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processes is the increase of momentum of the air and fuel, resulting in

a thrust force.

Because of the simplicity of the ramjet, it can be produced for a

very low cost, making it an attractive propulsion device for one-mission

designed tactical missiles. Recently there has been a great deal of

interest in remotely piloted vehicles and target drones in the subsonic

flight speed regime as shown in Figure 2. Because the accomplishment of

the air compression is entirely done by fluid dynamic means, the ramjet

is best suited for high speeds (M > 2). However, due to the necessity

of low cost for throw-away missiles, the subsonic ramjet, with only

modest performance, is still an attractive propulsion device for these

one-mission vehicles.

2. STATEMENT OF THE PROBLEM

The purpose of this investigation was to design, fabricate, and ex--

perimentally determine the performance of a can-type combustor for use

in a subsonic ramjet engine. The subsonic ramjet uses a simple diverg-

ing inlet diffuser and a converging exit nozzle, both of which can be

designed to be manufactured easily and cheaply. The combustor flame-

holder therefore becomes the important factor in the performance and

cost of the subsonic engine.

In the past, flameholders in subsonic ramjets have been of the so-

called bluff-body or gutter type. They consist of hollow cones and V-

shaped gutters, as shown in Figure 3. The simplicity and compactness of

the design has provided for very low cost. However, adequate thermal

2



AFAPL-TR-75-71

NOZZLE

DIFFUSER COMBJSTIQN CHAMBER

<
- - o~~ FLAMEHOLDER

0 134 5

FUEL INJECTION

Figure 1. Schematic Diagram of a Subsonic Ramjet Engine

30

FLIGHT
o ENVELOPE

20

--
_M

0.7 0.9

MACH NUMBER

Figure 2. Subsonic Ramjet Flight Envelope

3

3 _



AFAPL-rFR- 75-71

BLUFF-BODY TYPE

I CAN TYE

II 
.- Ell

IFigure 3. Fidmeholder Types



AFAPL-TR-75-71

combustion efficiencies have not been attainable using bluff-body flame-

holders.

A can in its simplest form, as shown in Figure 3, is a perforated

cone which is actually a multitude of bluff-bodies to hold flame. The

separation of the flow of gas through the perforations promotes intense

air-fuel mixing and rapid burning. The advantage of the can over the

bluff-body flameholder is that the designer has closer control over the

distribution of the combustible mixture into the combustion zone. As a

result, wider operating limits of fuel-air ratio and higher combustion

efficiency are possible over wider ranges of inlet air temperature and

pressure. The can flameholder has had its greatest utility as the com-

bustion stabilizer for turbojet engines, where the flameholder cost is

not as significant when compared to the total engine cost.

The can's wide operating range makes it a likely solution to the

severe operating conditions present in the subsonic ramjet engine. The

study described in this report was utndertaken to demonstrate that the

advantages of the can could be utilized in the subsonic ramjet at a low

cost by incorporating a simple design, free of close fabrication toler-

ance requirements.

3. APPROACH

This study was designed to show whether the concept of low cost can

combustors is feasible. The first phase of the study was to design a

simple can which would be easy and inexpensive to place in production.
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The can was then to be fabricated and tested in a subsonic ramjet engine

to determine the combustion performance.

The aspects of combustor performance considered in the design were

stability limits, combustion efficiency, and pressure loss. The design

of the can is given in detail in Section II. The design is based to an

appreciable degree upon completely empirical and semi-theoretical me-

thods. An extensive literature search was conducted to determine the

important design considerations. A number of these were incorporated

into the can during design. Also, a great deal of redesign was accom-

plished in the testing portion of the program.

The testing was done in the AF Aero Propulsion Laboratory's Ramjet

Test Facility located at Wright-Patterson Air Force Base, Ohio. A de-

scription of the test facility, test procedures, measurement instrumen-

tation, and data reduction techniques are given in Section III.

The test results are given in Section IV. The initial testing was

to optimize a fuel injection system to maximize the combustion efficien-

cy. Using the optimized fuel injector system, tests were conducted at

the Mach number and altitude conditions of the flight envelope of Figure

2. Design changes were incorporated into the can during this phase of

testing to provide stable operation at the Mach number and altitude

boundaries of the flight envelope. The performance of the can obtained

in testing is then compared to the model ramjet performance. Section V

presents the final conclusions of the can design study and test program.

6
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SECTION II

CAN-TYPE COMBUSTOR DESIGN

1. GENERAL LAYOUT

The general layout of the can was mae by examining the 15-inch

diameter low cost ramjet engine of Figure 4. The combustor design

chosen contained a two-section conical can flameholder, a pilot can, and

a main can (Figures 5 and 6). The pilot can had 6 stages with 8 holes

per stage and the main can had 5 stages with 8 holes per stage. As

shown, a stage is a row of holes, all in the same plane, which provides

an entry path for the fuel-air mixture into the turbulent mixing region

of the can. How the number of stages and number of holes per stage was

arrived at will be described later in Section 11.3. A shroud enclosed

the pilot can completely. The shroud divided the air flow for the pilot

can from the main can air flow. The pilot can and main can also had

separate fuel injection systems upstream to provide a pre-mixed fuel-air

mixture. The overall length of the pilot and main can combustor was

47.5 inches with a tailpipe turbulent mixing region of 22.5 inches.

This region, with an L/D of 1.5, was needed to allow the combustion

process to complete behind the last two stages. A 12-inch length was

left between the engine inlet and the shroud inlet plane in order to "

keep the shroud inlet out of the engine inlet flow field. The diameter

of the exit of the main can (Station 3) was 14.0 inches, which allowed a

0.275 gap between the flameholder and the tailpipe. This gap allowed,

after thermal expansion of the can flameholder, enough film cooling to

prevent a hot spot on the tailpipe. The diameter of the junction of the

main and pilot can (Station 2a) was chosen from pressure loss considera-

tion. Grobman (Reference 13) showed for a conical can that the pressure

7
______
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Figure 4. The Low Cost Subsonic Ramjet
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drop is a minimum when the cross-sectional area just upstream of the

first staqe of holes is equal to 0.3 of the cross-sectional area of the

duct around the flameholder. The diameter at Station 2A, therefore, was

7.0 inches. The same pressure loss consideration was used to obtain a

diameter at the pilot can first stage. However, this deals with the

subject of pilot stabilization which will be discussed as a separate

topic.
0

2. PILOT STABILIZATION

It was anticipated that it would be difficult to stabilize and

maintain a flame in the combustor under the operating conditions of low

pressure and temperature. Therefore, it was decided that a flame pilot

would be necessary to maintain combustion. This was done by designing

the can so that a recirculation zone would appear ahead of the first

stage of air entry holes, as shown in Figure 7. This zone was designed

to maintain combustion throughout the engine flight envelope. The pilot

zone then would maintain the combustion in the remainder of the pilot

can which would in turn maintain the combustion in the main can.

The pilot can air flow rate was chosen to be 1/4 of the total

engine air flow by designing the shroud inlet (Figure 6) to be 5.5

inches in diameter. This dimension and Grobman's low pressure drop

results (Reference 13) of a 0.3 ratio of can cross-sectional area to

duct cross-sectional area established the pilot can diameter at the

upstream edge of the first stage of holes at 4.0 inches.

10
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To establish the size of the holes of the first stage and the

volume of the pilot recirculation zone, the pilot can blow-off data

correlation of Figure 8 was used. This is an experimental correlation

for 3.0- and 5.0-inch diameter cylindrical pilot can flameholders having

one row of holes (Reference 9). In the study described in Reference 9

it was also determined that 16 percent of the first stage fuel-air

mixture enters the pilot recirculation zone. The rest of the mixture is

burned in the recirculation zone downstream of the holes.

The design of the low cost combustor pilot recirculation zone was

performed for the 30,000 feet altitude conditions. These conditions are

the most severe due to the lower pressure associated with the higher al-

titude. The pilot recirculation volume was chosen to be 46.838 cubic

inches with 0.5-inch diameter holes in the first stage. The pilot can

blow-off data correlation parameter for this design is given in Table I.

The effective inlet temperature correction factor, KT, was used to ac-

count for the inlet temperature effect on the flameholding stability.

The parameter W is the fuel-air mixture flow rate entering the pilotrz

recirculation zone volume. The parameter P rz is the pressure of the

mixture entering the recirculation zone volume. The value of these

parameters becomes known when the fuel-air mixture distribution is de-

cided upon as discussed in the next section. The values given in Table I

are for the final design. From Figure 8, it can be determined that this

design should provide a stable operating pilot zone in the equivalence

ratio operating range of 0.51 to 2.0, which for JP-4 corresponds to the

fuel-air ratio in the range of 0.034 to 0.135.

11.
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TABLE I

PILOT BLOW-OFF CORRELATION

rz

Condition z rT

M .7 at 30 KFT 3.228im/e
a tm2 ft3

M .9 at 30 KFT 2.877 2
atm ft

J~
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At the same time the pilot recirculation zone was designed, a

design was established also for the remaining stages of the pilot can

and the main can. The blow-off data correlation of Zelinski et al

(Reference 8) was used and the design is discussed in the next section.

3. FUEL-AIR MIXTURE DISTRIBUTION

The fuel-air mixture should be distributed to the pilot and main

can in such a way that each stage of the cans operates at a pressure and

velocity which will provide stable operation. The distribution can be

controlled by varying the number of hole stages, the number of holes per

stage, and the diameter of the holes. There are a number of criteria

which have been established from experience which help govern the combi-

nations of the above design variables. These are:

1. Total hole area of entire can should be roughly 120% of com-

bustor cross-sectional area. This leads to a small pressure

drop through the holes and to the lowest possible mixture ve-

locity through the holes for a given flow rate (Reference 13).

2. Low pressure drop through the holes and a low velocity are

also obtained if each stage has from 40 to 60 percent of its

perimeter open (Reference 3).

3. Since too large an addition of reactants after the first stage

for a given axial distance may result in quenching of the

flame, the minimum distance between stages should be about 2.0

inches (Reference 2).

74
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The above criteria were used to establish a number of possible designs

with different hole sizes, different number of stages, and different

number of holes per stage. These designs were then evaluated using the

blow-off data correlation of Zelinski et al, which is shown in Figure 9.

The design that was finally chosen for the pilot and main can

flameholders is shown in Tables II and Ill. This design was chosen

because of its simplicity and because it gave the largest equivalent

disk blockage areas (see Figure 9). The large disk blockage would

provide large recirculation zones. Low velocities are important so that

fuel does not enter the combustion region faster than the combustion

reaction can occur. Finally, this design provided the highest mixture

pressure through the holes and, therefore, the highest reaction rate.

4. FUEL INJECTION

It is important that the fuel and air mixing process provide a near

homogeneous stoichiometric mixture to the can. The combustor design, as

shown in Figures 5 and 6, provides for a separate fuel injection system

for the pilot and the main cans.

The primary objective of the main fuel injector system is to pro-

vide the flameholder element with the proper amount of fuel in a pattern

that will result in efficient combustion. The main fuel injectors also

provide the capability of varying the overall engine fuel-air ratio in

order that the engine thrust level can be varied from acceleration to

cruise conditions. With a can flameholder it is important to have a

homogeneous fuel-air mixture and not allow the local fuel-air ratio in

15
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TABLE II

PILOT CAN FLAMEHOLDER DESIGN

Distance
No. of Hole to Next

stage Holes/Stage Diameter (in.) Stage (in.)

1 8 0.500 3.0 t
2 8 0.750 2.0

3 8 l. 2.0

4 8 1.125 2.0

5 8 1.250 2.0

6 8 1.375 4.0

TABLE III

MAIN CAN FLAMEHOLDER DESIGN

Distance
No. of Hole to Next

Stage Holes/Stage Diameter (in. Stae (in.)
1 8 1.500 4.0

2 8 1.750 4.0

3 8 2.000 4.0

4 8 2.250 4.0

5 8 2.500 ---

17
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any of the recirculation zones, created behind the can, to become greater

than stoichiometric. If the local fuel-air ratio exceeds its stoichio-

metric value in any zone, then there is more fuel present than can be

completely burned and the efficiency is lowered. The main fuel injec-

tors shown in Figure 10 consisted of 12 tubes located circumferentially It

with each tube having one 0.022-inch diameter spray hole. The 12 injec-

tors -,e:e designed so they could be varied in the radial direction.

This feature was necessary for the tests described in Section I1. For

stable combustion, it is important to have a homogeneous fuel-air mix-

ture, in vapor form, without large droplets of fuel. At the conditions

at which the engine operates, the inlet temperatures are from -7.8°F to

59.80 F and good fuel vaporization cannot be obtained easily. Therefore,

the main fuel injectors were placed such that the fuel spray was directed

upstream. This gives the fuel droplets a large relative velocity with

respect to the air stream and the droplets break up into smaller drop-

lets. This increases the surface area where evaporation of the fuel can

take place.

The pilot fuel injection is not only important for good combustion

efficienc,, but also for combustion stability of the engine over the en-

tire flight envelope. The pilot fuel injection system also sprays up-

stream to break up the fuel droplets. To obtain good atomization, two

types of spray nozzles were tested (Figure 11). The first type was a

full-cone spray nozzle which uses pressure across an orifice to atomize

the fuel. The nozzle also contains a swirl plate to give the fuel ra-

dial velocity to help facilitate atomization. The second type, a hol-

low-cone spray nozzle also uses pressure drop across an orifice for

1P
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atomizing. In addition, this nozzle has an impact plug which mechani-

cally facilitates atomization.

Experimental tests were run to derine the fuel injection system for

optimum combustion efficiency. These tests are described in detail in

Section IV.2.

The fuel chosen for this study was JP-4. This fuel was chosen pri-

marily because of its low cost and accessibility. Also, JP-4 has a high

heat of combustion, 18,701.3 BTU/lbm , for good combustion performance

and is a volatile fuel even at low temperatures.

5. IGNITION

The engine was ignited by a triethylborane (TEB) ignitor system.

Triethylborane is a pyrophoric liquid with a high flame speed. Ignition

of the engine was accomplished by supplying a mixture of fuel and air at

a ratio of 0.04 to the combustor. The triethylborane was then forced

with nitrogen under pressure into the recirculation zone area of the can

until the fuel-air mixture ignited and sustained combustion.

6. BASELINE DESIGN

Photographs of the final design and fabricated low cost can flame-

holder and shroud are shown in Figures 12 and 13. All the material used

in the design was either 321 stainless steel sheet or 321 stainless

steel stock. The 321 stainless steel was used because of its excellent

yield strength characteristics at high temperature. The can was fabri-

cated from 0.050-inch thick stainless steel sheet. The holes were
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Figure 12. Can Flameholder and Shroud
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