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ABSTRACT 
In the TechCLEAN project of JAXA, a combustor for a 

small aircraft engine has been developed. The combustor was 
tuned to show the behavior of the Rich-Lean combustion 
through combustion tests under atmospheric and practical 
conditions. Finally, the full annular combustor was successfully 
tuned to reduce NOx emissions to 38.1% of the ICAO CAEP4 
standard under ICAO LTO cycles, also sustaining basic 
performances as an aircraft combustor. 

In the development process of the combustor, numerical 
simulation methods were also utilized as analysis tools to 
accelerate the development of the combustor. To use them in 
the screening process of the combustor design, we focused on 
cost-effective simulation methods adopting the cold-flow 
RANS simulation code UPACS which has been developed in 
JAXA. Moreover, to simplify the treatment of calculation grids 
of the combustor with complicated configuration, we also 
utilized combination of the overset grid method and the 
attached multi-block grid method.  

In the previous report, we introduced the overview of the 
application of the cold-flow simulation in the combustor 
development process. Subsequently, in this report, we focus on 
the effect of combustor configuration parameters to the air mass 
flow ratio among fuel nozzles, dilution air holes and cooling air 
holes on the combustor linear. Then we also show the 
estimation method of the effective open area of combustor 
liners, mass flow ratio between air holes, and total pressure loss 
of the combustor. 
 

NOMENCLATURE 
Ai  Actual area of air hole i 
CAEP  Committee on Aviation Environmental 

Protection 
Cdi  Overall discharge coefficient of air hole i 
FA  Full annular 
ICAO International civil aviation organization 

   LTO  Landing and take-off 
   MSU Multi-sector unit 
   ΔP  Pressure difference 
   SSU  Single-sector unit 
   Wa  Inlet mass flow rate of 1/16 single-sector 
   ρ  Air density 
 
 
1  INTRODUCTION 

In general, small and medium power aircraft engines must 
simultaneously satisfy several requirements, for example, high 
efficiency, environmental friendliness and cost effectiveness 
[1]. In October 2003, Japan Aerospace Exploration Agency 
(JAXA) started a project "Technology development project for 
clean engines" (so-called TechCLEAN project), in which 
researches to develop advanced combustion technology were 
conducted aiming to reduce toxic exhaust gas components, 
especially NOx, from aeroengine combustors. In the framework 
of the TechCLEAN project, JAXA has been developing 
aeroengine combustors for an affordable and environment-
friendly small aircraft (with approximately 50-passengers). The 
designed thrust of the engine is about 40kN and the pressure 
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ratio is about 20. The target of the combustor development is to 
reduce NOx emissions lower than 50% of the ICAO CAEP4 
standard, aiming to precede the trend of NOx emissions, also to 
reduce CO and UHC emissions to those of 90% and to ensure 
basic performance of aero engine combustors, such as ignition 
and blow-out. 

We started from preliminary combustion tests with tubular 
combustors under atmospheric conditions. Both model 
combustors and test conditions got closer to the target engine 
combustor step by step, and finally full annular combustors 
were tested under practical conditions and succeeded to reduce 
NOx emissions to 38.1% of the ICAO CAEP4 standard [2-4]. 
Although the development of our combustor was mainly 
conducted through experimental research, we also tried to 
utilize numerical simulation methods as design tools to 
accelerate the combustor development process. As combustion 
experiments require plenty of costs and time, it is difficult to 
conduct parametric experiments for many combustor models. 
So, we made efforts to find the way to utilize cost-effective 
numerical simulations, which can be used for the screening 
process in the preliminary design phase.  

In general, an aircraft combustor consists of many 
components such as cowls, fuel nozzles, swirl vanes and 
dilution air holes, therefore its configuration is very 
complicated. In addition, the evaporation and combustion 
phenomena of the liquid fuel in the combustion chamber should 
be treated simultaneously. Much research has been conducted 
to simulate the phenomena inside the combustor; from early 
research for basic combustor models [5,6] to recent practical 

applications [7-15]. Unfortunately, it is still difficult to get 
exact solution over the whole combustor region within limited 
time and cost. Because our objective of applying numerical 
simulations in the development process was to find the cost-
effective method which can be utilized to reduce the cost of 
experiments, we adopted the cold-flow simulation method. 
Even if the target solution is limited to the flow-field, it should 
change as the temperature gets higher with combustion, so the 
cold-flow simulation cannot give the exact solution in the 
combustor. By taking these effects into consideration, we could 
get some information that is required in the preliminary design 
process of the combustor, through the cold-flow simulation. 
 
2  TARGET COMBUSTOR MODELS 

Experimental and calculation models of our combustors are 
shown in Fig.1; (a) full annular combustors and (b) multi-sector 
combustors. Full annular combustors of our design consist of 
16 sector regions, which include one fuel nozzle respectively. 
In general, full annular combustors would not be tested in the 
early stage of combustor development process. Before that, 
some models of single sector combustors with one fuel nozzle 
and multi-sector combustors with two or three fuel nozzles 
would be tested, and they are tuned to show appropriate 
performance as aero engine combustors. Then full annular 
combustors are designed based on previous combustor models 
and tested. Also in the numerical simulation, cost effective 
parametric studies of single-sector combustors, as shown in 
Fig.1c, are mainly conducted. Then the calculation models 

(c) 1/16 single-sector combustor (SSU)

(a) Full annular combustor (FA) 

(b) 3/16 multi-sector combustor (MSU) 
Combustion air holes 

Dilution air holes 

Fuel nozzle 

MSU1

MSU2

Exit 

Inner liner 
i

Cowl 

Fuel 
rich 

region 

Fuel 
lean 

region 

Effusion cooling 
air holes 

Fig.1 Target aircraft combustor models and calculated region with schematic sectional drawing. 

Pre-diffuser 
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(d) Design concept of target combustor 
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Table 1 List of calculation and experimental combustor models with configuration parameters. 
(Cells of parameters modified from previous model are filled with blue.) 

 

Calculation 
model 

Liner Cowl 
Air hole size and number (st.: staggered) Experimental model 

Combustion Dilution Cooling MSU FA 

Single-sector Calculation Model 

S1h1 L1 C1 φ10.2x4 φ9.4x6  MSU1 

S1h2 L1 C1 φ10.2x4 φ11.4x6  

S1h2c2 L1 C2 φ10.2x4 φ11.4x6  

S1h2c3 L1 C3 φ10.2x4 φ11.4x6  

S2h2 L2 C1 φ10.2x4 φ11.4x6    

S2h2st L2 C1 φ10.2x4 st. φ11.4x6    

S2h3st L2 C1 φ10.8x4 st. φ11.4x6 φ3.5x4  MSU2 FA1-1 

S2h3stcool L2 C1 φ10.8x4 st. φ11.4x6 φ3.5x4 φ3.3x46 MSU2 FA1-1 

S2h4st L2 C1 φ10.2x4 st.(Trans.) φ10.9x6 φ3.5x4  FA1-2 

Multi-sector Calculation Model 

M2h3st L2(x3) C1 φ10.8x4 st. φ11.4x6 φ3.5x4  MSU2 

 

would be extended to (b) multi-sector combustors, and also 
would be extended to (a) full annular combustors. 

On the other hand, as shown in Fig.1d, the combustor 
consists of many components such as cowl, fuel nozzle with 
swirl vanes, and air holes on the combustor liner. Because the 
Rich-Lean combustion concept [16] was applied to our 
combustor to reduce NOx emissions, only about 10% of the 
total air goes through the fuel nozzle, that is, most of the air 
goes through air holes on the combustor liner. Therefore, the 
estimation and tuning of air flow ratio going through the 
combustion and dilution air holes becomes very important. A 
lot of research has been done on these factors [17-24], and also 
in our experimental research, a large portion of effort has been 
concentrated on them. So in this study, we selected the size, 
number and allocation of these air holes as configuration 
parameters of the screening process by numerical simulation. 
Additionally, the calculation range covers whole combustor 
region including pre-diffuser, cowl, fuel nozzle, combustion 
and dilution air holes and combustor liners. Although, the 
effusion cooling air holes on the combustor liners were omitted 
in calculation models to suppress the calculation costs, with the 
exception of one calculation model. 

For experimental combustor models to be simulated, we 
selected multi-sector combustors MSU1 and MSU2, and full 
annular combustors FA1-1 and FA1-2. Here, MSU2 was 
modified from MSU1 aiming to reduce total pressure loss of 
the combustor to that of the design point, by changing the liner 
shape as shown in Fig.1d, and also enlarging the size of 
combustion and dilution air holes. Then FA1-1 was designed 
based on the single-sector region of MSU2, with the same size 
and number of air holes. Through successive experimental and 

numerical tests, FA1-1 was modified to the second full annular 
combustor model FA1-2, by tuning the size of air holes. 

Calculation combustor models are listed in Table 1. Some 
models (filled with green) are corresponded to experimental 
models mentioned above. The meaning of filled color for 
experimental models (red, yellow and purple) will be 
mentioned later in section 4.4. As shown in this table, 
configuration parameters such as the shape of combustor liner 
and cowl, the size and allocation of combustion and dilution air 
holes, and the existence of cooling air holes are varied among 
those calculation models. Cells of parameters modified from 
the previous model are filled with blue. 
 
3  CALCULATION METHOD 

In order to apply to the screening process in the 
preliminary design phase, we chose the cost-effective 
simulation method which can be applied to many combustor 
models within limited time and cost. Although this method was 
already introduced in the previous report [25], some 
information that is required to understand the feature of the 
calculation is explained here again. For the simulation code, we 
adopted UPACS (Unified Platform for Aerospace 
Computational Simulation) code, which has been developed in 
JAXA [26]. UPACS solves three-dimensional compressible 
RANS equations under perfect gas assumptions, based on the 
cell-centered finite volume method. For discretization methods, 
implicit Roe’s approximate Riemann solver with 2nd-order 
MUSCL (Monotone Upstream-centered Schemes for 
Conservation Laws) interpolation is applied for the convection 
terms, and 2nd-order central difference is applied for those of 
diffusion terms. Then they are integrated in time by matrix free 

3 Copyright © 2011 by ASME



 4 Copyright © 2010 by ASME 

Gauss-Seidel scheme with variable local time steps. The 
calculation was conducted until the solution converges to the 
steady state. As for the turbulence model, we applied the 
Spalart-Allmaras model [27]. 

In addition, as mentioned before, the combustor consists of 
many components as shown in Fig.1d. Therefore, in the 
screening process of the combustor design, in order to easily 
change not only the configuration of liner and cowl but also the 
size and allocation of air holes, we applied the overset grid 
method embedded in UPACS code [28]. This method enables 
us to handle these combustor components as separate parts. 
Using the combination of overset grid method with attached 
multi-block grid method, calculation grids of our combustor 
was generated as shown in Fig.2. The calculation region 
includes combustor liners, extracting the 1/16 single-sector 
region from the full annular combustor as shown in Fig.1c, 
attached with a fuel nozzle, a pre-diffuser and a liner casing. 
Grids for the regions inside and outside the combustor liner are 
set as background grid groups, and front grid groups are 
generated around the cowl, the fuel nozzle and air holes. 
Overset block boundaries are set around the front grid groups, 
and then the interpolation layers in the background grid groups 
are generated automatically along the overset boundaries. Then 
data can be transferred among overlapped grid groups. Detail of 
the overset situation around the fuel nozzle is shown in the left 
of Fig.2, and we can see interpolation layers with the thickness 
of two cells are generated along the inner side of the overset 
block boundaries. As the overlapped region should include both 
the overset grid boundary and the interpolation layer, the 
thickness of the overlapped region should be more than 10 
cells. The detail of the generation of overlapped grids is 
described in the reference [28]. As the large part of the pressure 

loss inside the combustor is assumed to be generated near 
casing and liner walls, the calculation grid was carefully 
generated, concentrating near wall boundaries, and the value of 
y+ was suppressed to about 3. This made the total number of 
grid points of the calculation grids increase to about 12 million 
for the single-sector combustor region. For other boundary 
conditions, the circumferentially divided boundaries are set to 
periodic boundaries. Besides, the inlet air condition is adjusted 
to the experiments as will be mentioned in section 4.1. For 
example, under the condition of pressure difference with 9%, 
the Reynolds number is about 47000 and the swirl number is 

Fig.2 Setup of combustor calculation grids and generated interpolation layer along overset boundary. 
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Fig.3 Definition of pressure measurement points 
and pressure differences. 
(Shown with total pressure distribution (Pa).) 
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about 0.5 near the exit of the fuel nozzle.  
On the other hand, for the purpose of flow-field simulation 

inside aeroengine combustors with complicated configurations, 
unstructured grid methods also can be adopted. However, in 
that case, only to change the size of one air hole, we might 
regenerate grids over the wide region. So, even there should be 
some interpolation errors across the overset boundaries, we 
chose simpler and more convenient method; the combination of 
the overset grid method with the attached multi-block grid 
method. 
 
4  RESULTS AND DISCUSSION 
4.1 Relation Between Air Mass Flow and Total 
Pressure Loss 

For calculation and experimental combustor models listed 
in Table 1, inlet mass flow rate and total pressure loss of the 
combustor were obtained. The definition of pressure differences 
are shown in Fig.3 with an example of total pressure 
distribution on the center plane. For experimental models, the 
pressure difference between the pre-diffuser exit and the 
combustor exitΔPc, and the mass flow of inlet air Wa were 
measured. Those of multi-sector combustors MSU1 and MSU2 
were measured under atmospheric pressure condition with inlet 
temperature of 500K, varying the pressure differenceΔPc 
between 1% and 9%. In contrast, those for full annular 
combustors FA1-1 and FA1-2 were measured at only one 
condition of the design point of the target engine. On the other 
hand, for calculation models, the inlet air condition was also 
adjusted to atmospheric test; temperature was set to 500K and 
the pressure difference between the pre-diffuser inlet and the 
combustor exit was set between 1% and 9%. For both 
experimental and calculation models, the total pressure loss of 
the combustor was defined between the pre-diffuser exit and 

the combustor exit, that is, ΔPc. Then obtained inlet mass 
flow rate Wa was corrected by the equation below; 

refref
cr P

P

T

T
WaWa          (1) 

Here, subscript “ref” means the reference state, where 
Tref=288.15K and Pref= 0.1013MPa. The relation between 
obtained air mass flow rate and total pressure loss of 
experimental models is plotted in Fig.4, with the design target 
of total pressure loss under non-combustion condition. 
 
4.2 Effect of Configuration Parameters  

In the development process of 3/16 multi-sector 
combustors, the first experimental model MSU1 was designed 
and tested, but as shown in Fig.4, its total pressure loss was 
higher than the target value. So to reduce the pressure loss in 
the second model MSU2, the combustion and dilution air holes 
were enlarged and the liner height of the combustor was 
lowered as shown in Fig.1d. Then in the experiment of MSU2, 
the total pressure loss was successfully got closer to the design 
value as shown in Fig.4. Meanwhile, because both the air hole 
size and the liner height were modified at once, we could not 
specify which modification mainly contributed to the reduction 
of the total pressure loss. Therefore, we conducted cold-flow 
simulations changing these configuration parameters 
individually. The detail of this discussion was already reported 
in the previous report [25], but the results will be mentioned 
here again briefly, showing the variation of relationship 
between corrected air mass flow rate and total pressure loss in 
Fig.5. 

As shown in Table 1, calculation models S1h1 and S2h3st 
correspond to experimental models MSU1 and MSU2 
respectively. Then configuration parameters were varied 
between them individually for calculation models from S1h2 to 

Fig.5 Effect of combustor configuration on total pressure 
loss of calculation models. 
(Shown with experimental models MSU1 and MSU2.) 

Fig.4 Relation between air mass flow rate and total 
pressure loss for experimental models.  
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S2h2st. The size of dilution air holes was enlarged for S1h2, 
and the shape of the cowl was sharpened from S1h2 to S1h2c2 
and S1h2c3. Then the liner height was lowered from S1h2 to 
S2h2, to the height of MSU2. We can see from Fig.5 that the 
pressure loss of S1h2, S1h2c2, S1h2c3 and S2h2 were close. In 
other words, the enlargement of dilution air holes mainly 
contributed to the reduction of the total pressure loss. In 
addition, the allocation of combustion air holes was changed to 
staggered type for S2h2st, and also the combustion air holes are 
enlarged and small dilution air holes were added between 
original dilution air holes for S2h3st. As shown in Fig.5, the 
pressure loss was reduced further from that of S2h2st by this 
modification. Besides, in Fig.5, total pressure loss of 
experimental models MSU1 and MSU2 are plotted again for 
reference. Plots of corresponding experimental models MSU1, 
MSU2 and S1h1, S2h3st were close respectively, but as 
mentioned before, effusion cooling air holes on combustor 
liners, of which total open area is equivalent to about 20% of 
that of the whole combustor, were omitted in calculation 
models, pressure loss of S1h1 and S2h3st should be much 
higher than MSU1 and MSU2. The reason of this 
underestimation will be shown in the following section 4.3. 
 
4.3 Difference Between Multi-sector and Full Annular 
Combustors 

Following experimental and numerical results of multi-
sector combustors, the first experimental model of full annular 
combustor FA1-1 was designed based on the multi-sector 
model MSU2. As already shown in Fig.4, the total pressure loss 
of FA1-1 was rather lower than expected from the experimental 
results of MSU2, which was close to the design target. 

Additionally, some differences were also observed in the 
combustion characteristics, especially for NOx emissions [25]. 
To investigate the difference between FA1-1 and MSU2, we 
focused on the experimental configurations of MSU2. The 
multi-sector combustor MSU2 was attached with adiabatic 
walls at both sides, as shown in Fig.1b. Therefore we also made 
the calculation model M2h3st, combining three calculation 
grids of 1/16 single-sector models S2h3st, and added additional 
region outside of two side walls instead of periodic boundaries 
as shown in Fig.6a. Then compared it with the ideal full annular 
configuration consists of three 1/16 single-sector models S2h3st 
with periodic boundaries, as shown in Fig.6b. Calculated 
streamlines colored by gas velocity magnitude are shown in 
Fig.6 for both calculation models. In Fig.6a, we can see that 
two large circulating flows exist near the attached wall regions. 
So we guessed that this caused additional pressure loss in the 
region between casings and liners, therefore reduced air flow 
ratio passing through the combustion and dilution air holes. In 
other words, the calculated mass flow ratio through fuel nozzles 
of M2h3st was guessed to be larger than that of S2h3st. Aiming 
to modify the mass flow ratio of S2h3st closer to that of 
M2h3st, we made another calculation model S2h4st, reducing 
the size of both combustion and dilution air holes as shown in 
the lower line of Table 1. Moreover, the arrangement of 
combustion air holes was transposed between inner and outer 
liners, in accordance with the experimental model FA1-2. 

In Fig.7, circumferential distribution of mass flow ratio 
through the combustion and dilution air holes on both outer and 
inner liners, which are defined in Fig.2, are compared among 
M2h3st, S2h3st and S2h4st models. Here, the vertical axis 
shows the ratio of each air mass flow divided by the total air 

Circulating flow 

Inlet air 

Periodic boundary 

Fuel nozzles 

Combustor casings 

Combustion air holes 

Dilution air holes 

Pre-diffusers 

Inlet air 

Adiabatic side wall: wall boundary 

Combustor liners

Fig.6 Comparison between multi-sector and ideal full annular combustor models. 

(a) Multi-sector combustor with 
adiabatic wall boundaries. (M2h3st) 

(b) Three single-sector combustors with 
periodic boundaries. (S2h3st x3) 
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mass flow from the pre-diffuser inlet. The lateral axis shows the 
circumferential angular position, setting the angle of the center 
fuel nozzles to 0 degree. Here, three vertical dotted lines 
indicate the center of three fuel nozzles respectively. For S2h3st 
and S2h4st models, three same results are plotted repeatedly. 
From these plots, we can see that the mass flow through the 
dilution air holes of the M2h3st model was reduced near both 
adiabatic boundaries, which means, the air flow to the 
downstream was disturbed by the circulating flows near the 
attached wall regions. In addition, comparisons of air mass flow 
ratio through total fuel nozzles, combustion and dilution air 
holes among three calculation models are also shown in Fig.8. 
The mass flow ratio through the fuel nozzle of S2h3st model 
was reduced tenth from that of M2h3st, and this is also guessed 
to be one of the reasons of pressure loss reduction. The mass 
flow ratio through the fuel nozzle was recovered by half for the 
S2h4st model, and as shown in Fig.9, the total pressure loss 
was also recovered between M2h3st and S2h3st. Based on this 
result, we designed the second experimental full annular 

combustor model FA1-2, reducing the size of the combustion 
and dilution air holes to that of S2h4st. In the combustion tests 
of FA1-2 under practical conditions, the total pressure loss 
increased near the design target as shown in Fig.9, and also the 
combustion characteristics successfully got closer to that of 
MSU2 [25]. 

In addition, from these experimental and calculation 
results, we can say that, in the experiment of multi-sector 
combustors, the side wall regions should be treated carefully. 
Otherwise the pressure loss and air flow distribution would 
largely differ from those of full annular combustors, which 

Fig.8 Comparison of mass flow ratio among multi-
sector and ideal full annular combustor models. 

Fig.9 Comparison of total pressure loss among multi-
sector and ideal full annular combustor models. 
(Shown with experimental models and calculation 
model S2h3stcool.) 

(a) Distribution on outer liner 

(b) Distribution on inner liner 

Fig.7 Comparison of mass flow ratio distribution among 
multi-sector and ideal full annular combustor models. 
(-c: combustion air holes, -d: dilution air holes.) 
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Dilution air holes 

Fuel nozzle Effusion cooling 
air holes 
¢3.3x46 

Intermediate grids Side view Top view 

Fig.10 Setup of combustor calculation grids of S2h3stcool including effusion cooling air holes. 

would cause the difference in the combustion characteristics. 
We also got some guidelines to correct the difference. 

Meanwhile, pressure loss of experimental models MSU2, 
FAI-I and FAI-2 are plotted again in Fig.9 for comparison. 
The difference between corresponding models; MSU2 and 
M2h3st, FAI -I and S2h3st, FAI -2 and S2h4st got closer, but 
likewise Fig.S , there were still differences caused by the 
omission of cooling air holes in calculation models. In the 
following section, this difference tried to be reduced by the 
calculation model S2h3stcool, as also plotted in Fig.9. 

4.4 Effect of Effu sion Cooling Air Holes 
As mentioned before, because of calculation costs, effusion 

cooling air holes on combustor liners were omitted for all 
calculation models reported previously. Besides, to estimate the 
air mass flow ratio among the fuel nozzle and air holes on the 
combustor liner, by adjusting the effective open area on the 
combustor liner, cooling air holes were included in the 
calculation model S2h3stcool, and the effect of these holes was 
investigated. 

The configuration and the overset grid construction of 
S2h3stcool model are shown in Fig.IO. For the corresponding 
experimental model FAI -I , more than 200 cooling air holes of 
I mm diameter were drilled on the combustor liner within the 
single-sector region. As for S2h3stcool, 46 air holes of 3.3mm 
diameter were put on the combustor liners, adjusting the total 
area of cooling air holes, that is, adjusting mass flux ratio to 
that of FAI - I . Although, to investigate the effect of cooling air 
hole position, air holes were separated into five groups, as 
shown in the left of Fig. IO, named from upstream as CHI to 
CHS. Calculation grids of these cooling air holes were 
connected to background grids inside and outside the 

combustor liner, through intermediate grids as shown in the 
right of Fig.l O. By adding cooling air holes, the total number of 
grid points was increased to about 26 million. The resulting 
total pressure loss is plotted in Fig.9, and it is almost coincident 
with the plot of the experimental model FAI -I. 

In addition, to investigate the distribution of air mass flow 
ratio through cooling air holes, the circumferential distribution 
of overall discharge coefficient for all cooling air hole groups 
CH I to CHS are plotted in Fig. 11 , also distinguished between 
inner(-i) and outer(-o) liner groups. Here, the detailed definition 
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Fig .11 Distribution of overall discharge coefficient of 
effusion cooling air holes. (-i: inner liner, -0: outer liner.) 
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of “overall” will be described in the following section 4.5. We 
can see from these plots, that even the circumferential 
fluctuation was not large except for one case (CH1o), there 
were large differences among cooling air hole groups. Also in 
comparison with inner and outer cooling air holes, similar to 
combustion and dilution air holes shown in Fig.7, outer mass 
flow was larger than that of inner. These differences should be 
taken into account in the estimation of effective open area of 
the combustor liners, in the design process of the combustor. 

Here, the difference of cell color for experimental models 
in Table 1 can be explained. First, for red cells, the 
corresponding calculation models simulate only combustion 
and dilution air holes. Secondly, for yellow cells, combustor 
configuration, with or without adiabatic wall boundaries, are 
additionally simulated. Thirdly, for the purple cell (S2h3stcool 
only), effective open area on combustor liners are also adjusted 
in the calculation model, by including cooling air holes. As 
shown in Fig.9, calculation with cooling air holes simulates the 
experimental models well, but this simulation takes much 
resources. So, in the next section, we demonstrate the way to 
estimate the total pressure loss, mass flow balance and 
distribution of mass flow ratio, utilizing the detailed 
information obtained from the heavy calculation of S2h3stcool. 
 
4.5 Estimation of Effective Opening Area and Total 
Pressure Loss of Combustion Liner 

In general, in the design process of air craft combustors, as 
shown in previous sections, the estimation of effective open 
area is very important. It directly affects the relation between 
the inlet air mass flow rate and the total pressure loss, and also 
affects the mass flow ratio among fuel nozzles and air holes on 
the combustor liner. So, we tried to obtain information from 
cold-flow calculations to support the estimation.  

From the results of calculation, we sampled the total 
pressure at shoulders of the combustor liner as shown in Fig.3, 
and estimated the pressure difference through the liner ΔPl. 
For each air hole i on the combustion liner, including 
combustion, dilution and effusion cooling air holes, the air 
mass flow rate Wai through it was sampled respectively. Then 

overall discharge coefficient for each air hole Cdi was estimated 
by the equation for incompressible flow calculations; 

ilii APWaCd  2         (2) 

Here “overall” means that the pressure differenceΔPl includes 
the pressure loss caused by the linear casing and the mixing 
flow inside the combustor, and Ai means actual area of each air 
hole. Similarly, Cdi of the fuel nozzle with swirl vanes was also 
estimated by replacingΔPl withΔPc in equation (2), and the 
effective open area, experimentally measured separately, was 
substituted for Ai. Resulting Cdi are listed for some calculation 
models in Table 2. We can see that Cdi of fuel nozzles exceeds 
1. This is because, as shown in Fig.3, high total pressure at the 
inlet of fuel nozzle leads to increase the mass flow through 
swirl vanes. We can also see that the change of size and number 
of air holes, even the addition of effusion air holes, do not 
largely affect the estimated discharge coefficients of fuel 
nozzles, combustion and dilution air holes. However, for the 

Fig.12 Relation between mass flow rate and pressure 
difference through pre-diffuser and dump region. 
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∆Pdiff (S2h3stcool)

∆Pdp (M2h3st)

∆Pdiff (M2h3st)

 S2h2st S2h3st S2h4st S2h3stcool M2h3st 

Fuel nozzle 1.72 1.73 1.73 1.76 1.73 

Combustion air holes 0.84 0.83 0.84 0.81 0.72 
Dilution air holes 0.90 0.89 0.90 0.88 0.74 
Small dilution air holes - 0.68 0.66 0.68 0.59 
Effusion cooling air holes   

CH1 - - - 0.55 -  

CH2  Inner - - - 0.82 -  

 Outer - - - 0.93 -  

CH3, 4, 5 Inner - - - 0.71 -  

 Outer - - - 0.82 -  

Table 2 Overall Discharge coefficient of fuel nozzles and air holes for calculation models. 
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multi-sector model M2h3st, coefficients of combustion and 
dilution air holes are decreased, in accordance with the 
decrease of mass flow through the liner, which was described in 
section 4.3. Also as already shown in Fig.11, Cdi of effusion 
cooling air holes of S2h3stcool are different among each group. 
From obtained Cdi for each air holes on the combustion liner, 
we can calculate the effective open area of combustion liners, 
and estimate the pressure difference through the linerΔPl. 

In addition, we also sampled the pressure difference 
through the pre-diffuser ΔPdif, and through the dump region
ΔPdp as defined in Fig.3. Relation of them with the inlet air 
mass flow rate Wacr is shown in Fig.12, and we can see that the 
plots for all calculation models with the same liner 
configuration L2 lie on the same plot curve, even for the model 
with effusion cooling air holes S2h3stcool and the multi-sector 
model M2h3st. This means that, at least for our combustor, the 
pressure drop through the pre-diffuser and the dump region 
depends only on the total mass flow rate Wat, with little effect 
of the flow downstream.  

We can now estimate ΔPdp and ΔPl, keeping the 
balance between the air mass flow through fuel nozzle Wan and 
combustor liner Wal. Then the total pressure loss ΔPc can be  
obtained; 

)()( lt WaPlWaPdpPc         (3) 

For the experimental models MSU2, FA1-1 and FA1-2, each 
effective open area of the combustor liner is estimated using 
Cdi shown in Table 2, and then the total pressure loss ΔPc is 
estimated from equation (3) and plotted in Fig.13 denoted as 
“(Est.)”. Plots of corresponding experimental and estimated 
pressure loss seem to be very close to each other.  

As shown above, once the data for Cdi in Table 2 and the 
relation ofΔPdp(Wat) are obtained by the detailed simulation 
with cooling air holes, the mass flow balance of Wan and Wal, 
mass flow distribution and the total pressure loss can be 
estimated for different air hole arrangement. Furthermore, to do 
more accurate quantitative evaluation by the simulation, the 
effects of detailed configurations such as the strut of the fuel 
nozzle should be also evaluated. 
 
5  SUMMARY AND FUTURE WORK 

In the TechCLEAN project of JAXA, aeroengine 
combustors for small aircrafts have been developed. In the 
development process of the combustor, cost-effective cold-flow 
numerical simulations were utilized as support tools for the 
experimental research; 
 
(1) To investigate the effect of configuration parameters on the 

relation between air mass flow rate and total pressure loss; 
(2) To estimate the difference between multi-sector and full 

annular combustors; 
(3) To estimate the air mass flow ratio for each group of  

holes, including effusion cooling air holes, on the 
combustion liner; 

(4) Finally to estimate the effective open area and total 
pressure loss of the combustor. 

 
In the processes above, the cold-flow simulation 

suggested what was happening inside the combustor, and also 
the estimated values of total pressure loss were in good 
agreement with the experimental results. In this report, we 
demonstrated that, in the development process of the combustor 
of which flow from the air holes will largely contribute to its 
performance, even the cost-effective cold-flow simulation can 
give useful information for the combustor improvement.  

For the future work, we are now trying to apply this 
simulation method for full annular combustor calculation to see 
specific characteristics of them in comparison with single-
sector calculations. We would also continue to utilize numerical 
simulation for the combustor design, extending to take into 
account the spray trajectory and evaporation as much as 
possible. 
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