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Fluid-solid coupling simulation is conducted to investigate the performance of effi-
sion cooling in the real combustion chamber condition of strong rotation and pri-
mary holes. The wall temperature and film cooling effectiveness of different deflec-
tion angle is analyzed. From the results, it is concluded that the performance of
effusion is better than conventional film cooling. The wall temperature and gradi-
ent is lower, the cooling efficiency is higher and the coolant is reduced by 20%, but
pressure loss is slightly increased. The cooling effectiveness decreases behind pri-
mary holes because of local combustion. Comparison with the effect of deflection
angle, the cooling performance of 60 deg deflection angle is best. The coolant is
better attached to the wall downstream when the deflection angle is same as the ro-
tating mainstream. In addition, the effect of deflection angle is not so significant on
the coolant flow rate, but a large negative impact on the pressure loss. Although the
cooling effectiveness of 60 deg deflection angle is highest, the total pressure recov-
ery coefficient is lower. The maximum temperature drops about 70 K and the outlet
temperature distribution trends more consistent. So various factors should be taken
into consideration when designing of deflection angle.

Key words: combustor, effusion cooling, deflection angle, cooling effectiveness,
CFD simulation

Introduction

High temperature rise of combustion chamber is required for the development of mod-
ern aero-engines. This trend results in coolant flow rate reduction used for protecting combustor
liner wall, so the requirement of combustion and cooling air forms a contradiction. There is an
urgent need to adopt high temperature resistant alloy material or an efficient combustor liner
cooling technology. As the development pace of high-temperature materials cannot meet the
needs of aviation engine technology, so the cooling technology is playing an increasingly signif-
icant role in advanced aero-engines.

Today four main cooling systems are implemented to preserve the liner performance:
general film cooling, transpiration, effusion and impingement cooling [1], and the importance of
the cooling has been given more attention. Li ef al. [2] conducted investigations to understand
the characteristics of the flow, combustion, cooling performance and their interaction in an
aero-engine combustor by fluid-solid coupling simulation. Ali et al. [3] elucidated the effective-

* Corresponding author; e-mail: liuxiao_heu@163.com



Liu, X., et al.: Influence of Deflection Hole Angle on Effusion Cooling in a ...
646 THERMAL SCIENCE: Year 2015, Vol. 19, No. 2, pp. 645-656

ness of a cooling system in the protection of combustor walls by numerical simulations in a gas
turbine swirl stabilized combustor. Yu et al. [4] presented the relationship between the angles of
the hole, the orientations of the flow injection and the film-cooling effectiveness in the transition
piece of combustor. The effusion cooling is regarded as one between the general film and tran-
spiration cooling technology, and an effusion cooling system consists of three cooling pro-
cesses: convection cooling on cold-side, the cooling effect inside the inclined holes and film
cooling on hot-side wall surface. Both numerical and experimental investigations on effusion
film cooling have been conducted by many researchers. Andrews et al. [5-7] studied the influ-
ence of cooling hole size, pitch, and inclination angle through a number of experiments. Experi-
mental and numerical investigations were performed on the overall cooling effectiveness by Lin
[8-10]. The test plates had different hole-spacing, different deflection angle, and different incli-
nation angle, and it was mainly focused on studying the influence of hole geometrical parame-
ters and blowing ratio on film cooling. Scrittore e al. [11,12] measured velocity profiles and di-
lution hole injection effect on effusion behavior. They found that blowing ratios had a very low
effect of blowing ratio on cooling performance, the dilution hole injection leaded to an increased
spreading of coolant jets. Goldstein [13] studied the film cooling performance downstream of
one row of holes with 35 deg inclination angle, 45 deg compound angle, and 3d hole spacing.
Ling et al. [ 14] obtained the film cooling effectiveness and heat transfer coefficient in a full cov-
erage film cooling wall with different hole-spacing of 16d to 10d, using the transient liquid crys-
tal technique. Gustafsson et al. [15] investigated the temperature distribution on effusion-cooled
plates with different parameters of temperature ratios, velocity ratios, injection hole-spacing, in-
clination angle, and thermal conductivity of the test plates. Yang ez al. [16] investigated the evo-
lution of the film by many multi-hole arrangements at several blowing ratios. Harrington et al.
[17] studied the effect of the mainstream turbulence on the adiabatic effectiveness of
large-scaled full coverage film cooling plates. Facchini ez al. [ 18] investigated the influence of a
re-circulation area in the mainstream. They obtained that the presence of the re-circulation
leaded to a general reduction of effectiveness.

From the open literatures of effusion cooling, it is found that most of the research re-
sults were obtained from the simplified model (flat plate, uniform hot mainstream and coolant
air). There are big differences in the cooling structure and air-inlet condition between the model
and real combustion chamber, which will have a huge impact on the flow and heat transfer char-
acteristics: (1) the big holes (primary and dilution hole) exist in the combustion chamber and (2)
there is a strong tangential velocity with the effect of swirler. But it generally ignored those ef-
fects in the simplified model. So the current work employed fluid-solid coupling simulation by
FLUENT 12.0 to study the wall temperature and film cooling effectiveness of different deflec-
tion angle on the real combustion chamber condition.

Model description

The governing equations are solved using CFD package ANSYS FLUENT 12.0. The
SIMPLE method was used for velocity-pressure coupling. A second-order discretization
scheme was used to solve all governing equations. This paper adopted Euler method to calculate
gas flow and Lagrange method to calculate discrete phase, when using Lagrange method, time
particle residence time will be solved. In addition, realizable k- model, probability density
function (PDF) combustion model and radiation model were used to calculate chemical reaction
with turbulence.
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Turbulence model

As the simplest “complete models” to predict the turbulent combustion reaction, the
realizable model is widely used in swirl turbulent combustion in the past few years [19, 20], it
has been extensively validated for a wide range of flows. The fundamental equations of realiz-
able k-& model are:

@ +V(pVk)=V(I'\Vk)+G, +G, —pe—Y, +S, (1)
d(pe)
+V(pV€) V(I Ve)+ pC,Se —pC, CSG +S, 2)
ot k+«/$ ’

Combustion model

The hydrocarbon fuel's burning is extremely complex, it is impossible to describe
combustion performance with one particular combustion model, so it is needed to simplify com-
bustion characteristic. At the basic of simple chemical reaction system hypothesis, we ignored
chemical reaction mechanism to calculate combustion flow field. The major researched object is
average-thermal-effect. The fast chemical reaction model which based on simple probability
density function (PDF) has been used to simulate fuel oil burning. To close combustion model-
ing, B function was adopted to describe turbulence fluctuation instantaneous characteristic of
conservation variable mix fraction. The complete chemical reaction equation is:

C,,H,; +3550, —12C0, +115H,0 3)

Under the assumption of equal diffusivities, the species equations can be reduced to a
single equation for the mixture fraction, f. The reaction source terms in the species equations
cancel (since elements are conserved in chemical reactions), and thus f'is a conserved quantity.
While the assumption of equal diffusivities is problematic for laminar flows, it is generally ac-
ceptable for turbulent flows where turbulent convection overwhelms molecular diffusion. The
Favre mean (density-averaged) mixture fraction equation is:

o - - -
_(pf)+v(pvf)zv(ﬂ_tvfj+Sm+Suser (4)

ot o,
The source term S,,, is due solely to transfer of mass into the gas phase from liquid fuel
droplets or reacting particles S,ser 18 any user-defined source term.

In addition to solving for the Favre mean mixture fraction, ANSYS FLUENT solves a
conservation equation for the mixture fraction variance, f'2:

—(Pf’2)+V(pr’2) V[#‘ Vf'2J+C 1 (V)2 =Cyp= f’2+5user )

Oy

where [ = f — f. The default values for the constants o, C,, and C, are 0.85, 2.86, and 2.0, re-
spectively, and S, is any user-defined source term.

The probability density function, written as p(f), can be thought of as the fraction of
time that the fluid spends in the vicinity of the state f. The fluctuating value of £, spends some
fraction of time in the range denoted as Afp(f), takes on values such that the area under its curve
in the band denoted, Af, is equal to the fraction of time that f spends in this range. Written math-
ematically:
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PUA =lim %, (©)

where T is the time scale and 7; — the amount of time that 7 spends in the Af band. The shape of
the function p(f) depends on the nature of the turbulent fluctuations in f. In practice, p(f’) is un-
known and is modeled as a mathematical function that approximates the actual PDF shapes that
have been observed experimentally.

The probability density function p(f'), describing the temporal fluctuations of fin the
turbulent flow, can be used to compute averaged values of variables that depend on f. Den-
sity-weighted mean species mass fractions and temperature can be computed as

5 = j)p(f)qsi (F)f %

Importantly, the PDF shape p(f) is a function of only its first two moments, namely the
mean mixture fraction, f, and the mixture fraction variance, /2. Thus, given ANSYS FLU-
ENT's prediction of fand f'? at each point in the flow field (egs. 4 and 5), the assumed PDF
shape can be computed and used as the weighting function to determine the mean values of spe-
cies mass fractions, density, and temperature.

Radiation model

The discrete ordinate radiation model [21] was used in this work, as it is applicable
across a wide range of optical thicknesses. The model solves the radiative transfer equation
(RTE) for a finite number of discrete solid angles across the computational domain. It also incor-
porates the weighted sum of gray gas model (WSGGQG), in which spatial variation in the total
emissivity is computed as a function of gas composition and temperature. The WSGG is a rea-
sonable compromise between the oversimplified gray gas model and a complete model, which
takes into account particular absorption bands.

Results and discussion

Meshing and model validation

Unstructured tetrahedral meshes were
used for simulation computation by ANSYS
ICEM CFD. The total mesh number of general
film cooling model is 7.0e+06 after grid inde-
pendence analysis. Due to refining of multi
small holes, the mesh number increases to
1.0e+07. Figure 1 shows the tetrahedral
meshes of 2-D view of cross-section for
combustor with effusion cooling. It can be
seen that, near the cooling holes, the grid is re-
fined, there are at least 10 nodes at each hole
for accurate simulation.

In this paper, the experimental data [22] of an annular combustion chamber was used for
model validation. The infrared imaging technique was used for the non-intrusive surface tempera-
ture measurements. Cold (air mass flow 0.24 kg/s, 500 K) and three gas oil ratio (= 0.01950,
0.02600, 0.03308) combustion fields were calculated and compared. The fuel temperature is
300 K and operating pressure is 0.13 MPa. Experiment system and the double swirl annular
combustor geometry (1/24) was shown in fig. 2, the detailed description can be found in [22].

Figure 1. 2-D view of cross-section for combustor
with effusion cooling
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CCD camera | The combustion chamber

Figure 2. Experiment system and the double swirl annular combustor geometry

Under the experimental conditions, the combustion flame considered is a turbulent
diffusion flame. Figure 3 shows the streamlines of particle image velocimetry (PIV) experiment
and different turbulence model. A counter-rotating vortex pair (CRVP) can be easily seen,
which ensures the ignition and flame stability formed in the head zone of the combustor. The
predicted streamlines obtained by k-& model are in good agreement with PIV. Vortex pitch is so
accurate, shoving that simulation of strong rotational flow is pretty well.
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Figure 3. Streamline of PIV experiment and realizable k-s model prediction

Figure 4 shows the profiles of temperature on radial outlet at different gas-oil ratio. It
also shows a very good agreement with the experimental data, which reveals that the general

trend of temperature and combustion products can be predicted correctly by the realizable k-¢
model and PDF combustion.
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Figure 4. Profiles of combustor outlet temperature on radial
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The prototype combustor liner is cooled by the full film from discrete tiny holes with
the average diameter 2 mm. The temperature dependences of the thermal conductivity (1) and
the specific heat capacity (C,) of the solid material were incorporated using polynomial func-
tions, shown in formula (8) and (9):

Ay =9946+00187 —1.489-10°72 +1364-107873 ®)

C, =411222+02937 —2412-10472 +1507-10773 ©)]

The wall temperature was performed using the infrared (IR) imaging technique and the
experimental and simulated temperature contour of general film cooling is show in fig. 5. It is
observed that the temperature distribution and trend of simulation are in good agreement with
the measured ones. High temperature zone appears behind the primary holes, the reason of this
phenomenon is because that any strong injection may penetrate and damage the film. In addi-
tion, the air from primary hole is almost perpendicular to the mainstream, and a re-circulation
zone exists, so the fuel is burning close to the flame tube wall. To aid better comparisons with
different effusion patterns, there are two lines along the middle section (line 1) and the center of
primary and dilution holes (line 2) to study the trend of combustor liner temperature and cooling
efficiency.
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Figure 5. Experimental and simulated temperature contour

Analysis of cooling effect

In general, for effusion cooling, the diameter d is 0.3-0.7 mm, the spanwise direction
ratio P/d is 2-10, the streamwise direction ratio S/d is 2-10, the inclined angle is 20-120 deg [17].
In this paper, the general film cooling with diameter 2 mm was changed into the staggered effu-
sion cooling in the front of flame tube. Figure 6 illustrates this cooling structure. Setting that
when the deflection angle is same as the direction of swirler rotation, the angle is positive. The
size of the inclined effusion cooling wall is 110 x 100 mm (length x width), and the thickness of
wall is 0 =2 mm. The diameter of effusion hole is d=0.7 mm, P/d =8, §/d =5, staggered spacing
H=0.5P. Every effusion hole has an inclined angle of =30 deg with respect to the surface and
the deflection angle of effusion hole is set to be 0, 30, 60, and —60 deg, respectively.
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Figure 7 shows the temperature distribu-
tion of different deflection angles, respectively. —% %@
For general film cooling, the cold air from film 5 ocon }D y ( 2
cooling hole will form a film layer to protect the f?ugziisw f {( xJD_ X % H
wall on hot-side. The temperature near down-  — s
stream of the cooling hole is low, however, the
cooling capacity declines with the increase of 5 '
distance. There is a local high temperature zone
behind the primary hole and it will reduce the \iq N
service life of the flame tube. For the effusion
cooling, the temperature distribution becomes
more uniform. The cooling performance of
60 deg is better than others and the —60 deg is the worst. There is a large temperature gradient be-
hind the primary holes along the axial direction for 0 and —60 deg, but it is still better than the ef-

fect of general film cooling, which means the good cooling performance of combustor liner us-
ing effusion cooling technology.

Figure 6. Structure of effusion cooling
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Figure 7. Temperature distribution of different deflection angles

In addition, the trends of temperature along two lines are shown in fig. 8. It is easily
seen that the temperature at the starting of the wall is low as air inlet, then it starts to rise rapidly
after the primary hole. The 60 deg hole angle model has the best effect, only consider the wall
temperature distribution. According to the conclusion of Gustafsson ez al. [15], the arrangement

of the holes should be more dense to protect the behind primary holes where is the easiest sec-
tion of high temperature.
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Figure 8. Temperature along two lines
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Figure 9 shows the velocity vector diagram of cooling air from one of effusion holes,
which locates at the middle row. The middle part of diagram is velocity vector from internal ef-
fusion cooling hole, the upper part is the cooling air in the channel and the lower part is the film
flow near the flame tube. The flow behavior after each row of the film cooling holes varies a lot
because of geometry. The velocity of 0 deg is highest and the —60 deg is lowest. In addition, the
mainstream direction is clockwise due to the swirler, so the flow from cooling holes deflects a
little to the right. When the velocity is low, the cooling airflow is close to the wall and the deflec-
tion angle is same as the rotating mainstream, the coolant is well attached to the surface down-
stream.
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Figure 9. Velocity vector diagram of cooling air

Total pressure recovery coefficient is generally used to characterize the performance
of the combustion chamber, which is defined as the following formula:
-
Py
where, P; and P, mean the average total pressure in import and export section of combustion
chamber, respectively.

The flow rate of cooling air in prototype combustor liner is 29% and the reconstructive
part (RP) is 4.95% as shown in fig. 10(a). The flow rate of effusion cooling is about 20% lower
than general film cooling. This is because the flow area of inclined holes increases and the direc-
tion of angle is the same as mainstream causing by swirler. That means the combustion air be-
comes more, which will meet the high temperature rise of combustion chamber for the develop-
ment of modern aero-engines. However, the influence of different angle is not so significant.
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Figure 10. Flow rate of cooling air and total pressure recovery coefficient
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Another important factor is total pressure recovery coefficient. The lower coefficient is, the gas
turbine power losses, the fuel consumption rate is higher. The coefficient of prototype combustor
15 93.69% as shown in fig. 10(b), and the reconstructive combustor is lower to 93.36% because of
the longer cooling holes, so the friction loss of boundary layer increases. Although the cooling
performance of 60 deg is best, the total pressure recovery coefficient is lower.

The cooling effectiveness (77) is used to characterize the performance of film cooling.
The 1 is defined as:

T, -T
— m aw 10
=TT (10)

where 7}, is the combustion gas temperature near combustor liner. 7, and T, are the temperature
of the coolant and the temperature of the wall, respectively.

In fig. 11, comparison of cooling effectiveness of four hole angles is shown along the
axial direction. The curve of effectiveness of line 1 forms a M shape. The effectiveness at the be-
ginning of the film is low, since the film is still not fully development and the combustion in the
tube head zone is not sufficient. Then, the cooling effectiveness rises and reaches maximum
when axis locates at 60 mm, just before the primary holes, and keeps at the high value. At the end
of test wall, it goes down rapidly because that there is no cooling holes and the cooling of wall
just depends on the film developed from upstream. For line 2, there is only one different change
behind the primary holes, the cooling effectiveness declines because the film is damaged by the
strong injection, moreover, local combustion also occurs here close to the flame tube wall. Com-
pared with different angles, the cooling effectiveness of the 60 deg achieves higher, which can
protect the inner surface well. Therefore, taking all the factors into consideration, the cooling
performance of 60 deg is best: internal heat convection of hole is enhanced due to the large
length-diameter ratio, which can increase the internal surface area available for heat removal;
the coolant discharged from the holes forms a cooling film, which is well attached to the sur-
faces downstream because of the same direction with mainstream.

e o
@ w0
o o
w ©
T

Cooling effectiveness
o
-~

Cooling effectiveness
o
~

061 0.6f
05¢ 0.5F ;
Primary hole | - 60°
0.4t 04F - 30° _
—A— —60°
0.3} 0.3F —0°
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Axial distance [mm] Axial distance [mm]

Figure 11. Cooling effectiveness along two lines (line 1 — left figure, line 2 — right figure)

Analysis of temperature distribution

Since the different angle of inclination has little effect on combustion field according
to the simulation, it only shows the temperature distribution in middle section and outlet of gen-
eral film cooling and effusion cooling with 60 deg angle of inclination, in figs. 12 and 13.
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Figure 12. Temperature distribution in middle section

N | [ T [ [ il
Temperature 600 650 700 750 800 850 900 950 100010501100
0.07

5 [T General fim cooling Wy 07 S fiusion cooling T
3 | 3z |
o I o
0.05 0.05
0.03F 0.03f
0.01 0.01
[ N Ly

-0.02 0.04

-0.04 002 0 0.02 0.04
Circular distance [m]

0 002
Circular distance [m]

Figure 13. Temperature distribution at outlet

According to the principle of combustion energy conservation, the combustion effi-
ciency is defined as the ratio of the difference enthalpy of import and export and the fuel

enthalpy: . . i
G C (T, —T))-G,C L (T —T}) = GC (TF = T)

G0},

where G means mass flow rate, C, —the means specific heat, g —the means gas, a — the means air,
f—the means fuel, and O 15 [J/kg] — means the low heat value under the reference temperature
(293 K).

M

Due to the amount of cooling air reduces, which will increase the air flow rate from the
swirler, the primary and dilution holes. The main combustion zone moves backward slightly, the
depth of the air jet increases. The maximum temperature drops about 70 K, however, the com-
bustion efficiency slightly increases from 96.07% to 96.26%. In addition, the high temperature
zone near the wall moves to the middle, which protects the combustor liner effectively.
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The maximum non-uniformity coefficient is used in this paper to indicate the non-uni-
formity of outlet, which is defined as the following formula. General requirements: 8, < 30%,

T -T

_ T m,out a,out
I
a,out  Tajin

where m means maximum and a means average.

Outlet temperature distribution trends consistent, but it is more uniform after the dilu-
tion holes because of the increasing combustion and dilution air and the maximum non-unifor-
mity coefficient is 27.93% and 24.67%, respectively. Turbine blades can be better protected in
the uniform temperature distribution in the outlet.

Conclusions

Three-dimensional coupled fluid-solid simulations are conducted to investigate the
performance of effusion cooling in the real combustion chamber condition. The reliability of the
simulation was proved by comparing predicted wall temperature distribution with measure-
ments. The cooling effectiveness of four deflection angle arrangements was investigated and the
conclusions are obtained as following.

e The cooling capacity of effusion is better than general film cooling, what's more, the coolant
flow rate is reduced by 20%, but the pressure loss is slightly increased.

e Due to the strong injection penetrates and damages the film and local combustion occurs, so
the wall temperature increases and the cooling effectiveness decreases behind the primary
holes.

e The cooling performance of 60 deg deflection angle is best. The effect of deflection angle is
not so significant on the coolant flow rate, but a large negative impact on the pressure loss.
The coolant is better attached to the wall downstream when the deflection angle is same as
the rotating mainstream.

e Due to the amount of cooling air reduces, the high temperature zone near the wall moves to
the middle and the maximum temperature drops about 70 K, the outlet temperature
distribution trends more consistent.

Nomenclature

C — specific heat capacity, [Jkg '"K™'] S — streamwise spacing, [mm]

d — effusion hole diameter, [mm] T — temperature, [K]

L,,z — mixture fraction Greek symbols

f — mixture fraction variance

H — staggered spacing, [mm)] 1) — wall thickness, [mm]

k — turbulent kinetic energy, [m*s ] e — kinetic energy dissipation rate, [m’s™]
P — spanwise spacing, [mm] n — cooling effectiveness

p(f) — probability density function A — thermal conductivity, [Wm 'K ']

PDF  — probability density function
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