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Mist-assisted film cooling has exhibited great potential for efficient cooling of a 
turbine blade. Trench structures can significantly affect the film cooling perfor-
mance of air, while their impact on the adhesion characteristics of the droplets and 
thus the mist-assisted film cooling performance is unclear. This work highlights the 
combination of these two aspects by exploring the improvement of the mist-assisted 
film cooling performance for trenched holes with shaped lips using 3-D computa-
tions. The results show that the upper lip structure plays a significant role in the 
adiabatic film cooling effectiveness, whereas the lower lip structure has little effect 
on it. It is found that the effect of upper lip structure on the adiabatic film cooling 
effectiveness increases with increasing blowing ratio. The Coanda effect makes the 
droplets more attached to the wall of the upper fillet lip structure and upper bevel 
lip structure. Meanwhile, the concentration of mist and the diameter of droplets 
are crucial for significantly improving the adiabatic film cooling effectiveness. In 
general, better adiabatic film cooling effectiveness values are observed for both 10 
μm diameter droplets at a specified concentration of mist and larger concentration 
of mist at a specified droplet size. This work proposes a novel and efficient means 
of enhancing the cooling performance using mist/air mixture and trenched holes 
with shaped lips.
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Introduction

The gas turbine is an advanced and clean energy conversion device, which is widely 
used in various fields, such as energy, transportation, military, etc. One of the most effective 
ways to improve the effectiveness of gas turbine is to increase the inlet temperature. However, 
due to the slow progress in the development of superalloy materials, the high temperature ther-
mal resistance of the vane is limited. The application of advanced film cooling technology helps 
to increase the heat resistance limit of vanes. As is known to all, film cooling technology avoids 
direct contact of hot gas with the turbine blade surface by injecting a layer of coolant along 
the surface [1]. Compared to the fan-shaped hole [2], Y-shaped hole [3], counter-inclined hole 
[4], and round-to-slot hole [5], the trenched hole can be formed by cutting the thermal barrier 
coating, thus avoiding the complicated machining of the blade metal. For the transverse trench, 
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the depth and width of it have a significant impact on the film cooling effectiveness (FCE) 
[6]. The experimental results showed that, compared with a individual jet, trenching holes in 
the trench cannot only reduce the jet momentum at the outlet, but also improve the spanwise 
coverage of the jet. Furthermore, they also noted that the best film cooling performance was 
exhibited when the trench depth was 0.75D. Li et al. [7] compared both experimentally and 
computationally the FCE of three compound angles (0°, 45°, and 90°) of the cooling hole and 
found that it performed best at 45°. Besides the transverse trench, some new trench structures 
have been proposed in recent years. Because of the Coanda effect, the FCE of the fillet trench 
can be improved to a certain extent compared to the transverse trench [8]. Through numerical 
simulation, Zhang et al. [9] found that the trench lip structure has an important influence on the 
FCE. It was found that the upper lip structures had a greater effect on FCE than the lower lip 
structures at the blow ratios studied.

Many previous works show that mixing mist into the cooling fluid can effectively 
improve the FCE. For example, Wang et al. [10] used numerical simulation study the effect of 
film hole blockage on cooling effectiveness in the case of mist cooling. It was found that the 
blockage in the hole will reduce the lateral FCE. It was also pointed out that when the blowing 
ratio is 0.6, the cooling performance can be improved by about 10% by adding 1% mist. Tian 
et al. [11] proposed a new film hole structure. Through simulations, they found that the new 
structure has a wider coverage area than traditional cylindrical air film holes. In addition, for 
the mist cooling, it can also significantly improve the cooling performance. Guo et al. [12-14] 
and Gao et al. [15] investigated the heat transfer process of mist/steam cooling superheated 
wall through experiments, and found that in the straight pipe test section, when 5% mist was 
mixed in the air, 100% of the average enhancement can be obtained, and the local heat trans-
fer strengthening enhancement can reach up to 200%. In the 180° elbow test section, it can 
be found that the heat transfer performance is significantly improved when fine droplets are 
added to the air-flow. Then for the ribbed channel, the addition of droplets reduces the average 
temperature of its inner wall by 71.2 K. Li et al. [16] also numerically simulated the effect 
of mixing mist in the coolant on FCE. They showed blending 2% mist can provide 30-50% 
enhancement. They further set up the model with different settings and compared their effects 
and found that the effect of turbulent dispersion on the cooling of the mist/film is dominant, 
followed by the thermophoretic force and then the Brownian force and Saffman lift [17]. Their 
computations also showed blending 2-10% mist can reduce the heat transfer coefficient and 
provide more uniform wall surface temperature under actual working conditions (15 atm and 
1561 K) [18]. Barrow et al. [19] studied the relationship between the airborne lifetime and the 
maximum time of a droplet in a given environment, based on the settling time of a free-falling 
droplet. Dhanasekaran et al. [20, 21] studied the influence of droplet parameters on the cool-
ing performance under experimental conditions and actual gas turbine operating conditions 
by experiments and simulations, respectively. The results showed that the mist/steam cooling 
technology can achieve an average cooling enhancement of 50-100%. Abdelmaksoud et al. 
[22] numerically studied the effect of adding mist droplets on the FCE of gas turbine vanes 
using a conjugate heat transfer method. The results show that using a uniform droplet size dis-
tribution at the first 40% of the vane height provides significantly better cooling enhancement 
than a non-uniform droplet size distribution. Rao et al. [23] numerically studied the effect of 
droplet parameters on the FCE of a cylindrical hole using a 2-D model. They showed that the 
FCE increases with decreasing droplet diameter when the mass-flow rate of dry air is spec-
ified, while it increases with the increase in the relative humidity of air. Further, conducted 
an experimental study of mist cooling on a flat plate and found that when 2.1% of the mist is 
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added to the air, it can increase the FCE of the flat plate by 26% and can improve the coverage 
in the flow and span directions. Handique et al. [24] performed numerical analysis of flat film 
cooling of air and mist injection from a slot, and investigated the effects of soot deposition 
and cooling slot erosion in the presence of an upstream ramp. Pabbisetty et al. [25] experi-
mentally investigated the effect of blowing ratio on FCE and suggested that cooling air can be 
mixed with an appropriate amount of water mist to enhance FCE. Nirmalan et al. [26] showed 
the mist cooling effect on blades through cascade experiments, which demonstrated that the 
mist can produce up to 0.9 cooling effectiveness in some areas of the blade surface. Zhang  
et al. [27] numerically simulated the effect of mist/air on the cooling structure of a double-walled 
vane. The results showed that when the cooling medium is mist/air, the cooling performance of 
the double-wall structure is significantly improved. Sozbir et al. [28] studied the heat transfer 
mechanism of water mist impingement on high temperature metal surface. They found that the 
heat transfer coefficient of water mist impingement cooling has a similar trend to that of air and 
the heat transfer is significantly enhanced by adding a small amount of water to the air.

From the aforementioned literature survey, it is clear that adding mist to the coolant air 
can improve the FCE of gas turbine vanes. The trenched holes can also effectively improve the 
FCE compared to the cylindrical hole. However, whether the trenched holes with mist added to 
the coolant air can further improve the FCE remains unclear, which is worthy of study. Our pri-
or work investigated the influence of trench and lip using air as coolant [9]. It was found that the 
impact of the upper lip is more apparent than the lower lip structures at different blowing ratios. 
In the present work, the FCE of trenched holes with different lips using air/mist coolant and 
the effect of mist concentration and droplet diameter on the FCE will be systematically studied.

Simulation method

Modelling

The FCE of the hole structures, see also [9], are calculated in this simulation. First, a 
cylindrical film hole (Case 1) is used for comparison. Then, eight different hole structures are 
designed, with fillets and bevels being permutated at the upper and/or bottom of a transverse 
trench (Case 2). Details of the permutation design in these structures (Cases 3-9) are schemat-
ically shown in fig. 1. For the double-curvature (DC) trench (Case 6), the right wall composes 
of two quarter circles, and its edge is set as the origin (X/D = 0). The parameters of the hole 
structures are presented in tab. 1.

Figure 1. Schematic diagram of film cooling holes
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Figure 2 schematically shows the geometry used 
for the calculation. Table 2 lists the boundary condi-
tions. The blowing ratio, M, which is determined by the 
velocities momentum of mainstream and inlet coolant, 
is 0.5, 1.0, or 1.5. The initial temperature and velocities 
of the droplets are the same as the inlet air. The insu-
lated and non-slip boundary conditions of the wall are 
set to calculate the FCE. The outlet pressure is kept at 
1 atm. Since multiple film cooling holes are distributed 

side by side in the actual vane and the jet ejecting 
from a single film cooling hole is affected by the 
adjacent jets, the sidewalls are set to be the transi-
tion period boundary condition. The computation-
al software FLUENT in ANSYS 19.2 is used in 
numerical calculations. The standard model of k-ε 
turbulence with augmented treatment at the wall 
is employed because of its robustness [16]. The 
mainstream Reynolds number based on the inlet 
hydraulic diameter and the inlet velocity is about 
21174 in this study.

Table 2. Boundary conditions
Boundary conditions Parameters Values

Coolant Air/mist
Inlet temperature of mainstream [K] Tg 400 
Inlet velocity of mainstream [ms–1] Ug 10 
Inlet temperature of coolant [K] Tc 300
Mist concentrations [%] m 1, 2, 10
Diameters of droplets [μm] d 1, 10, 20

Figure 3. Grids generated in computing domain

Figure 2. Geometry of numerical model

Table 1. Parameters of  
hole structures

Parameters Value
D 12.7
W/D 2
H/D 0.75
S/D 3
L/D (without trench) 2.25
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Governing equations

The equations of the continuous phase, dis-
crete phase, and stochastic particle tracking in this 
paper can be referred to in our previous work [16].

Verification of grid independence

Figure 3 shows the grids generated in the 
computing domain. The structured grids and the 
unstructured grids (trench area) for Cases 1, 2, 
6, and 9 are generated in the entire computing 
domain. The grid y+ is less than 1.0 to meet the 
requirement of calculation accuracy. Figure 4 
compares the calculations of different grid num-
bers, which shows almost identical distributions 
of η. Therefore, 1.13 million grids will be used 
in the following simulations of this work.

Verification of the numerical method

The simulations of FCE are validated against the experimental work by Guo et al. 
[12]. Figure 5(a) shows the obtained FCE of coolant air with a mist concentration of 7.14% in 
their experiment. It can be found that the present simulations show good agreement with the 
experimental data. The numerical simulation method is verified by further comparing an exper-
imental study of temperature distribution when the coolant air contains 5.7% of mist [12]. As 
shown in fig. 5(b), the simulation results are basically consistent with the experimental data. It 
should be emphasized that DT is the diameter of the horizontal tube, and for the sake of com-
parison, the Fahrenheit temperature used in the experimental study by Dhanasekaran et al. [21] 
is converted to thermodynamic temperature here.

Figure 5. Comparison between present simulation and experimental work

Results and discussion

Effect of blowing ratio on FCE

In this subsection, the diameter of the droplets is 10 μm and the mist concentration 
is 2%. First, the area-average FCE are compared, as shown in fig. 6. A region on the plate 
(1D-35D along X-direction, and –1.5D-1.5D along Y-direction) is used for the calculations. 

Figure 4. Grid independence verification
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The value of Case 1 is lower than those of Cas-
es 2-9 for M = 0.5, 1.0, and 1.5. Figure 7 also 
shows that the value of Cases 1 and 3 decreases 
with an increasing blowing ratio. This is contrary 
to Case 2, which has an increasing value with the 
blowing ratio. When M = 0.5, the FCE differenc-
es for Cases 2-9 are not obvious; as M increases, 
the differences become apparent. This shows that 
from 0.5 to 1.5, the greater the blowing ratio, the 
greater the influence of the lip structure on the 
FCE. Under all three blowing ratio conditions, 
the FCE of Case 3 among Cases 2-9 is the lowest. 
This is because its lip structure severely weakens 
the blocking effect of the trench on the coolant 
flow, making it difficult for the coolant flow to fit 
the cooling wall when its momentum is too large. 

When M = 0.5, the FCE of Cases 4-9 are higher than that of Case 2, showing that the lip struc-
ture favors the improvement of FCE at low blowing ratios. When M = 1.5, the FCE of Cases 2, 
5, and 8 are considerably higher than other cases, showing that when the blowing ratio is high, 
a vertical upper lip structure favors the FCE improvement.

To understand how the effectiveness varies along the X-direction for all the cases, the 
span-wise average FCE are calculated. It can be observed from figs. 6 and 7 that the span-wise 
average and area-average FCE show consistent tendencies. When M = 0.5, the FCE of Cases 
2-9 gradually decrease along the X-direction. When M = 1.5, the span-wise average FCE of 
Cases 2, 5, and 8 first increase and then decrease along the X-direction. Correspondingly, the 
span-wise average FCE of other trench holes first decrease and then slowly increase along the 
X-direction. This shows that the coolant leaves the outlet of the hole and then is pressed by the 
mainstream at the wall. By comparing the span-wise average FCE of Cases 2, 4, and 5 (and 
Cases 2, 7, and 8), it can be seen that the lower trench corner has a negligible impact on the FCE 
of the lip, while the upper lip dominates the performance. 

Figure 7. Span-wise average FCE at different blowing ratios 

Figures 8-10 show the droplet trajectories along the X-direction for 10 μm droplets 
with 2% of mist at M = 0.5, 1.0, and 1.5, with both 3-D and 2-D views. It can be seen from 
them that the trenches have an obvious blocking effect on the droplets coming out of the film 
cooling holes along the mainstream direction, and therefore, making the droplets expand in 
the span-wise direction. From the 2-D view, we can see that when the blowing ratio is 0.5, the 
droplets fit well to the wall. As M increases, the droplets gradually depart from the wall. When 

Figure 6. Area-average FCE at different 
blowing ratios
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the blowing ratio is 1.5, the trenched holes with fillet or bevel upper lip structures (Cases 3, 4, 
6, 7, and 9) and the trenched holes without upper lip structures present the droplet trajectory 
closer to the cooling wall. This is owing to the Coanda effect [29], which describes how a jet 
follows the contour of an adjoining boundary even if they are leaving from the axis of the jet. 
This effect is usually caused by a pressure gradient along the normal direction of the curved 
streamline, where the pressure gradient is proportional to ρV 2/r (r is the curvature radius of the 
surface). Under the influence of this effect, the flow emanating from the film hole is forced to 
adhere to the surface. Subsequently, a slight increase in viscous drag on the coolant, combined 
with fluid entrainment between the coolant and the surface, makes the coolant more inclined 
to move towards the surface [11]. Induced by the pressure gradient in the normal direction of 
the streamline [30], the coolant flow from the trenched holes with upper lip structures fits more 
closely to the wall.

Our previous study [11] has demonstrated the influence of the trench shape on kidney 
vortex by comparing the velocity vector and the vortex structure. So, we do not repeat it in this 
work. The FCE decreases significantly when the droplets are added to the cooling air. This is 
mainly because of the evaporation and heat absorption of the droplets, rather than the change 
of the kidney vortex.

Influences of mist concentration  
and droplet size on FCE

As the fillet trench can full use the Coanda effect by the more closely fit of droplets 
to the wall, and there is also a lack of knowledge of the mist-assisted FCE for fillet trench, 

Figure 8. Droplet trajectories along the X-direction for 10 μm droplets  
with a concentration of 2% at M = 0.5
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Figure 9. Droplet trajectories along the X-direction for 10 μm droplets  
with a concentration of 2% at M = 1.0

Figure 10. Droplet trajectories along the X-direction for 10 μm droplets  
with a concentration of 2% at M = 1.5
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Case 4 is selected to study the effect of mist con-
centration and droplet diameter on FCE in this 
subsection. The span-wise average FCE of Case 
4 for different mist concentrations (2%, 5%, 
and 10%) and droplet diameters (1 μm, 10 μm, 
and 20 μm) at M = 1.0 is shown in fig. 11. For  
X/D > 20, the FCE of Case 4 is divided into 
four groups according to the mist concentration  
(0, 2%, 5%, and 10%). Between 0 to 10%, the 
FCE of Case 4 increases with increasing con-
centration. At the concentration of 2%, the FCE 
with droplet diameters of 1 μm and 10 μm are 
very close and higher than those with a droplet 
diameter of 20 μm. At the concentration of 5%, 
the FCE has the highest value, with a droplet di-
ameter of 10 μm, followed by 1 μm and 20 μm 
droplets. At the concentration of 10%, the FCE at the droplet diameter of 10 μm is higher than 
those at the other two diameters. Under different concentration conditions, the order of FCE 
with the change of droplet diameter is not the same, but it can be still seen that the FCE at the 
droplet diameter of 10 μm has the highest value. Compared to coolant air, the percentage en-
hancement of the FCE for d = 10 μm and 10% of mist is 30-207%. 

The contours of FCE of the fillet trench (Case 4) for different mist concentrations  
(2%, 5%, and 10%) and droplet diameters (1 μm, 10 μm, and 20 μm) at M = 1.0 are shown in 
fig. 12 to examine how the film covers the surface. By comparing the areas with high FCE (ƞ > 
0.75), it can draw a similar conclusion the previous subsection that the FCE of Case 4 increases 
with increasing concentration and the FCE at the droplet diameter of 10 μm has the highest 
value. When the diameter of the droplet is 20 μm, there are more areas with high FCE, because 
the droplets fall on the cooling wall and evaporate.

Figure 11. Span-wise average FCE of Case 4 
for different mist concentrations and droplet 
diameters at M = 1.0

Figure 12. Distribution of 
FCE of the fillet trench 
(Case 4) for different mist 
concentrations and droplet 
diameters at M = 1.0
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Figure 13 shows the trajectories of 
droplets obtained from a method of stochastic 
tracking, which considers the dispersion of tur-
bulence. As expected, the larger the diameter 
of the droplet, the longer the distance reached 
before they completely evaporate. It can also 
be found that the greater the concentration, the 
farther the droplets reach before they disappear. 
This is because, with the same droplet diame-
ter, a higher concentration results in less heat-
ing of a single droplet, and hence it will reach a 
longer distance before completely evaporating.

Conclusion

A 3-D computational investigation on the 
mist-assisted film cooling is implemented for 
several trenched holes. Mist is mixed in the air, 
and the effects of trench lip structure, blowing 
ratio, mist fraction, and droplet size are ob-
served. The major conclusions are summarized 
as follows. The upper lip structure is critical 
for determining the FCE, whereas the lower lip 
structure has little effect on it. In addition, the 

effect of upper lip structure on the FCE increases with increasing blowing ratio. The Coanda 
effect makes the droplets of the upper fillet lip structure and upper bevel lip structure more at-
tached to the wall. The mist fraction and droplet size are two key parameters that significantly 
affect the FCE. In general, better FCE values are obtained for 10 μm diameter droplet at a spec-
ified mist fraction and higher mist fraction at a specified droplet size
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