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Abstract: An experimental and numerical investigation is conducted to study the influence of different
cooling schemes on the wall temperature of the flame tube in a small triple-swirler combustor in this
paper. Two different cooling structures are adopted: the impingement-film and inclined multi-hole
cooling structure (Scheme B, C), and the inclined multi-hole control group (Scheme A). The impact of
parameters including inlet temperature (373–423 K), inlet Mach number (Ma) (0.12–0.18), and fuel–air
ratio (FAR) (0.02–0.03) are discussed. The results show that the wall temperature of the flame tube
rises with the increase in inlet temperature; as the inlet Mach number increases, the wall temperature
(Scheme B, C) of the primary zone goes up and is distributed more uniformly; as FAR rises, the wall
temperature in Scheme C is nearly unchanged, while it is increased in Scheme A and B. For the range
of parameters considered in this study, the lowest wall temperature and the best cooling effect are
observed in Scheme C. The experiment conducted on the impingement-film and inclined multi-hole
structure shows a better cooling effect than that conducted on the traditional inclined multi-hole
structure. Compared with the row number of multi-inclined holes, the diameter of jet hole has a more
significant influence on the cooling effect.

Keywords: inclined multi-hole; impingement-film cooling; triple-swirler combustor; experimental
investigation; wall temperature

1. Introduction

In order to improve the engine thermodynamic performance and reduce pollutant emissions,
multi-swirlers have recently engaged in modern advanced combustors [1–4]. A multi-swirler consists
of several swirlers aligned in the same and opposite directions. The triple-swirler, one kind of
multi-swirler, is very complicated as it features three swirling flow passages. Reduction in emissions
and improvement in combustion performance can be achieved by distributing fuel properly in the
triple-swirler in the combustion process. A typical flow field structure of a triple-swirler combustor is
shown in Figure 1 [5]. The TAPS (Twin Annular Premixing Swirler) and the combustor employed in the
paper are both triple-swirler combustors, and there are certain similarities in the flow characteristics.
The primary zone of the combustion chamber is divided into two parts: the main recirculation
zone, and the pilot recirculation zone. Generally, the flame stability and combustion performance
can be guaranteed by the pilot recirculation zone under small operating conditions, while the main
recirculation zone guarantees combustion performance under high-power conditions [6]. Low emission
of NOx (nitrogen oxides) is a characteristic of the triple-swirler combustor, which requires more air in
the combustion process [7]. Therefore, it is essential to improve cooling designs to keep the temperature
level and thermal gradients in the flame tube within acceptable limits using minimum cooling air.
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imager. The cooling effect can be effectively improved by reducing the spacing of holes and reducing 
the injection angle of holes to keep the film more attached to the wall. The experimental studies by 
Andrews et al. [11–15] provide more detailed information into the inclined multi-hole cooling. They 
found that reducing the hole diameter and increasing the number of holes are beneficial to the 
enhancement of the cooling effect, the ratio of the spanwise spacing to the diameter of holes should 
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obviously better than that of in-line holes. It is beneficial to improve the cooling effect ensuring that 
the spanwise spacing is smaller than the streamwise spacing. Andrews et al. [11–15] also compared 
a high-temperature experiment (Th = 2100 K, Tc = 700 K) and a relatively low-temperature experiment 
(Th = 750 K, Tc = 300 K). It is found that the overall cooling effectiveness under the high-temperature 
experiment is lower due to the high temperature radiation. 
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As shown in Figure 3 [16], the impingement-film cooling structure with an inducting slab is also 
an effective cooling technique. Coolant air from jet holes impinges against the inducting slab, merging 
in the inducting cavity, forming a uniform film at the exit due to the pre-mix of jets in the slots. The 
f-type layout has been used in the combustor liner of the AL-31F engine (see Figure 4), which shows 
an excellent cooling performance. Wei et al. [17] presented that the inducting slab with a triangular 
cross-section slab can reduce the formation of entraining vortices. The inducting slab with a 
triangular cross-section slab shows 85.87% increased higher cooling efficiency than the one with 
rectangular cross-section. Wei and Zhang et al. [18] compared the adiabatic cooling effectiveness for 
t-type and f-type impingement-film cooling experimentally. The results show that the f-type layout 
has a better cooling performance than the t-type layout. The experiments were carried out on 
impingement-film hybrid cooling by Zhang et al. [16] The impingement-film structure shows a 

Figure 1. Typical flow field structure of a triple-swirler combustor.

The effusion cooling is a high-efficiency cooling technology due to the enhancement of convection
heat transfer in the hole, which is shown in Figure 2 [8]. The air coolant engaged in the combustion
operated on the inclined multi-hole cooling structure can be reduced by 40% compared with that
operated on the slot film cooling structure [9]. Gustafsson and Johansson [10] measured the temperature
distribution of the surface of the inclined multi-hole film with an infrared thermal imager. The cooling
effect can be effectively improved by reducing the spacing of holes and reducing the injection angle of
holes to keep the film more attached to the wall. The experimental studies by Andrews et al. [11–15]
provide more detailed information into the inclined multi-hole cooling. They found that reducing the
hole diameter and increasing the number of holes are beneficial to the enhancement of the cooling
effect, the ratio of the spanwise spacing to the diameter of holes should be reduced in order to improve
the cooling effect, and that the cooling effect of staggered holes is obviously better than that of in-line
holes. It is beneficial to improve the cooling effect ensuring that the spanwise spacing is smaller
than the streamwise spacing. Andrews et al. [11–15] also compared a high-temperature experiment
(Th = 2100 K, Tc = 700 K) and a relatively low-temperature experiment (Th = 750 K, Tc = 300 K). It is
found that the overall cooling effectiveness under the high-temperature experiment is lower due to the
high temperature radiation.
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Figure 2. Inclined multi-hole film cooling structure.

As shown in Figure 3 [16], the impingement-film cooling structure with an inducting slab is
also an effective cooling technique. Coolant air from jet holes impinges against the inducting slab,
merging in the inducting cavity, forming a uniform film at the exit due to the pre-mix of jets in the
slots. The f-type layout has been used in the combustor liner of the AL-31F engine (see Figure 4),
which shows an excellent cooling performance. Wei et al. [17] presented that the inducting slab with
a triangular cross-section slab can reduce the formation of entraining vortices. The inducting slab
with a triangular cross-section slab shows 85.87% increased higher cooling efficiency than the one
with rectangular cross-section. Wei and Zhang et al. [18] compared the adiabatic cooling effectiveness
for t-type and f-type impingement-film cooling experimentally. The results show that the f-type
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layout has a better cooling performance than the t-type layout. The experiments were carried out on
impingement-film hybrid cooling by Zhang et al. [16] The impingement-film structure shows a positive
overall cooling effectiveness when Ln/d is eight and Zn/d is 0.5 (see Figure 3). Jambunathan et al. [19]
analyzed the influence factor for a single circular jet impingement experimentally. The result indicates
that the heat transfer coefficient is affected by jet radial length, nozzle-to-plate spacing, and Reynolds
number. An overview is given on the use of several complex multi-swirler devices in gas turbine
combustion by Mongia et al. [20] They investigated the impingement-film cooling scheme in an annular
combustor liner, which is shown in Figure 5 (numbers in the picture represent the percentage of
coolant). The research indicates that a higher fraction of the cooling air and a higher convection velocity
creates an additional shear-layer to complete combustion without creating hot-streak on the liner walls.
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The inclined multi-hole cooling structure has the advantages of high cooling efficiency and
low consumption of cooling air. However, the overall cooling effectiveness of the first four rows is
relatively low because of the existence of the pileup effect of the film. The flame tube of the small
triple-swirler combustor has the characteristics of small structure size and short continuous surface.
Hence, the advantages of the multi-inclined-hole cooling structure are not obvious. Sufficient Reynolds
number must be guaranteed when the impingement-film cooling technology is introduced. However,
Reynolds number is determined by the actual cooling air, which is limited by the pressure difference
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between the inside and outside of the flame tube. Therefore, to combine the advantages of both
cooling structures, a hybrid cooling structure with the impingement-film and the multi-inclined holes
is proposed, which is the novelty of this work.

The paper is organized as follows: Section 2 presents the model of the small triple-swirler
combustor and the structural parameters of the three cooling schemes. Section 3 shows the research
methods including the experiment methods and the numerical simulation methods. Section 4 presents
the analysis of the experimental results and the comparison of the three schemes. Section 5 presents
the conclusions and makes a comparison with other previous works.

2. Flame Tube Model and Cooling Structure Layout

The combustion chamber model in this study is shown in Figure 6. The triple-swirler is shown in
Figure 7, which consists of an inner swirler, an intermediate swirler (radial), an outer swirler (radial),
a primary venturi, a secondary venturi, and a flare.
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In order to protect the flame tube, two cooling structures are adopted. The inclined multi-hole
cooling structure is employed in Scheme A (see Figure 8). The impingement-film and inclined
multi-hole cooling structure is used in Scheme B (Figure 9) and Scheme C (Figure 10). Scheme A, and B
share the same cooling structure of the flame tube head as Scheme C. Furthermore, 30◦ multi-inclined
holes and straight holes are adopted and the diameter of all the holes is 0.8 mm, as shown in Figure 11.

The inclined multi-hole structure in Scheme A is shown in Figure 8. The cooling structure of the
primary zone and the dilution zone is designed with the same geometric parameters. Based on the
research of Andrews et al. [11–15], the corresponding geometric structure is selected. The specific
geometric parameters are shown in Table 1.

The impingement-film and inclined multi-hole cooling structure in Scheme B is shown in Figure 9.
Considering the effective length of the impingement-film and the limitation of the geometric dimensions
of the flame tube, two rows of jet holes are arranged on the wall of the primary zone and the dilution
zone, and several rows of multi-inclined holes are arranged upstream of the inducting slab, respectively.
According to the results of the references [16–18], an inducting slab with triangular cross-section is
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adopted, and the leading edge of the inducting slab is streamlined. The specific geometric parameters
are shown in Table 1.

The impingement-film and inclined multi-hole cooling structure in Scheme C is shown in Figure 10.
The diameter of jet holes in Scheme B is adjusted from 1.0 to 1.6 mm, which is different from Scheme C.
In order to ensure the same coolant mass flow rate per unit area, the number of rows of multi-inclined
holes is decreased appropriately and one row of multi-inclined holes is removed upstream of the third
and the fourth inducting slab, respectively, as shown in Figure 10.
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Table 1. Geometric parameter of cooling schemes.

Scheme Cooling Structure Symbol Value

A Inclined multi-hole

Dm (mm) 0.5
Xn 8
Yn2 3
α 30◦

B

Impingement-film

Dj (mm) 1
Yn1 2
Zn 0.5
s/l 0.5

Inclined multi-hole
Dm (mm) 0.8

Yn2 4
α 30◦

C

Impingement-film

Dj (mm) 1.6
Yn1 2
Zn 0.5
s/l 0.5

Inclined multi-hole
Dm (mm) 0.8

Yn2 4
α 30◦
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3. Methodology of Experiment and Numerical Simulation

3.1. Experiment Methods

3.1.1. Experiment System

The schematic diagram of the experimental setup is depicted in Figure 12. The combustion
chamber in the experiment is the unit structure of the real combustor, which is shown in Figure 13.
The equivalent ratio of the primary zone of the combustor is 0.9:1, referring to the combustor designed by
Guoyu Ding [1–3]. The experiments were conducted with a single screw air compressor, the maximum
volume flow rate of which is 300 m3/h (about 0.07 kg/s). An electric heater with a rated power of
200 KW was employed to heat the air. The volume flow rate of hot gas was measured by a vortex
flowmeter. Aviation kerosene was supplied to the nozzle through a pressure gauge, a flowmeter, and a
filter. The filtration accuracy of the fuel filter is 10 µm. A centrifugal nozzle is used with a spray angle
of 80◦. The inlet temperature and the wall temperature were measured by K-type thermocouples,
while the outlet temperature was measured by B-type thermocouples for high temperature. The output
signals from the thermocouples were collected by a NI PXIe-1082 data acquisition system.
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Figure 13. A photograph of the combustor.

The schematic diagram of the temperature measuring points is shown in Figure 14. Two columns
of thermocouples are aligned along the streamwise direction. The schematic diagram of outlet
temperature measurement points is shown in Figure 15. The outlet temperature T4 is the average value
of all the 12 points. The experimental uncertainties are summarized in Table 2.
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Table 2. Uncertainties of measured parameters.

Parameter T(K) ∆T(K) ∆T/T(%)

T4 1144–1512 ±(2.86–3.78) ±0.25
T3 373–423 ±(1.87–2.12) ±0.5
Tw 392–562 ±(1.96–2.81) ±0.5

3.1.2. Test Conditions

The test conditions are shown in Table 3. The range of the Mach number of the combustor inlet
is 0.12~0.18. The range of fuel–air ratio (FAR) is 0.02–0.03. The range of the inlet temperature T3 is
373–423 K. The inlet Mach numbers of the no.1 and the no.4 experimental condition are different due to
the difference in the inlet temperature. The no.1 experimental condition shares the same inlet velocity
with the no.4 experimental condition.

Table 3. Test conditions.

No. T3 (K) V(m/s) Ma FAR

1 373 70 0.18 0.03
2 423 50 0.12 0.03
3 423 70 0.17 0.02
4 423 70 0.17 0.03

3.1.3. Parameter Definitions

The wall temperature along the streamwise direction, Ti, is defined as the average value of
temperature measured at two points a and b (see Figure 14):

Ti =
Tai + Tbi

2
, (1)

where i is the ith measuring point.

3.2. Numerical Simulation Methods

3.2.1. Meshing

The grid of the calculation model is shown in Figure 16. The structured grid is adopted in the head
of the flame tube, the primary zone, and the dilution zone. While the unstructured tetrahedral grid is
used in the triple-swirler and the surrounding fluid domain due to the complexity of the structure.
The wall temperature of the flame tube is related to combustion, while the flow field has a great
influence on combustion. Therefore, the flow field structure is used to verify the grid independence.
Figure 17 shows the zero-velocity line of the calculation model calculated under different grid numbers
and the grid with about 5.6 million cells is selected. The range of y+ is controlled between 20–60,
which is shown in Table 4.

3.2.2. Calculation Methods and Boundary Conditions

The three-dimensional simulations were performed using the commercial CFD (Computational
Fluid Dynamics) software package FLUENT. The standard k-ε model with the standard wall function
is selected for the turbulence model.

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂
∂x j

[(
µ+
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σk

)
∂k
∂x j

]
+ Gk + Gb − ρε−YM + Sk, (2)
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where Gk represents the generation of turbulence kinetic energy due to the mean velocity gradients,
Gb is the generation of turbulence kinetic energy due to buoyancy, YM represents the contribution of
the fluctuating dilatation in compressible turbulence to the overall dissipation rate, C1ε, C2ε, and C3ε

are constants. σk and σε are the turbulent Prandtl numbers for k and ε, respectively. Sk and Sε are
user-defined source terms.
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Table 4. Y+ value in computational grid.

Position Range of Y+ Value

Flame tube wall 30–50
Triple-swirler 20–60
Primary hole 20–40
Dilution hole 20–40

The numerical simulation of turbulent combustion is performed by applying the probability-
density-function models (PDF) to non-premixed flames. As there are fuel particles inside the combustion
chamber, the P1 radiation model is employed, and the wall emissivity is set to 0.8. The discrete phase
model is adopted to simulate the gas–liquid two-phase flow. FLUENT predicts the trajectory of a
discrete phase particle by integrating the force balance on the particle, which is written in a Lagrangian
reference frame. This force balance equates the particle inertia with the forces acting on the particle,
and can be written as

d
→
up

dt
=

→
u −

→
up

τr
+

→
g
(
ρp − ρ

)
ρp

+
→

F (4)
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where
→

F is an additional acceleration (force/unit particle mass) term, τr is the droplet or particle
relaxation time,

→
u is the fluid phase velocity,

→
up is the particle velocity, ρ is the fluid density and ρp is

the density of the particle.
Incompressible ideal gas is used as the working fluid. The inlet boundary condition is defined as

velocity inlet, while the outlet boundary condition is defined as pressure outlet. As the real combustion
chamber is a multi-head annular combustor, two lateral planes are periodic and non-slip condition is
employed along all other walls. The three schemes share the same coolant mass flow rate per unit
area (MPA), and the overall coolant flow rate does not exceed 25% of the total flow of the combustor.
The other boundary conditions are listed in Table 5.

Table 5. Boundary conditions (numerical simulation).

Inlet Velocity Inlet Temperature Outlet Pressure FAR

70 m/s 423 K 1 atm 0.03

3.2.3. Validations

As shown in Figure 18, the direction along the wall surface of the flame tube is chosen as the x axis
direction. The center line of the primary holes is located at x = 43 mm, and that of the dilution holes is
located at x = 74 mm. In Scheme C, the numerical results are compared with that of the experimental
results (see Figure 19). The curve of the numerical simulation results almost coincides with that of
the experimental data in the primary zone, while the wall temperature of simulation is higher in the
dilution zone. The maximum error between the numerical simulation and the experiments does not
exceed 13%.
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4. Results and Discussion

4.1. Scheme A Result Analysis

The experimental wall temperatures in Scheme A are shown in Figure 20. Measuring point
one is downstream of the third row of multi-inclined holes and directly facing the combustion core
area, resulting in a high wall temperature of the flame tube. With the growth of film formed by the
outflow from multi-inclined holes, the wall temperature of the subsequent area declines. The outflow
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of primary holes and dilution holes would cause damage to the near-wall flow field, which leads to
an increase in the turbulence of the wall-attached airflow. Thus, the wall temperature is significantly
increased due to the damage to the film. Then, the wall temperature decreases gradually due to the
coverage of the film after the dilution holes.
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The wall temperature of the flame tube increases with the inlet temperature. The increase in the
inlet Mach number leads to an increase in the amount of cooling air. Therefore, the cooling effect has
been improved in the first few rows of multi-inclined holes, and the wall temperature is also decreased
to a certain extent in the dilution zone. Comparing the no.3 and the no.4 experimental conditions,
the wall temperature of the flame tube is, on the whole, slightly increased with the FAR.

4.2. Scheme B Result Analysis

The wall temperature distribution in Scheme B is shown in Figure 21. The wall temperature of
measuring point one and two are relatively low due to the protection of the upstream airflow from
multi-inclined holes (see Figure 14). Measuring point three has a low temperature as a consequence
of the effect of impingement-film cooling. A high wall temperature of the flame tube is observed at
measuring point four since the location directly faces the combustion core area and is far away from
the jet holes. The wall temperature shows a slightly upward trend in the dilution zone because of the
decrease in the cooling air along the way.
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Figure 21. Wall temperature in Scheme B (experimental data).

Comparing all the test conditions, some conclusions are summarized as following. The temperature
of the flame wall increases with the inlet temperature by 50 K on average. The actual fuel supply
increases with the inlet Mach number and the wall temperature increases to a certain extent in the
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primary zone. The wall temperature of the flame tube is increased by about 17 K on average with the
increase in the FAR.

4.3. Scheme C Result Analysis

4.3.1. Outlet Temperature

Since the cooling structure in this study has little impact on combustion performance, the outlet
temperatures of each test condition in Scheme C are listed to represent the performance of the
combustion chamber, as shown in Table 6. With the increase in inlet temperature, inlet Mach number,
and FAR, the outlet temperature of the combustion chamber shows an upward trend. The minimum
temperature rise of the combustor is 721 K and the maximum is 1089 K in the parameter range.

Table 6. Outlet temperature (experimental data).

No. T3(K) Ma FAR T4(K) ∆T(K)

1 373 0.18 0.03 1329 956
2 423 0.12 0.03 1330 907
3 423 0.17 0.02 1144 721
4 423 0.17 0.03 1512 1089

4.3.2. Wall Temperature Analysis

The experimental wall temperature distribution and the numerical simulation results are shown
in Figures 22 and 23, respectively. The wall temperature in the primary zone is lower than that in the
dilution zone and the temperature distribution is more uniform. Due to the combined effect of the
cooling air and the outflow from the outer swirler, the wall temperature does not exceed 500 K in
the primary zone. In the dilution zone, due to the lack of the protection from the upstream coolant,
hot spots exist and the local temperature exceeds 580 K. As a consequence, the overall cooling effect of
the combustor can be improved by increasing the proportion of coolant air in the dilution zone properly.

The wall temperature shows an upward trend with the increase in the inlet temperature. On the
one hand, the quality of coolant air decreases when the inlet temperature increases. On the other
hand, the vaporization and atomization effect of kerosene is enhanced, and the chemical reaction is
accelerated, which leads to an increase in the combustion efficiency. The actual fuel supply and the fuel
heat release are increased due to the increase in the inlet Mach number, which leads to a certain increase
in the temperature in the primary zone. Comparing the no.3 and the no.4 experimental conditions,
i can be concluded that the FAR has little effect on the wall temperature.
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4.4. Analysis of Cooling Schemes

The comparative graphs of three schemes under different experimental conditions are shown
in Figure 24. The lowest wall temperature and the best cooling effect are observed in Scheme C.
The highest wall temperature is observed in Scheme A. The result in Scheme B is between them. The wall
temperature distribution in Scheme C is more uniform than that in Scheme A and B. The experiment
conducted on the impingement-film and inclined multi-hole structure shows a better cooling effect than
that conducted on the inclined multi-hole structure. Compared with the row number of multi-inclined
holes, the diameter of jet hole has a more significant influence on the cooling effect.
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Figure 24. Comparison of wall temperatures in different structures (experimental data): (a) no.1:
T3 = 373 K Ma = 0.18 FAR = 0.03; (b) no.2: T3 = 423 K Ma = 0.12 FAR = 0.03; (c) no.3: T3 = 423 K
Ma = 0.17 FAR = 0.02; (d) no.4: T3 = 423 K Ma = 0.17 FAR = 0.03.



Energies 2020, 13, 5554 15 of 18

4.5. Numerical Simulation Analysis in Scheme C

4.5.1. Flow Field and Temperature Field

In order to further analyze the flow field and wall temperature characteristics of Scheme C,
a numerical simulation study was carried out. The flow field distribution at the given cross section,
which is through a primary hole, is shown in Figure 25. With the co-influence of the airflow from
primary holes, inner swirler and intermediate swirler, the penetration depth of primary holes reaches
half the height of the flame tube, which promote the formation of the recirculation zone.
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The temperature distribution at the given cross section is shown in Figure 26. The high-temperature
area is mainly concentrated in the primary zone. While the temperature is significantly reduced in the
dilution zone due to the effect of the dilution airflow.
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4.5.2. Near-Wall Flow Field Analysis

The near-wall flow field of the flame tube is shown in Figure 27. The airflow of the outer swirler is
close to the wall and protects the first inducting slab. The airflow of jet holes flows out from the slit
outlet and stays attached to the wall surface, which can effectively protect the flame tube. The cooling
air from the multi-inclined holes flows close to the second inducting slab, which isolates hot gas and
the flame tube and avoids the excessively high temperature of the inducting slab. A good wall-attached
effect is observed in the dilution zone, which is beneficial for the cooling effect.
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5. Conclusions

In this paper, a composite cooling structure (Scheme B, C) with impingement-film and
multi-inclined holes is proposed, which shows a better cooling effect than the traditional effusion
cooling structure. The cooling study of the flame tube in a small triple-swirler combustor is carried out.
The main conclusions are as follows:

• The lowest wall temperature and the best cooling effect are observed in Scheme C. The experiment
conducted on the impingement-film and inclined multi-hole structure shows a better cooling
effect than that conducted on the traditional inclined multi-hole structure;

• The airflow of the outer swirler is close to the wall and protects the first inducting slab. The cooling
air from multi-inclined holes flows close to the second inducting slab, which isolates hot gas and
the flame tube and avoids the excessively high temperature of the inducting slab;

• The overall cooling effect of the combustor in Scheme C can be improved by increasing the
proportion of coolant air in the dilution zone properly. Compared with the rows of multi-inclined
holes, the diameter of the jet hole has a more significant influence on the cooling effect.

Previous studies have mainly focused on the unit structural model, such as inclined multi-hole
structure and impingement-film cooling structure. However, the effect of film cooling under turbulent
combustion conditions in a multi-swirler combustor is rarely studied. At present, the effusion cooling
structure is employed in most advanced combustion chambers, such as the GE90 turbofan engine [21].
However, the advantages of the inclined multi-hole structure are not obvious due to the structural
characteristics of the small triple-swirler combustor. The cooling effect of the impingement-film and
inclined multi-hole cooling structure is better than that of the traditional inclined multi-hole structure
under different experimental conditions. It is expected that the present work may provide a new idea
for the cooling structure design of a multi-swirler combustor.
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Nomenclature

α injection angle, ◦

Dm diameter of multi-inclined hole, mm
Dj diameter of jet hole, mm
Ma Mach number
s/l location ratio of jet hole
T3 inlet temperature, K
T4 outlet temperature, K
Tc cooling air temperature, K
Th hot air temperature, K
Tw wall temperature, K
Xn non-dimensional streamwise spacing, xn/Dm

Yn1 non-dimensional spanwise spacing, yn1/Dj
Yn2 non-dimensional spanwise spacing, yn2/Dm

Zn non-dimensional jet-to-plate pitch, zn/Dj
∆T temperature rise, K
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