes due to the lower wall temperature in this region. Part of
deposits can detach from the surface, peeling off the thermal barrier coating (TBC).
Hence, it is important to understand the effect of surface deposition on the
performance of film cooling. Bohn and Krewinkel [18] investigated the effect of
oxide formation on the cooling effectiveness. They found that the effects of the
oxidation on the cooling effectiveness seem to be minimal for the different blowing
ratios and that the oxidation layer shows significant influence on the flow field both in
the cooling holes and on the plate. Sundaram and Thole [19] indicated that deposits
near the hole exit can sometimes improve the cooling effectiveness at the leading
edge, but with increased deposition height the cooling deteriorates. Ai et al. [20,21]
studied deposition in an accelerated test facility with finely ground coal ash
particulates at 1180°C and 180 m/s. In addition, hole spacing influence on the
deposition was studied. Sundaram et al. [22] showed a systematic study of factors
affecting the delamination energy release rate. They found that transient thermal
gradients induce stress gradients through the coating and substrate. Kistenmacher et
al. [23] investigated film cooling effectiveness with a thermal barrier coating and

deposition in a realistic trench configuration. The results showed that this



configuration was more prone to deposition within the trench, although the trench
designs are more helpful to reduce the deposition formation than the round holes.

Since there is almost no literature reporting effects of TBC surface deposition
on the film cooling with water droplet injection, present results from the 2D model are
compared with the 2D cases without deposition from [12]. Additionally, this work
investigates the deposition effect on the film cooling. Moreover, 3D models are also
employed to give detailed insights into observed phenomena. Finally, for both 2D and
3D models with mist injection the adiabatic film-cooling effectiveness with different
deposition height is investigated.
2 Numerical model and validation

In order to investigate the film cooling effectiveness, both 2D (two-dimensional)
and 3D (three-dimensional) meshes are used in numerical simulations as shown in
Figure 1. The computational domain is 80dx20d and the 2D model has a slot width
(d) of 4mm. The slot is positioned 60d from the exit of the mainstream and vertical
height of the jet hole is 1.74d. An inclined angle (o) of 35° is here considered having
the optimal value according to [24,25]. A curved cross section is used as an
approximation of TBC surface deposition of various heights (0.4h — 0.8h). The
streamwise deposit length (w) was 2d for all simulated cases. In the case of 3D model,
the domain has a lateral depth of 8d and diameter of the film hole is 8 mm (2d).
Similar configurations can be found in [12]. Different curved cross sections
representing deposits are used with a varying height of 0.4d, 0.6d and 0.8d. The

commercial computational fluid dynamics software ANSYS 15.0 was employed for



numerical calculations. The simulation uses the segregated solver, which employs an
implicit pressure-correction scheme. The pressure and velocity were coupled by the
SIMPLE algorithm. Discrete phase model (DPM) was used to investigate interaction
with continuous phase, where DPM sources are updated every iteration. A
second-order upwind scheme was used for spatial discretization of the convective
terms and species. The Lagrangian trajectory calculations were adopted for modelling
the dispersed phase of droplets, while the impact of the droplets on the continuous
phase was handled through the source terms of governing equations. Based on the
literature [12], the standard k-& turbulence model with enhanced wall treatment was
used, since it is considered as one of the most robust turbulence models for film

cooling flow.

Fig. 1 Computational domain and hole configurations for 2D and 3D



2.1 Continuous phase (air/steam)

In the present study, the standard 2D/3D, time-averaged, steady-state
Navier-Stokes equations as well as equations for mass, energy, and species transport
are solved. The governing equations of mass, momentum, energy, turbulent Kinetic
energy and turbulent energy dissipation rate are presented as follows:

Continuity equation:

0
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where Sp is the mass added to the continuous phase from the dispersed second phase and
any user-defined sources, Fj are external body forces, .« is the viscous dissipation, A
is the thermal conductivity, G is the generation of turbulent kinetic energy due to the

mean velocity gradients, while Gy is the generation of turbulent kinetic energy due to
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buoyancy. Ywm is the contribution of the fluctuating dilatation in compressible turbulence
to the overall dissipation rate. Terms puu’ , pc uT', «¢ and ; represent Reynolds

stresses, turbulent heat fluxes, turbulent viscosity and the stress tensor, as follows:
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The model constants have the following default values according to [26]:
[C...C,..C,.0,.0, |=[1.44,1.92,0.09,1.0,1.3]
2.2 Discrete phase (water droplets)
Since the droplets in the airflow are subject to inertia and hydrodynamic drag,

their acceleration is calculated according to Newton’s second law:

dv,
mpE:Fd+Fg+FO, (10)
where v, is the droplet velocity vector, Fq is the drag of the fluid on the droplet, Fy is the
gravity and F, represents the other forces, such as virtual mass force, thermophoretic
force, Brownian force, Saffman’s lift force etc.

First, the droplet is evaporated as a result of high-temperature or low-moisture
partial pressure, and then vapour diffuses into the mainstream and transports away. The

rate of vaporization is controlled by the concentration difference between the surface and

the airstream, and the mass change rate for the droplet can be formulated by:
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dm )
- =md’k(C,~C,) (11)

where k¢ is the mass transfer coefficient and Cs is the vapour concentration at the
droplet surface, when it is assumed that the flow over the surface is saturated. C« is the
vapour concentration of the bulk flow and it is solved by the transport equations. More
details can be found in [12, 27, 28].

2.3 Boundary conditions

For simulations without mist injection, the mainstream is assumed to be dry air and
the jet flow is saturated air. Inlet flow velocity and temperature distributions are uniform.
The inlet velocities of both the mainstream and the jet are 10 m/s, and the corresponding
temperature values are 400 K and 300 K. To analyse the film cooling effectiveness,
adiabatic boundary condition was imposed on the bottom wall. The main boundary
conditions are presented in the Table 1.

For the mist cooling simulations, water droplets are uniformly injected into the jet
parallel to the slot/hole centreline. The mist evaporation in the mainstream is strongly
affected by the droplet size. Since Li and Wang [29] showed that injecting 2-10% mist
reduces the heat transfer coefficient and the wall temperature, uniform droplets with the
size of 10 um are used to investigate the effect on film cooling performance in the
present research. Considering the 2D/3D case, the droplet flow rate is 3.5x10™* kg/s. The
injection rate at each location is 1.4x107° kg/ s for 2% injection (2D cases) and more
details can be found in [12].

Table 1 Boundary conditions

-12-



Zone Type Value
10 m/s, 400 K,
Mainstream Velocity-inlet
DPM: escape
10 m/s, 300 K
Jet flow Velocity-inlet
DPM: escape
Outlet Pressure-outlet 0 Pa, 400 K,

Droplet injection

Top wall
Bottom wall

Side wall

No-slip
No-slip

Symmetry

Size: 1e-5m, 300 K

Flow rate: 3.5e-4 kg/s

/

2.4 Meshes and convergence

Structured grids are used for 2D and 3D cases, with denser regions near the jet hole
and the bottom wall compared to those of the outlet and inlet as shown in Fig. 2. A
detailed study of wall grid effect on film cooling effectiveness calculation was shown in
[30] where it was concluded that y* should be kept between 1 and 5. In present research,
the basic model for the 2D case has 13,250 cells and the corresponding y* near the
bottom wall is 1.9. The grid dependence study for different models with 2% mist is
shown in Fig. 3. There is a little impact of the grid resolution on temperature values
perpendicular to the wall surface (Y direction), so the model with 13,250 grid cells was
used to analyse the film/mist cooling effectiveness for the 2D case. Since the number of

cells in the 3D case is more than 1,500,000, no finer grids calculations were attempted.
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Moreover, the 3D case with mist (water droplets) injection and surface deposition has a

value of y+ = 1.

Fig. 2 Computational meshes
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Fig. 3 Grid independence study (2D with 2% mist injection)

The converged results can be obtained by alternating iterations between the
continuous and discrete phase. For the continuous phase, 10 iterations are calculated
after 2 iterations of the discrete phase. Convergence criteria are met when the results
show the mass residual of 103, energy residual of 108, turbulence kinetic residual of 105,

and energy dissipation rate residual of 10“. The average value of the bottom wall
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temperature is also monitored, and the deviation of the value must be less than 1%
(based on inlet temperature values of the mainstream and the jet flow). More than 2000
iterations are necessary for simulation to converge.
2.5 Model validation

The effect of 2% mist injection on temperature distribution at x=0.1m (x/d=25) is
shown in Fig 4. Compared to the reference case of Li et al. [12], the present results for
2D cases, both with and without 2% mist, present a good repeatability. In addition, it
seems that 2% mist injection results have obvious influence on the temperature
distribution over the wall. The adiabatic wall temperature for 2% mist models is
decreased by 15K (inlet temperature difference of 15%). The results indicate that film

cooling effectiveness can be improved significantly by the water mist injection.
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Fig. 4 Model validation (2D with and without 2% mist injection)

3 Results and Discussion

3.1 Temperature distribution
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Figure 5 shows temperature distribution for 2D model with and without mist
injection and surface deposits. The model without mist and deposition shows that film
(air) cooling can provide a wide flow region at low temperature. When 2% mist
injection is concerned, the length of a low temperature zone is extended. In other
words, mist injection improves the film cooling effectiveness. After surface

deposition emerges on the wall the wall temperature distribution is changed by the

corresponding distortion.

wEBELT TTT 11 TN

300310 320 5330 340 350 360 370 380 390

Fig. 5 Temperature distributions for 2D model with and without mist and deposition

(h=0.6d)
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The water droplet trajectories are predicted using a stochastic tracking method
together with the consideration of the turbulent dispersion, as shown in the Figure 6.
Most of the water droplets are brought toward the wall due to the turbulent dispersion,
which causes improvement of the wall cooling effectiveness; some droplets fly into the
mainstream, and they are evaporated due to the high temperature. The jet flow after
surface deposition shows a high capacity to cool a wide wall area. To analyze the effect
of surface deposition on the wall temperature, three different heights of deposition are
simulated. The water droplets will occupy the region immediately after surface
deposition when the deposition height is low (h=0.4d). With increase in the height of
surface deposition, it can be seen that most of the droplet particles fly over downstream
and there is a flow vacuum region after surface deposition. However, the vacuum region
disappears when the deposition height is further increased up to 0.8d. In addition, the
number of water droplets that migrate into the mainstream rises with the increase in the
deposition height. As shown in Figure 6, higher deposition (h=0.8d) shows larger

evaporation rate and cooling area.
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Fig. 6 Particle tracks of water droplets for 3D mist model with different deposition

heights
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Fig. 7 Temperature distributions on three cross-sections for a mist model (h=0.8d)

Temperature distributions on three different cross-sections are shown in the
Figure 7. For a mist model with surface deposition (h=0.8d), first the jet flow

impinges on the surface deposition, and then it flows over the solid wall. Pressure

-18-



from the mainstream causes the jet flow to be pushed towards the wall. It can be seen
that the jet flow extends to the sidewalls and the jet flow further downstream covers a
larger cooling area compared to the zone near the deposition.

To obtain more details of research on mist cooling and deposition influence,
temperature distributions on central cross section for both film cooling and mist cooling
models, with and without surface deposition, are investigated in Figures 8 and 9. For the
model without mist injection, the jet flow over a low deposition (h=0.4d) shows a strong
cooling level. The coverage area is decreasing with the increase in the deposition height.
The cooling capacity of the jet flow is brought down when the jet flow climbs up surface
deposition. Especially in the case of higher deposition (h=0.8d), the jet flow will bend

toward the wall quickly after deposition.

T TT T [ o

3045 310 320 330 340 350 360 370 380 390 385

Fig. 8 Temperature distributions on mid-sections for no mist models with different

depositions
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From Figure 8, it can be found that the smaller deposition for model without water
mist provides a lower wall temperature and a better cooling effectiveness. For the model
with mist, the temperature distribution on the central cross section is shown in the Figure
9. Compared to models without mist injection, water droplets play an important role in
the cooling protection for the downstream solid wall. The water mist is injected from the
jet flow inlet and it enhances film cooling performance. Observing the outlet vertical
direction, it is easy to see that the cooling coverage is increased by more than three times
compared to no-mist cases. For the 0.4d deposition, there are several high temperature
zones downstream. After deposition, the evaporation speed is increased along the flow

direction. The highest deposition (h=0.8d) shows the thickest cooling coverage layer.

T TT T T 1 [

305 310 320 330 340 350 360 370 330 5390 395

----------

Fig. 9 Temperature distributions on mid-sections for mist models with different

depositions
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Figure 10 shows the average area temperature on the downstream wall centreline
for cases with and without mist injection and different deposition heights. Compared to
the cases without surface deposition, the average value of wall temperature for the cases
with deposition is increasing. Surface deposition causes the jet flow to lift off from the
zone near deposition, and the downstream cooling protection is enhanced. So the cooling
range is larger than that without surface deposition. It can be found that both mist
injection and surface deposition result in a temperature decrease on the downstream wall.
In order to improve the cooling performance for the results of 3D models with mist
injection, the average temperature on the downstream wall can be decreased by

increasing the deposition height.

240 325
Average wall temperature Average wall temperature
< =
= [
L = h=0.4d
230 No mist 220 ]
& h=0.8d
R
No mist & 2% mist
Mo depos ition & h=0.84d
2320 | 315
\ 2% mist &
x Mo deposition
210 | ]l 310
] h=0.8d
200 | B oy R \ 208 %
2D model 3D model

Fig. 10 Average wall temperatures on the downstream centrelines for 2D (left) and 3D

(right) models

3.2 Film cooling effectiveness
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To examine the performance of film/mist cooling, the adiabatic cooling

effectiveness 7 is defined as follows:
n=—"——v (12)
(T-T)

where T; is the inlet temperature of the mainstream, T; is the jet flow temperature, and
Taw IS adiabatic wall temperature. The wall adiabatic cooling effectiveness for simulation

models with deposition is given in Figures 11 and 12.

Deposiir O

location \_~ 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.5

Fig. 11 Wall film cooling effectiveness for no mist models with different depositions
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Fig. 12 Wall film cooling effectiveness for mist cooling models with different

depositions

For the models without mist in the Figure 11, there is a zone with high adiabatic
cooling effectiveness on the deposition surface. Moreover, the effectiveness values are
rising significantly with an increase of the deposition height. High values of the adiabatic
cooling effectiveness are falling down after flow passes by surface deposition. When
surface deposition is high enough (h=0.8d), a high cooling protection zone emerges after
deposition surface and a wide coverage area with adiabatic effectiveness values of more
than 0.6 is formed. The lateral adiabatic cooling effectiveness is also enhanced by an
increase in deposition height. That suggests that the cooling level on the solid wall can
be improved by raising the deposition height.

Compared with the air film cooling model, adiabatic cooling effectiveness on the
deposition surface is weakened in the case of mist injection. From Figure 12, the higher
cooling effectiveness appears in the downstream region, and the values are even more
than 0.9. Adiabatic cooling effectiveness with mist injection presents a more powerful
protection than that for the single-phase (air) film cooling. The higher deposition causes
lateral spread of water droplets, so the region near surface deposition shows higher
values of adiabatic cooling effectiveness. When the deposition height is 0.4d, some
regions of low cooling effectiveness emerge. It reveals that these locations are exposed

to the mainstream, and the jet flow cooling doesn’t affect them.
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4 Conclusions

Compared to air film cooling, temperature distribution near the solid wall for the
mist cooling is predicted employing a discrete phase model (DPM). Film cooling
characteristics with mist injection show a better cooling performance. Based on TBC
surface deposition with three different heights, the local adiabatic cooling effectiveness
on the wall has been investigated. Different sizes of deposition play the important effect
on evaporation cooling effectiveness on the downstream wall.

For models without deposition, the adiabatic wall temperature is decreased by an
inlet temperature difference of 15% after 2% mist injection into the jet flow. The results
indicate that film cooling effectiveness can be improved significantly by injecting the
water droplets. Moreover, the length of a low temperature zone is extended.

After deposition is taken into account, the jet flow lifts off from the wall surface,
and the downstream cooling level is enhanced. Without mist injection, the coverage area
is decreasing with increasing the deposition height. In other words, smaller deposition
without mist injection provides a lower wall temperature and a better cooling
performance. With mist injection, water droplets injected from the jet flow inlet enhance
film cooling effectiveness and the higher deposition causes lateral and downstream
spread of water droplets. Moreover, the cooling coverage perpendicular to the wall is
increased by more than three times compared to the cases without mist injection.
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Figures and Table captions

Fig. 1 Computational domain and hole configurations for 2D and 3D
Fig. 2 Computational meshes

Fig. 3 Grid independence study (2D with 2% mist injection)

Fig. 4 Model validation (2D with and without 2% mist injection)

Fig. 5 Temperature distributions for 2D model with and without mist and deposition

(h=0.6d)

Fig. 6 Particle tracks of water droplets for 3D mist model with different deposition

heights

Fig. 7 Temperature distributions on three cross-sections for a mist model (h=0.8d)
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Fig. 8 Temperature distributions on mid-sections for no mist models with different

depositions

Fig. 9 Temperature distributions on mid-sections for mist models with different

depositions

Fig. 10 Average wall temperatures on the downstream centrelines for 2D (left) and 3D

(right) models

Fig. 11 Wall film cooling effectiveness for no mist models with different depositions

Fig. 12 Wall film cooling effectiveness for mist cooling models with different

depositions

Table 1 Boundary conditions
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