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Abstract

This paper presents research related to the tubular combustion chamber of an expendable turbojet. Although annular
combustors are dominant at present, tubular combustors are still attractive because they are simpler to produce and
require lower amounts of air flow for testing. The objective of this research was to assess the combustor’s primary zone
configuration, and four configurations were tested to obtain experimental answers for use in future work. The configura-
tion of the combustion chamber is a simple and classic design in line with its expendable purpose. The test methodology
was to perform initial testing of the primary and secondary zones under atmospheric conditions using the four config-
urations, and then to subsequently complete the combustor using the best configuration. The complete combustor was
then tested under both atmospheric conditions and working conditions. The results showed that the stability margin
was wide enough to cover the combustor’s entire working area. The measured efficiency and pressure drop were in
very good agreement with the corresponding designed values. The design and testing methodology proposed here could
be used for similar scientific and engineering research applications.
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where P;, and P, are the total pressures at the combus-
tor’s inlet and exit, respectively, and the coefficient of
combustion efficiency is given by:'

Introduction

This work presents an assessment of the primary zone
configuration of a tubular combustion chamber for an

expendable turbojet. The combustion chamber is the _ Mfigeq
component of a turbojet engine in which the chemical £ Mo
energy of the fuel is transformed into heat. Pressurized
air from a compressor is mixed with the fuel and the
resulting mixture is burned to produce the hot gases

(1.2)

required to power the turbine. Therefore, the combus-
tion chamber must allow this process to proceed with a
minimal pressure drop and maximum fuel efficiency.
This requirement is expressed through the total pres-
sure drop coefficient:'

(1.1)
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where M40 and my., are the fuel flow rates in the
ideal and real cases, respectively.

The combustion chamber must work through an
envelope of working conditions and therefore must
show good stability. Additionally, it must be possible
for the chamber to ignite the fuel-air mixture reliably
under various working conditions, which are defined
through the typical stability and ignitability margin
shown in Figure 1.

The labels used in Figure 1 are described as follows.
a: excess air coefficient; n: the number of revolutions
per minute (rpm) of the engine during operation; 7,
maximum engine rpm; #,,;,; minimum engine rpm; Ry :
engine working line; R;,, and R;,,: engine line-off
acceleration and deceleration, respectively; Grgs:: lean
stability and ignition limit; and Gpgs;: rich stability
and ignition limit. Although R; represents the engine’s
stationary working line and is not dependent on time,
the engine’s acceleration and deceleration lines are
dependent on a specific fuel function (i.e. the fuel flow
rate as a function of time), and these lines should thus
be selected to be inside the stability margin as indicated
by R 11, and not as indicated by R ;,, which moves
outside the stability map.

The turbine follows after the combustion chamber.
Because the temperature at the exit from the combus-
tion chamber is dictated by the turbine, which is
designed while assuming a uniform temperature distri-
bution, the combustion chamber must provide the
desired temperature and uniformity at its exit. The
quality of the temperature profile is estimated to be:'

6 = Tmax - Tex

T T, (1.3)

In equation (1.3), 7)., is the maximum total tem-
perature at the exit, and T;, and 7T,, are the average
total temperatures at the inlet and the exit, respectively.
This equation defines the temperature nonuniformity
at the combustion chamber’s exit. The desired value of
the parameter @ is less than 0.2, while the maximum
value is 0.3, but because of the expendable nature of
the turbojet, a higher value could be considered that
depends on the engine lifetime required. In combina-
tion with all these demands, the combustion chamber,
as with all other elements in a flight engine, must be as
small as possible, easy to inspect and maintain, and
constructed with appropriate materials and production
technologies.

Combustion types and zones

With regard to the chamber construction, there are
three types of combustion chamber: tubular, tubular-
annular, and annular chambers. Regardless of which

Nmin Mmax

Figure |. Typical combustor stability and ignition map.'

one of these chambers is used, the chamber is typically
divided into three zones: the primary, secondary, and
tertiary or dilution zones. This division is performed
because the mixture of air and kerosene fuel required
for stable combustion must have an excess air coeffi-
cient in the range from a« = 0.6-1.7. On the other side
of the turbojet engine combustion chamber, the exit
temperature is limited by the turbine stresses, and if the
uncooled maximum temperature is approximately 1173
K, the corresponding excess air coefficient in this case
must have a value of a =~ 3-5.

The primary zone is the zone in which the fuel-to-air
mixture is maintained around stoichiometric conditions
to achieve good stability and ignitability. This is why it
is very important to maintain an appropriate mixture
with a typical value of a=~ 0.9-1.1. Because of the
intensity of the process in the primary zone, approxi-
mately 70% of the fuel is burned within the primary
zone. The rest of the fuel should then finish combustion
in the secondary zone. Approximately 25% of the total
air goes to the primary zone, while the length of this
zone is approximately half of the liner diameter in the
case of a tubular combustor or half of the liner’s height
in the case of an annular combustor. The temperatures
in the primary zone are of the order of 2000-2200 K.
The designer may select the primary zone mixture ratio
according to their specific goals. It is common to define
the mixture ratio using the excess air coefficient:'

, (1.4)

where L represents the amount of air required to form
a stoichiometric mixture, and m, and my are the air and
fuel mass flow rates, respectively. For the kerosene,
gasoline and diesel fuel types, L=14.8. Consequently,
if @ < 1, then the mixture is rich, if & =1, the mixture
is stoichiometric, and if « > 1, then the mixture is lean.
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Figure 2. Cooling solution: film cooling.'

In western literature, the so-called equivalence ratio is
used instead of « and is defined as the inverse version
of a.

The secondary zone follows the primary zone, and
the fuel that was not burned in the primary zone should
be processed completely in this zone. Approximately
25% of the total air again enters the secondary zone,
where the mixture ratio is approximately a ~ 1.5-1.7,
and the length is approximately 1.5 times the liner dia-
meter or 1.5 times the liner height. At the end of the
secondary zone, the combustion process should then be
complete. The secondary zone exit temperature is
approximately 1700 K.

The dilution zone serves to maintain the desired tur-
bine inlet temperature with minimum nonuniformity.
The approximate length of the dilution zone should be
1.5 times the diameter or 1.5 times the height of the
liner.

Fuel that enters the combustion chamber must be
vaporized and then mixed with air to enable combus-
tion. Because of this, the fuel is atomized into fine dro-
plets (50-100 wm in size) or pre-vaporized in so-called
vaporizers. There are many different atomizer types,
but the most popular versions are the pressure swirl
and air-blast atomizers.

The pressure swirl atomizer uses the pressure from
the fuel installation to force the fuel to swirl and then
disintegrate into droplets, while the air-blast atomizer
uses the kinetic energy of the air to atomize the fuel.

Because high temperatures occur inside the combus-
tion chamber, specifically in the primary and secondary
zones, its walls must be protected. Cooling is generally
performed using air. The task in this case is to protect
the wall while using the minimum quantity of air from
a performance standpoint. Additionally, the technology
used to produce the required cooling must be econom-
ical and must be based on currently available technol-
ogy. A typical cooling solution is shown in Figure 2.

Explanation of Figure 2: Cooling air with a flow
rate of m,;, passes through cooling holes and protects
the wall until it is mixed with the combustion products,
which have a flow rate of m,,. The next cooling film is
then added. T} and Tpg are the temperatures of the air
and the combustion products, respectively. The dotted

Figure 4. Layout for proposed combustion chamber with
tubular configuration.

line represents the typical temperature distribution near
the liner wall.

Combustion chamber design

The design of the combustion chamber requires a very
state-of-the-art approach. Different companies cur-
rently use their own design methods and models. Here,
a classical and simple design is used. In the engine’s
preliminary design, the volume, lengths and diameters
have already been specified for the start of the combus-
tion chamber design. Together with these parameters,
we select a tubular combustion chamber to produce
and test a single liner. The tubular liner requires lower
air flow for testing and it is also easier and cheaper to
fabricate. The next step is to select the diameter of the
liner. The limits for this diameter are the inner and
outer diameters of the housing and the required dis-
tance of approximately 20 mm between liners to allow
connection because of the flame transition. The layout
for the preliminary engine construction, the proposed
combustion chamber package and the post-design
package configuration are shown in Figures 3, 4 and 5,
respectively. According to the preliminary design, we
obtained the following inputs:

Air flow rate m, = 9 kg/s; total pressure at inlet P,
= 4 bar; total temperature at inlet 7;, = 462 K;

casing diameter = 407.5 mm; number of tubes = 8;
tube diameter = 86 mm; inner diameter of air passage
= 161.3 mm; and liner length = 242 mm. The length
of the primary zone, i.e., the axial position of the
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Figure 5. Package for tubes after the design process.

primary holes away from the head of the combustor
was selected to be 60 mm, which corresponds to the size
of the recirculation zone of the swirler. For the chosen
volume ¥ of eight liners, the loading is defined as:'

m,
PLE X V x 10000145 % (T,,~400)

kg/s
bar!8 X m3"

Loading =

(1.5)
=57

This level of loading corresponds to efficiencies of the
order of 0.93-0.98.% The loading for the primary zone
or for the primary and secondary zones is calculated by
selecting the appropriate air flow rate and volume. By
its nature, the loading is correlated to the ratio of the
residence time to the time required for the chemical
reaction to occur. For stationary gas turbines, this ratio
is below 10, but for flying engines, some kind of com-
promise must always be made between engine size and
performance.

Aerodynamics of combustion chamber

Stable combustion chamber operation is achieved by
artificially forming zones in which the flow velocity is
of the order of that of the flame propagation. Because
flame propagation velocities are of the order of 0.5 m/
s, while the velocity of the air in the combustion cham-
ber is of the order of 50 m/s, it is obvious that the flow
must somehow be stopped. In the combustion cham-
ber, this is done by forming reverse flow zones or so-
called recirculation zones. The end of the recirculation
zone is usually at the end of the primary zone, where
the mixing ratio of the air and the fuel is close to stoi-
chiometric. Combustion is highly intensive in the pri-
mary zone, where approximately 70%-80% of the fuel
is burned, but the remainder of the fuel is burned

Primary zone Secondary zone Tertiary zone

-

Figure 6. Typical zones in the combustion chamber.'
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Figure 7. Test model.

subsequently in the secondary zone. The end of the sec-
ondary zone can be recognized by the positioning of
the dilution holes that are required to reduce the tem-
perature to that of the turbine inlet level. The flow divi-
sion process described above is illustrated in Figure 6.

The labels used in Figure 6 are described as follows.
a: combustion chamber casing; b: liner; c: cooling open-
ings; m,: engine air flow rate; m,;; primary zone air flow
rate; m,;;: secondary zone air flow rate; m, ;. tertiary
zone air flow rate; m,;: cooling air flow rate; m,: fuel
flow rate; mps: combustion products flow rate; 1: ato-
mizer; 2: swirler; 3: fuel spray; 4: two-phase mixture; 5:
recirculation zone; 6: flame front; 7: combustion area;
8: additional combustion area; 9: dilution zone; q":
heat flux from the combustion products to the incom-
ing mixture.

There are various ways to design the aerodynamics
of the combustion chamber, which is why we refer to
these designs as the state of the art. In our design, we
selected a standard configuration: a swirler and primary
holes for stabilization, as shown in Figure 7.

Calculation of air distribution and pressure drop

To divide the air into primary, secondary and dilution
zones with the corresponding required pressure drops,
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Table I. Geometries of tested models.

Element\Variant Vi V2 V3 V4

Swirler 23-mm inner, 23-mm inner, 23-mm inner, 23-mm inner,
43-mm outer, 43-mm outer, 43-mm outer, 43-mm outer,
60° 60° 60° 60°

First cooling film 2 X 64 X@2 mm 2 X 64 X@2 mm 2 X 64 X@2 mm 2 X 64 X@2 mm

Primary holes 7 X@20 mm 2 X7 XDI4 mm 7 X117 mm 2 X7 XDI12 mm
Second cooling film 64 X@2 mm 64 X@2 mm 64 X@2 mm 64 X@2 mm
Third cooling film 64 X@2 mm 64 X@2 mm 64 X2 mm 64 X@2 mm
Dilution holes 2 X7 XOI7 mm 2 X7 XOI7 mm 2 X7 XOI7 mm 2 X7 XOI7 mm
Fourth cooling film 64 X@2 mm 64 X2 mm 64 X@2 mm 64 X@2 mm

it is necessary to perform calculations of both the air
distribution and the pressure drop. Starting from the
initial drawing, the designer can then change the sizes
and numbers of the holes to fulfill their specific
requirements.

The input design data were the pressure, the tem-
perature, the air flow rate and the predicted geometry.
Then, for each group of holes, a flow equation was
written.®> The sum of the local air flow rates must then
be equal to the total air flow.?

The discharge coefficients were calculated using the
procedure published in Lefebrve et al*.

By solving i+ 1 systems of equations with i
unknown air flow rates and pressure drops, we
obtained the air distributions through each group of
holes and the corresponding hydraulic pressure drops.
After several iterations using different sizes for the
holes, the geometry was selected, with results as shown
in Table 1. To test the combustion chamber before the
final design stage, four design combinations were pre-
pared to check the primary and secondary zones. The
main reason for selection of four primary zone config-
urations was that no exact method is available to pre-
dict the amount of air that passes from the primary
holes to the primary zone, particularly in the presence
of the swirler. The design strongly influences the fuel-
to-air ratio in the primary zone and the efficiency and
stability of the entire chamber. The specific geometries
are presented in Table 1, while the design iteration pro-
cess is illustrated in Figure 8.

An illustration of the geometrical values is shown in
Figure 9.

Table 2. Calculated air distribution parameters.

Step 1
Design input:

-Air flow rate, fuel flow rate, Total pressure and temperature, initial geometry

s

Step 2
>
-Calculation of discharge coefficients for each group of holes with guessed values
of air flows
Step 3
-Calculation of air flow rates through each group of holes assuming same pressure
drop
Step 4

-Checking if sum of air flow rates through each group of holes is equal to the total
air flow rate

-Calculated air flow rates are returned

to Step 2 until calculated and guessed values are equal

¥

-Analyzing of calculated fuel to air ratios in primary and secondary zone as well as
pressure drop

Step 5

-If satisfied the geometry is chosen if not geometry i.e., number and size of holes is
changed returning to Step 1 until designer is satisfied

¥

Figure 8. lllustration of iteration process for design of the
numbers and sizes of the holes.

The calculated air distributions are listed in Table 2.

Primary zone hole Swirl (%) First Primary Secondary Third cooling (%) Dilution Fourth
diameter (mm) cooling (%) (%) cooling (%) (%) cooling (%)
12 9.318 4.678 18.506 3.562 3.577 56.661 3.577

14 8.439 4.233 22.791 3.485 342 54.175 342

20 8.378 4.202 23.085 3.395 341 54.006 341

17 9.303 4.674 18.551 3.56 3.575 56.634 3.575
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Figure 9. lllustration of the geometrical design values.

Testing installation

The testing installation consists of the fuel, air and data
acquisition systems. The fuel installation consists of a
fuel tank (1), a rough 200-pm fuel filter (2), a geared
fuel pump (3), a turbine flowmeter (4), a 3/2 electro-
magnetic valve (5), a fine 50-um fuel filter (6), the test
object (7) and a flow regulator (8), as illustrated in
Figure 10. The flow regulator is a potentiometer that
controls the rotation speed (rpm) of the electric motor
that drives the pump. Control over the flow regulator
is performed manually, i.e., it is controlled by the test
operator. The fuel pump is capable of delivering 30 g/s
at 20 bar.

The air installation consists of a screw compressor
(1), two manually controlled valves (2) and (8), a tem-
perature sensor (3), two pressure transducers (4) and
(5), a measuring pipe (6) and the test object (7). When
the compressor is switched on, air is blown through the
installation in accordance with the scheme shown in
Figure 11. The positions of the valves (2) and (8) define
how much of the air is blown to the test object (7). The
air flow is measured with the measuring pipe based on
measurements of total pressure, temperature and static
pressure. The compressor is capable of delivering 1 kg/
s per 10 bar of pressure.

For the primary and secondary zone testing, a fan
was used instead of the compressor. This fan’s maxi-
mum air delivery gauge pressure was 10,000 Pa with an
air flow rate of 0.150 g/s. The tests were performed
using a gauge pressure of 7000 Pa and an air flow rate
of 0.17 kg/s. A photograph of the test model in the
installation is shown in Figure 12. Some of the test
details are indicated by labels on the figure: dPin indi-
cates measurement of the total inlet pressure, dPst indi-
cates measurement of the inlet static pressure, dPex
indicates measurement of the total exit pressure, and
Tex indicates measurement of the exit temperature.
The procedure used was to establish the desired air
flow rate and then to ignite and vary the fuel flow rate
until the lean and rich limits were reached. In the case

1 Fuel tank
2 Rough fuel filter

5 Fuel pump

4 Flowmeter

5 Electromagnetic valve 3/2
6 Fine fuel filter

7 Testing object

8 Flow requlator

8

-

[O\]

Figure 10. Scheme of the fuel installation.

1 Compressor

2, 8 Manually controled valve
5 Temperature sensor

4, 5 Pressure transducer

6 Measuring pipe

7 Testing object

2&}@4@’5é tD

8

Sk

Figure 1 1. Scheme of the air installation.

where it was not possible to ignite the mixture at the
desired air flow, the procedure was to reduce the air
flow rate until ignition was possible, and then increase
the air and fuel flow rates simultaneously to achieve
the desired air flow rate and the required fuel-to-air
ratio. Additionally, there were cases when we were
attempting to find the rich limit where the flame from
the combustor was relatively long, and the decision was
then made not to increase the fuel input further (the
statement in the figures is “rich limit not achieved”).
When the corresponding statement was used in the lean
limit case, it was because of the minimum measurement
values of the flowmeter used.
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Figure 12. Combustion chamber in the laboratory. Labels:
dPin: total inlet pressure measurement; dPst: inlet static
pressure measurement; dPex: total exit pressure measurement;
Tex: exit temperature measurement.
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Figure 13. Hydraulic characteristics of the designed point
atomizer.
my: fuel mass flow rate; P: pressure.

Combustion chamber testing

Atomizer testing

Two pressure swirl atomizers were designed and tested.
One was intended for use in atmospheric testing when,
with the same corrected air flow rate, the absolute flow
is smaller and consequently the fuel flow rate is also
smaller. Because of this smaller fuel flow rate, it was
necessary to simulate approximately the same droplet
size that occurred under working conditions. The
designed atomizers were tested separately before use in
the combustion chamber to check both the quality of

Spray angle =88°

Figure 14. Spray from the designed point atomizer.

the atomization and also their hydraulic characteristics,
i.e., their discharge coefficients. Both the designed point
and atmospheric test atomizers were tested with gaso-
line and the kerosene Jet Al as fuels. The characteris-
tics of the designed point atomizer are shown in Figure
13. A photograph of the spray from the designed point
atomizer is shown in Figure 14.

Primary + secondary zone testing

Four combinations of primary holes were tested under
atmospheric equivalent conditions (using the same cor-
rected flow rate and the same fuel-to-air ratio as occurred
at 95% of the rotation speed (rpm) of the preliminary
engine design). The results are shown in Table 3.

(Here, the air mass flow rate m,= 0.172kg/s, and
the rotation speed (rpm) was 95% of the designed
speed.)

Combinations V1 and V2 were better than V3 and
V4 in terms of their wider stability limits, and V2 was
selected because of its better ignition characteristics
and the consistency of its burning zone. After that, the
dilution zone was welded to the primary and secondary
zones, and all tests were then performed using the V2
combination. Photographs of testing of primary zones
V1, V2, V3 and V4 are shown in Figures 15, 16, 17 and
18, respectively.

Combustion chamber stability and ignition margin
under atmospheric conditions

Testing of the combustion chamber under atmospheric
conditions was performed to test the stability and igni-
tion properties under high loading. The equivalent con-
ditions were calculated and they represented the same
corrected air mass flow rate and fuel-to-air ratio, but
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Table 3. Calculated air distribution.my: fuel mass flow rate.

Ignition Burning Best visual
Upper limit Lower limit Rich blow off Lean blow off —_—
Variant mg (gfs) mg (g/s) mg (gfs) mg (gfs) mg (gfs)
\ 6.7 3.9 8 32 5.7
V2 6.7 3.9 8.1 3.1 5.8
V3 6.5 4.1 7 35 6.0
V4 6.5 4.1 7 3.6 5.9

Figure 17. V3 testing at 5.8 g/s.

Figure 16. V2 testing at 5.8 g/s.

the loading cannot be controlled along with the cor-
rected air flow and fuel-to-air ratio. During testing, no
lean or rich blow offs were observed at appropriate Figure 18. V4 testing at 5.8 g/s.
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Reach stability and ignition limijt did not achieved!

Figure 21. Complete chamber with a nozzle under test.

Table 4. Measured stability and ignition data.m,: air mass flow
rate; my fuel mass flow rate.

m

quivalent design point
—

N

Fuel flow rate (g/s)

/

Lean stability and|ignition limit djd not achieved!

0 T T T T T T T T
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Air mass flow rate (kg/s)

Figure 20. Stability and ignition map recorded under
atmospheric conditions.

distances from the design point. Additionally, the
chamber was able to ignite at all these points. A photo-
graph of the testing procedure and the results are
shown in Figures 19 and 20, respectively.

Combustion chamber testing with a nozzle

Testing with a nozzle was performed to simulate load-
ing under conditions similar to those when the combus-
tion chamber is mounted in the engine. All main
performance characteristics of the combustion chamber
were measured. A photograph of the complete model
under test is shown in Figure 21.

Stability and ignition margin. The stability and ignition
margin was observed by reducing and increasing the

mq (kg/s) Ignition Burning
Upper Lower Rich blow Lean
limit limit off blow off
me(es)  me(gs)  mp(es) my (g/s)

0.65 8 35 8 35

0.75 10 48 10 35

0.85 10 5.5 10 35

0.95 14 7 14 35

fuel flow rate at a constant air flow rate. These data
were then compared with the working points extracted
from GasTurb Software® calculations of the engine off-
design. The measured data are presented in Table 4.
The measured data graphed together with the calcu-
lated engine working line are shown in Figure 22.

Pressure drop and efficiency. Figure 23 shows a compari-
son of the predicted and measured pressure drop char-
acteristics. There 1is a difference between the
characteristics of 1.8% at the maximum air mass flow
achieved, while the other data are inside these limits;
this is quite satisfactory for application to an expend-
able combustor.

Both the pressure drop and the burner efficiency
were extracted from the measured data. These samples
were selected to correspond to the air and fuel flows
from the engine data extracted from the GasTurb soft-
ware calculations. The measured data are given in
Table 5. The new labels shown in Table 5 are dPin and
dPex, which represent the total gauge pressures at the
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Figure 22. Stability and ignition map under working conditions.

1.00

/
Designed /
Measured

—m— measured data
—@— calculated data

0.80 +—

0.75

0.70

Total pressure drop coeficient

0.65

0.60

0.55

0.50 T T T T T
0.60 0.65 0.70 0.75 0.80 0.85

Relative rpm

Figure 23. Total pressure drop coefficient.

Table 5. Measured data for efficiency and pressure drop.o,: combustion chamber efficiency; o gcaicutated: calculated combustion
chamber efficiency; o,: combustion chamber pressure recovery coefficient; 0'pcarcuiated: Calculated combustion chamber pressure

recovery coefficient.

Relative rpm mq (kg/s) mg (gfs) dPin (bar) dPex (bar) Tin (K) og O gcalculated ap O pealculated
0.83 0.96 1.9 1.40 1.2 300 090  0.90 0917 0935
0.76 0.85 10.0 1.05 0.9 300 0.85 0.87 0.927 0.938
0.69 0.75 72 0.74 0.58 300 081 085 0930  0.943
0.62 0.65 4.0 0.50 0.34 300 0.82 0.83 0.932 0.950
inlet and exit, respectively, and Tin, which is the total 100
temperature at the inlet; no preheater was used in this 0.5
case. Design

The burner efficiency was measured indirectly using 090 \ ———
a method from rocket propulsion, as described in |z os5 ——— — e
Davidovi¢.® The measured results showed good agree- § 0.80 e /
ment with the designed values, with the small differ- |% . /
ences that occurred in nature probably being related to 3 0757 = measured data !
changes in the effects of the residence time and the dro- |2 07014 —e— calculated data Measure
plet size. The data are presented in terms of the relative 0.65 4
rpm and are compared with the off-design data 0.60.]
obtained from the GasTurb software calculations. The ]
reduction in efficiency observed with decreasing relative 0557
rpm is a consequence of increased loading. The slight 0.50 . . : : : :
increase in efficiency measured below the relative rpm 060 065 070 9'75 080 085 090
of 0.69 is a consequence of the increasing residence time Relative rpm

and the decreasing fuel flow rate (the engine data indi-
cate that lower fuel-to-air ratios are required as the rela-
tive rpm decreases). In practice, the atomizer begins to
work better, not because of the change in pressure, but
because of reduction in the total amount of fuel that
must be atomized. The results are shown in Figure 24.

Figure 24. Burner efficiency characteristics.

The designed numbers and sizes of the primary holes
are the results of the desired air distribution, but it is
possible to have many combinations that will give
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Table 6. Relative pitches of tested configurations, the value
from Cop6yros and Xpucrodopos,” and the Tumansky RIIF-
300 engine.

Configuration Relative pitch t.
Vi 1.93

V2 2.76

V3 227

V4 32

Top6yros and Xpucropopos’ 1.9

R11F-300 engine 3

approximately the same results in terms of the air dis-
tribution but will not produce the same overall perfor-
mance for the combustor. Another aspect is that the
amount of the air from primary holes that will flow to
the left in the primary zone is very difficult to predict.
This behavior influences both the fuel-to-air ratio in
the primary zone and the flow structure. As indicated
earlier, this is why experimental work is required in
addition to the theory. To enable comparison with sim-
ilar previous studies, attention is paid to the relative
pitch of the holes in the primary zone, i.e., the ratio of
the distance between the holes to the hole diameter.

In a previous study,’ it was found that the best efficiency
was expected to occur at a relative pitch of 1.9, but this
study was limited to efficiency and did not consider stabi-
lity. In contrast, an existing combustor from a Tumansky
R11F-300 engine owned by the EDePro company has a
relative pitch of 3. It is obvious that the design guidance
should be for relative pitch values of between 2 and 3, but
the experimental verification must be performed.

For comparison, the relative pitch values of the con-
figurations tested in this work are shown in Table 6.

After testing, the model was disassembled to check
for irregularities, but no problem was found. A photo-
graph of the disassembled model is shown in Figure 25.

Conclusion

This study presents a contribution to the experimental
research into gas turbine combustors. Because combus-
tors are known as state-of-the-art components, this
study analyzed four primary zones and the complete
combustor configuration experimentally in terms of its
stability, ignitability, efficiency and pressure drop. The
proposed methodology was based on the available
experimental data for the design and then relied on
subsequent experimental verification. The inputs were
design data from a specific expendable turbojet of the
500daN thrust class. The object of the study was to
analyze the primary zone configuration, i.c., to analyze
the optimum numbers and sizes of the holes in the
structure and realize an overall maximum performance
that includes stability and efficiency together. When

Figure 25. Photograph of disassembled model after testing.

the primary zone was selected, the rest of combustion
chamber was added to continue testing of the complete
configuration. Tests of the combustion chamber with-
out a tertiary zone were performed at atmospheric pres-
sure, while the tests of the complete configuration were
performed at both atmospheric and working pressures.

The results show that the combustor’s stability mar-
gin is wide enough to cover the entire expected working
area. The measured efficiency and pressure drop show
very good agreement with the corresponding designed
values. A design parameter called the relative pitch of
the primary holes was varied, and it was shown that
relative pitch values of between 2 and 3 should be
selected and subsequently verified through testing. The
axial position of the primary holes was fixed and corre-
sponded to the length of the swirler recirculation zone
size.

Although annular combustors are currently more
popular, tubular chambers are easier to test, fabricate
and change, and more of the available data generally
refer to tubular combustors. The results of this study
could be used to perform similar designs for both tubu-
lar and annular combustors because there is a natural
logical correspondence between the tubular and annu-
lar chambers. The design and testing methodology pro-
posed here could be applied to similar scientific and
engineering research activities.
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Appendix
Abbreviation list

dpP,, gauge total pressure at combustion
chamber exit (Pa)

dP;,
dPy,

L
Loading

mg

my
mﬁdeal
mﬁ'eal
P in

Paut

O gcalculated

Op

O pealculated

(0]

gauge total pressure at combustion
chamber inlet (Pa)

gauge static pressure at combustion
chamber inlet (Pa)

stochiometric ratio

loading of combustion chamber (kg/s/
bar'*m’)

air mass flow rate (kg/s)

fuel mass flow rate (kg/s)

ideal fuel mass flow rate (kg/s)

real fuel mass flow rate (kg/s)

total pressure at combustion chamber
inlet (Pa)

total pressure at combustion chamber
outlet (Pa)

total temperature at combustion
chamber inlet (K)

maximum total temperature at
combustion chamber exit (K)

total temperature at combustion
chamber outlet (K)

relative pitch of primary holes
rotations per minute

volume of combustion chamber

liner (m?)

excess air coefficient

combustion chamber efficiency
calculated combustion chamber
efficiency

combustion chamber pressure recovery
coefficient

calculated combustion chamber
pressure recovery coefficient
temperature distribution factor
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