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Preface

The increasing sophisication of defensive weaponrs during
the latter part of the 1.960's resulted in reduced effectiveness
of direct action by manned alrcraft. ODuring this perled, the
success of short range gulded weapons, such as laser guided
bombs, anti-radiation missiles and other homing or guided wea-
pons has been well documented. Recent developmente in defensive
systemns have increased the need for advanced stand-off weapons
and for remotely-plloted r.connalssance and decoy vehicles.
Because of the high cost of small Jet engines, these remotely-
rlloted vehicles have been relatively expensive.

The purpnse of this study was to evaluaie one alternatlive
to the currxent high cost engine. Thils alternatlve was a pro-
posal by the AF Aero Propulsion Laboratory to examine the sult-
abllity of using recliprocating engine turbo-superchargers as

expendable small turbojet ergines,

Specifically, this study covers the major component required
for such a conversion, the combustor and its asscclated hard-

ware.

1 wish to thank Dr. William Elrod for the direction and

TN e
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support given to me in his capacity as my thesls advisor. 1I
would also like to thank Mr., David Wilkinson from the Aero-Pro-

pulsion Laboratory, Mr. Millard Wolfe and the personnel of the

AFIT Shop, Mr, William Baker, Mr, John Parks, and Mr. John Flahive

Ffor invalualle asslstance and advice,

Raymond L. Greene
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Abstract

The development of two experimental burmers was completad
as a part of a2 project to evaluate the sultability of the use
of converted reclprocating engine turbochargers as expendable
Jet engines for remotely piloted vehiclss. Analysis of the
variables affectling the turbocharger engine indicated that a
10 percent varlation in pressure loss in tre burner would have
a negllble effect on the thrust produced, A 10 percent varia-
tion in temperature at the burner exit was a significant factor.

Considering the analytic results, it was decided to con-
struct two hurners, both reverse flow to reduce the size of
+he overall machine, Burner "A" was designed for an ailr capa-
city of up to 0.75 ibm/sec with the exit leading directly into
the turtine. The alrflow thrcugh the inlet of the burner entered
the annular plenum in a direction perpendicular to the burner
axis. Total pressure losses in this burner were measured at
1 percent for coid flow and 3 percent for hot flow.

Burner "B" was designed increasing the velocity through
the liner air holes and reducing the velocity in the combustion
region. Because of these changes, pressure loss was increased
to 8 percent. The alr inlet was also changed to inject the
alr tangentially in order to irntroduce swirl into the burning
region. The swirl crcated a more even exit temperature. This
burner produced satlsfactory results on the test rig and was

further tested on the turbochargers.
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Tests on ths turbnchargers resulted in pulsating and‘inter-
mitfant operation. Fuel novzles with botter atomization corrected
thies condltion and allowed smooth operation of the machines
with various turbine nozzler,

Final experimental results indicated the follewing factors
had the greatest effect on the turbocharga--engire performance.
In order of decreasing importance, these factors are (1) tur-
ner instabllity caused by burner/turbocharger interacztion such
as downatream torcning of unburned fuel etc., {2) Yburner masy-
flow limits which appeared to be lower than the turbochargsr
maximum flow, and (3) the airflow conditlons in the buimer

plenunm,
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COMBUSTOR DESIGN FOR
LOW~-COST
EXPENDAEBLE TURBOJETS

I. Irtroduction

The increasing sophistication of anti-alrcraft defensive
systems in recent years has created a need for expendable, low-
cost vehlcles to perform a variety of misslons. The high crst
of the current small jet engines has prevented the development
of a true low-cost vehicle, Ajet engine built with a turbochar-
ger 1s a posslble solution to the problem of high engine cost.
This study examines the combustor, a major component required
for the development of low-cost engines., Concurrently, a study
examining turbocharger performance was conducted by Capt. Tommy
J. Kent (Ref. §).

Background Information

The USAF has established a requirement for remotely-pilot-
ed vehicles (RPV's) to perform a variety of missions. These
missions include tactical reconnaisance, electronic Jamming
and interrogation, oxdnance delivery, decoy and target missions.
Current engines which are avallable tc meet these mission require-
ments are limited to swall reclprmcating engines and a few small
turbojets which cost approximately $85 / 1b thrust (Ref. 7).
Thie limitation in powerplants has restricted the sigzez of RPV's
and made the jet-powered versions relatlively expensive. In

ordvr to reduce lhe poverplsnt llmitation, the AF Aerv Propulsion

 ———n
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Laboratory is exploring alternative systems., A proposal for
one of these systems ls to convert an ordinary supercharger
intc a small turbojet engina by adding a combtuster, inlet and
nogzle. Superchargers are avallable in a wide range of sizes
for approximately $500 e¢xch. The pericrmance required for this
spplicaticAAls 100 1b. static thrust and a one time operation
for 30 minutes.

Objectives and Criteria

The purpose of thls study 1s to design and test two com-
tustion chambers for use in examining the feasibility of using
converted turbochargers as low-cost expendable jet engines,
Further, 1t is desired %o identify and define burner charac-
teristics which have the greatest effect on turbochaxrger per-
formance, Sultable burner operation is considered to exist
when continuous turning throughout the required range of turbo-
charger operation is achieved with no hot spots of sufficient
intensity to cause physical camage to the machinery. For this
study, no attempt was made to reduce welght., Figures 1 and 2
on the following pages show both turbochargers with the respec-
tive burners attached. The burner liners are shown with each
Rachine.

Scope

The iamedliate problem was to provide a preliminary com-

bustor with which testing of the turbocharger could begin.

It was decided to design two combustors, a boller plate model,

eV
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Burner "A", which could be used for immediate testing of the
first engine (#J1) to be bullt using the Rajay turbocharger,
and a more refined Burner "B" as a follow-on to be used on en-
giluc J2 to be bullt with the larger AiResenrch turbocharger.
Only minor modifications were to be made to Burner "A" whilie
major changes were to be incorporated, as necessary, into Bur-

ner "B".
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Fig. 1 Engiae J-1 with Burner "A"
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II. Description of the Combustor Designs

Two complete combustors were designsd, Burnor "A" for the
smaller Rajay turbocharger (mass flow to .75 ltm/sec) and Bur-
ner "B" for the AiResearch turbocharger (mass flow to 1.5 1tm/sec).
Each hurner consisted or an outer shell foming a reverse flow
pienum, a burner liner, adaptors at the inlet and exit to con-
nect to the turbocharger, ignitors and the fuel spray nozzles.

The outer shell of Burner "A" was constructed from steel
pipe vith a 3.5-inch inside diameter and a 13-inch length,

The annular area around ‘he llner was constructed equal to the
cross-sectiocnal area of the liner. The total alr flow area
through the liner from the annular ar2a was three times the
croass-sectional area of the liner in orxder to minirize pre. sure
losses (See Appendix B). Ai: distribution was designed for
20% at the front of the liner for fuel a'omizatior., 15% imme-
diately behind the ignitors tc complete stolchiometric condi-
tions and 69% evenly distributed along the remaining liner length
for cooling. The liner was made of 321 stainless steel and
was 2.375 inches across the inside dlameter. A swlrler collar
was located at the front of the liner, An adaptor and instru-
mentation collar, located at the end of the burner, served as

a heat expansion Jjoint. Figure 3 shows the general dimensiuns,
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Fig. 3 - General Dimensions - Burner "A"
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The outer shell of Burner "B" was constructed with stain-
, lees steel sheet 1/16 inch thick. The forward dome, liner and
1 E ignitor were standard fittings from an MA-lA Jet Alrcraft Start-
Ang Unit (JASU). An MA-1A liner was adapted for use in this
burner because experimental results indicated thrt the velocity
in Burner "A" was too high. Calculations showed the velocity
in the stolchiometric section of Burner "B" to be approximately

30 fi/sec compared to 50 ft/sec in Burnmer "A". 1Inlet air flow

s 3

was directed tangertially inte the plenum. Overall length ex-

cluding the burner to turbine adaptor was 14 inches and over-

R SO, -

all diameter was 7+ inches. Figure 4 sh.ws the general dimen-
H sions,
Ignitors

For Burner "A" the ignitor electrodes were constructed
of stalrless steel and set opposite each other with a .25 inch
gap between them centered inside lhe liner. Automotive spark-
plugs were also used and proved satisfactory although starting
was slowesr. An alrcraft ignitor plug was used on Burner "B".

Fuel NHozgles

011 furnace fuel novzles, made bLy the Delavan Company,

Des Moines, lowa, were used in both combustors.
The fuel nozzles used had a solid cone spray at an 80 de-
gree angle of spray and were rated at & gal/hr, 6 gal/hr, 8 gal/nr

. and 14 gal/hr. Fuel was delivered to the nozzles at pressures
A

bniween 20 psl and 150 psi. The minimum pressure for atomiza-

tion of the fuel was 15 - 20 psi. The nnzzle location was




Burner "B"

Fig. 4 - General _imensions
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ad justable along the burner axis in both comlustors.

In addition to the furnace nozzles, & hollow cone spray
nogzle from an MA-1A JASU was used on Burner "B". Minimum
pressure for good atomization with this nozzle was 10 psi and
flow rate changes were greater with fuel pressure changes.

Figure 5 shows a comparison of flow rates for each nozzle over

the operating pressure range.

170

160 4 MA-1A Nozzle

150 4 - - - - 14 gal/hr furnace /K
140 4 nozzle

130 4 /

120 <4
110 4 //K

100
90
80
70

Fuel Pressure (psi)

8E& B Y

20
10

L 'l 1 . 'S A 1 L i

Lo 6.0 8.0 10.0 12.0 14.0 16 18 20

Fuel Flow (Gal/hr)

Fig. 5 Comparison of Nozzle Flow Rates
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III. Burner Test Apprratus

The Alr Supply

A dlagram of the experimental apparatus showing Burner "A",
the rlenum chamber, the orifice and ducting 1s presented in
Figure 6A, The ducting is a standard 3-inch pipe which was
connected to an MA-1A JASU by a 3-inch flexlble hose. Air
leaving the plenum was delivered by a Z2-inch pipe with a GO de-
gree elbow to simulate the installatlon on the turbocharger.
The alr supply was controlled by a 3-inch gate valve located
24 diameters upstreanm from the orifice, The alr supply sys-
tem was identical for the Burner "B" tests except that the
2-inch section after the plenum was replaced with a 3-inch
section.

The Fuel System

A diagram of the fuel system 1s shown in Figure 6B. The
fuel systom consisted of an 80 gallon tank, a fuel filter and
shut-off valve, a solenoid shut-off valve, a manual needle valve,
and a fiow meter. The system was pressurized to 200 psi using
high pressure nitrogen.

The Ignition System

The ignition system consisted of 2 10,000 volt transfor-
mer, a Variac transforner, a remote swliich, an appara*is swltch
and the electroces, The Variac was used to reduce voliage in
order toc slow down the rate of breakdown in the insulators on
the locally counstructed lgnitors. Commercial sparkplugs did

not require any special care.

11
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Instrumentation

Instrumentation was located at stations 2, 3, &%, 5, and 6
as shown in Figure 6A, The following table lists the location

and type of inatrumentation at each station.

Table 1
Instrumentation

Thermo- Static Total

Statlon Couples Pressure Pressure

2 0 2 0
3 1 0
L 0 3
5 0 2
6 3

H O O

A 1.8 inch diameter squarsz-edged orifice was installed
at station 2 for metering the alr flow., The thermocouple at
station 6 was moveable and was used to obtain the burner exit
temperature profile. This thermocouple was made of unshlelded
chromel-alumel wire; the one at station 3 was shielded iron-
constantan. Pressure measurements were read on 5 U-tube mer-
cury manometers, 2 precision pressure gauges callbrated In "Hg,
anl 3 pressure gauges reading 1n psi. Temperatures were recorded

on 3 Honeywell temperature recorders,

b o o R
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IV, Analytic Development and Results

The design of the combustors was constrained by three gen-
eral factors, the rhysical size of the turbochargers, the results
of the cycle analysis from the "Design Point Turbine Engine Per-
formance Progran" (Ref. 10), and the burner areas required by
the estimated mass flow. Because of the short distance between
the compressor exit and the turbine inlet on the turbochargers,
the combustors were designed for reverse flow. Reverse flow
allows a more compact package and reduces duct lengths.

The cycle analysls showed that the temperature at the bur-
ner exit has a significant effect on engine performance, while
pressure loss in the burnmer has a lessor effect. Figure 7 shows
the effects of temperature and pressure loss varlations on thrust
for msach turbocharger.

Calculations for detexmining the required sreas to maintain
approprlate velocities in the varlous burner sectlons were based

on values obtained by using weight flow function (Ref. 3)

WY R

F(.M) - Pt A 1)

Table 2 1jsts the calculated veloclties In each section of Bur-
ner "A" for a flow rate of 0.75 1bm/sec. Area calculations for
primary and secondary alr flow were btased on one dimensional flow
and on chart values (Ref. &) for minimum pressure loss and good

fuel atomization. Appendix B describes the detalls of the calculations.
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Burner "B" was designed in a similar manner for 2 flow
rate of 1.5 1tm/sec except for parameters fixed by the MA-1A
liner. The inlet alr was injected tangentially in the burner
7lenum to create more uniform flow conditions and elimlnate
stagnation regions which occurred in the plenum of Burner "A".
Table 3 lists the calculated velocities in the different sec-

tions of Burner “B".

Table 2 Burner "A" Velocities @ & = 0.75 1tm/sec

Station Mach Velocity
Inlet secvion C.17 2% fps
Plenun mid-point 0.03 38 fps
Stoichiometric

section 0.04 50 fps
Burner exit 0.25 546 fps
Adaptor exit 0.25 546 fps

Tsble 3 Burner "B" Velocitles @ & = 1.5 1tm/sec

Station fach Velocity
Iniet secticn 0.10 124 fps
Plenum mid-point 0.06 76 fps
Stoichionetric

seclion 0.02 27 fps
Burner exit 0.15 340 fps

Adaptor exit 0.25 322 fyps

T o T P
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V. Burner Test Stand Development and Results

Development of the burner on the test stand was controlled
by two requirements. Firet, modifications were made to achieve
satisfactory burner operation and second, measurements were made
to determine the average exit temperature. This temperature
was required for later analysis of the complete engine.

Purner Modifications

During testing of Burner "A" with the exhaust open to at-
mospheric pressure, burning was observed in the lower half of
the plenum betweer the inlet and the ignitor (see Figure 8
below). A hot spot developed in this part of the combustor
hoth on the plenum shell and on the liner, of sufficient inten-

gity to melt down one ignitor and warp the liner.

Plenum Shell

.ww—. HOt spot and
burning out-

Fig. 8 - Burner "A" Hot Spot side liner

To correct thu hot spot problem, ihe ignitors wore moved

forward and a deflector vane was installed in the inlet as shown

17
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in Figure 9. This modification cooled the hot spot enough that
the liner no longer became red hot. Satisfactory operation was
achieved over the expected range of the turbocharger for engine

J"'lo

N O o oo

=1 00000
O/OOOO

. r\\\u\m\_\\\;\\\;“\ R T

25% of inlet air

I let\ '
Deflectcr Vane

Flg. 9 Deflector Vane

Determination of Average Exit Temperature

The average exit temperature of the burner was determined
by integration of the measured temperature profiles across the
burner exit. These surveys ware accomplished using an unshielded
chromel-alumel thermocouple. The burner exit was open to at-
mospheric pressure,

Burner "A" shows a large gradlent across the exit with the
highest temperatures concentrated on the inlet side of the com-

bustor. Flgure 10 shows the results cof this survey.




Isotherms Diametral Position

Fig. 10 - Temperature Profile Burner "A"

Attempts to reduce the exlt temperature gradient by induc-
ing swirl in the plenum, adding a swirler at the fuel nozzle,
and altecring secondary airflow near the burner exit were unsuc-
cessful. Integration of the temperature profile, hcowever, re-
sulted in an average temperature which was 87 percent of the
peak temperature.

The teaperature survey in the flow channel of the turbine
housing was conducted by moving the temperature axially across
the channel at the points shown in Figure 11, Froa Point 2 to
Point 4, the temperature was constant across the channel and
wAs approximately squal to the integrated value for the avexage
bumer exit temperature. Because the turbine wheel was removed,
the teapsratures at Points 5 through 8 were not considered ac-
ourate due to the flow exiting through the turbine exhaust.

19
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The temperature profiles at each point did remain flat, however,
indicating that turbulent mixing in the turbine housing tended

to eliminate uneven temperature distributions from the burner

exit. “Tmax=1420 F.
Point Temperature

1 - -

2 1230°
3 1280°
4 1240°
5 1150°
6 - -

7 1050°
8 1060°

Fig. 11 - Temperature Profile in the Turbine Housing

A confirmatlion of the average temperature valve was attempted
by hot and cold flow comparisons. Using ilquation 1, the rela-

tionship between mass flow at the burner exit is

&)P; ] [ V] P2

asauming 'J_B-.. is the same in the two cases. Choked flow was
eatablished /lty ualng & baffle plate across the burrer exit and
maintaining the combustion chamber pressure between 2.8 and

3.3 atmospheres, Using T- 1.4 cold and 1.32 hot, the value

for the function of Mach number (Ref. 3) was

Fand®® R 2379

(2)
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Therefore, the equation

2
Tro=T [ WoanPre 379
Hot Cold
AW NP, (ot 388 (3)

was solved for average exit tewmperature.

Exit temperatures obtained by this method ranged from 80
percent to 100 percent of the measured peak temperature, This
method was inconcluslive because the squaring of errors in mass
flow and pressure measurements could induce errors up to 20 per-~
cent in the calculated exlt temperature.

In view of the experlence with Burner “A", Burner "B" was
designed with a tangential air inlet to provide swirl of suffi-
clent strength to develop more uniform conditions in the plenum.
Test stand results showed no hot spots and a more even tempera-
ture profile. Maximum tempsrature was recorded on the burner

centerline and showed a temperature variatlon of 300 F. from

the liner wall to the center. Testing on the turbocharger,
however, resulted in unstable operation even though the burner
alone was stable, During further testing, it was discovered
that unburned gases reaching the tailpipe were afterburning
intermittantly. These intermittant pulses were transmitted
throughout the engine and caused severe surging. Better atom-
igation of the fuel was effective in eliminating +his problem,
The furnsce nozzle was replacsd with a hollow cone MA-1A nozgle

which began proper spray patterne at 10 psl above combustion

21

SR AR B O S g REERRER S T 5 - xR SR S
. RO RS 1T Y TS FEARE SRR AT QRS Lo S




GAB/AE/76M~1

chamber pressure and developed a finer spray.
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VI. Burner Development and Results on the Engine

Both turbocharger engines were run using thelr respective
combustors. Results obtained fit into two categories; those
having a direct effect on engine thrust and performance, and
those affecting the burner alcne.

Engine Performance

The small engine (J-1) operated successfully over a wide
range of temperatures and pressures. Burner stability on the
engine was good and no significant problems were observed.
Thrust measurements were not obtalned due to bearing failure
in the turbocharger.

The larger turbocharger operated successfully with two
different turbine housings, and achleved a thrust of 53 pounds
and 55 pounds (See Ref. 5 for detalled engine performance).

Surging and instabilitles prevented operation on three
other turbine housings. Stabllity of the burner on the com-
bu#tor test stand did not insure stability of the burner/turbo-
];' charger combination. A slignificant factor adversely affecting
stabllity with engine operation was the presence of unburned
fusl downatream of the burner exit. This unburned fuel caused
intermittant afterburning which in turn caused turbocharger

surging.
Intermittant afterburning and burning in the turblne occurred

with even small amounts of unburned fuel present. The burning

in the turbine caused significantly increased turbine temperatures.
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These temperatures were not measured, but were judged qualita-
tively by visual cobservation. The turblne wheel operated with-
cut any apparent redness when downstream fuel was alsent, but
was bright red when burning occurred in the turbine housing.
With this afterburning, the turvine exit temperature exceeded
1600 F. which was considered unacceptatle for this investiga-
tion.

Non-uniform temperature distribtution from the burner was
reduced by turbulent mixing of the flow in the inlet duct of
the turbine housing. The flow mixling of the turbine housing
crected relatively uniform temperatures at the turbine as shown
in Flgure 11, Average turbine entr, *temperature can be read
directly by locating a probe at the end of the inlet duct
(Point 3 in Fig. 11).

Burner Performance

Self-sustaining combusticon in Burner "A" was not possible
without the plenum burning outslide the liner and the assoclated
liner hot spots (See Fig. 8). Velocity in the combustion sec-
tion of Burner "A", up to 50 ft/sec, was tno high. Sustalned
combustion was probably achieved because the liner acted as a
hot surface re-ignition source (Ref. 9). The hot surface was
the result of burning outslide the liner which was caused by
recirculation from the inside of the liner back to the plenum.

Burner "A" had too low a velocity through the liner side
holes. The turbulent velocity components inside the liner ex-

ceeded the inflow velocity causing back flow from the liner

2L
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reglon to the plenum. This problem was caused by too small a
pressure differential across {the liner, a condition shown by
the burner pressurs loss measurements, Burner "A" had only

a 1 percent pressure loss through the entire burner during cold
flow measurenents,

With increased blockage to iincrease the pressure drop across
the liner, sustained combustlon was precluded. With the flow
blockage in place, varying the mass flow did not produce a
stable cperating point. Low mass flow resulted in the flanme
advancing upstream and "over-rich" flame-cut occurring. In-
creasing the mass flow resulted in "lean" flame-out. BRecause
no constant velocity section existed, the flame front was al-
ways unstable and tended to move elther upsiream or downstream,
As the flame front moved upstream, the velocity of the air flow
decreased allowing the flame to move farther upstream into an
overly rich region; as the flame moved downstream, the velo-
city of the alr increased causing the flame to move farther

downstream into an overly lsan region,

25
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VII. Conclusions and Recommendations

The concept of converting a tus becharger intc a low-cost

j
!

b Jot engine was demonstrated. Specific concluslons relating
3

bt ni s

| the particular equipment used in this study are listed below.

(1). Two combustors were designed and constructed which

L RETERE LR

% performed successfully on their respective engines. En-
- gine J-2 achlieved a maximum thrust of 55 pounds.
(2). Furnace nozzles were unsatisfactory for operation

of Burner "B" due to poor atomization.

Ef (3). Turtulent mixing in the turbine housing tended to

eliminate uneven burner exit temperatures.

e Bl

(4). Vnburnmed fuel leaving the combustor caused stabllity

problems and turbine temperature problems.

el i i itnte

Recommendations

In order to extend the operating range of the present con-
figuration or devslop a more advanced combustor, a further in-
vestigation of the stabllity problem is necessary. The following i

studies would be valuable.

(1). A study to isolate burner instabilities from turbo-
charger insvabllitles. This study can use the present experi-
mental apparatus by using the MA-1A JASU to dxive the burner
and turbine. The engine compressor alr can then be discharged

againast a back pressure allowlng individual measuremsnts of

turbine and compressor effecte.
.. (2). A study to determine veloci*y profiles within the i
26 {
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combustor both upstream anc downstream, raquired for stadle

‘ operation.

(3). A study extending the operating range of the prisent
J-2 engine configuration by fine-tuning maasures, such ai har-~
dening up the fuel system, fuel pre-hest, and'othér alterations
to improvs combustor efficlency. | |

(4). A otudy to examine operating characteristics of the
J-1 engine, Experimental equipment is available to complete

thie project except for the englne exhaust nozzles.

[

T8 g T

B b A s s a8 o e

S g

bt OIS, MRl Wi 1.



ST AR R A TR TR Rl
> RRY st T

Bi Wiiography

_ Amws Reusarch Staff, Equations, Tables and Charts for Com-
pressible Flow, Report Ne, 1135, Washington, D.C.,, U.G.
Govarnment, Ytrintisg Office, 1953,

A8 .M. B, Fluid Meters, 'Thelr Theory and Application, Ameri-~
ew; Society of Mechanical Engineers, New York, 1959.

Bislfelt, Ivan H., Grzphical Fresentation of Compressibls
Faow anctions, Technical Information Sariﬁs No. R5eGL-309,
Cemerel Electric Technical Data Center, Schenectady, New

Yaxk, 1952,

Hill, Pallip G. & Peterson, Carl R., Mechanlcs and Tharmo-
dyranics of Propulsion, Reading, Massachusetts, Addisor-
Yesiey Publishing Company, 1970, {p. 150).

Kent, Tommy J., Conceptual Study for the Desvelopment of
Low~Cost Turbojets, Thesis, Alr Force Institute of Tech-
nology, Wright-Patterson AFB, Ohio, Maxch, 1975. Unpud,

MacInnes, Hugh, How to Select and Inctall Turbochargors,
Tucson, Arizona, H. P. Books, 1971, {(p. 151).

Taylor, John W. R., Janes &1l the Worid’s Alrcraft, London,
1974 ~ 1975.

Yincent, E. T., The Thecry and Design of Cags Turdine ana
Jut Engines, New York, McGran - ¥iill BCOK GOvp IGCa., . 1350,

¥Yeissy, Kennsth E., The Design and Pertormance of a Stream-
lined Flame Holder, “Thesis, Alr ¥orce Institute of Techro-
1ogy, Wright-Patterson AFB, Ohlo, August, 1956,

Witherell, R. K., Desisn Point Turbine Engine Performance
frugram Air Force Aero Propulsion Leboratory, Technical
Rezgrt No. TR-66-88, Wiight-Pattorson AFE, Ohlo, Serptember
19

i

v i’

i G

oot

s <l -l

e e ko




R PEINEN NPT RN SO A S S nwT —— e

GAR/AE/ 7M1

Apperdix A

Davelopment of Jrifice Curves
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{Ref. 2)

Development of Oxifice Curves:

Ma = 0.525 KY,d*VH(P-R

Re = #5. = 316,000

{
i
3
3
3
i
b
i
B
b

Re range /58,0600 (m=05)
475,000 (m = 1.5)

K = 0-6532 for 100,000 Re
0.6506 far 500,000Re

K,.mse = 0.652

Y, = 1-(041+0.3580% ; k=14
B chosen e?ua/ to 0.6 Dia.
Dia. of pipe 3.156" ; Dia of Orifice 1.894"
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Appendix B

Combustor Alr Flow Calculations
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Areas

Calculations for determining the required areas within

the combustor were made using the weight flow function with

an assigned Mach number. For calculation of the required Mach :

the following values wers used

Y=13 ; ¥=14
Tr=Ts |

T+ 660 R ; Tr= 2160R
M= ui/YRT

Using the weight flow function

co. WART:
(M) PfA

and sssuming equal distritution of mass flow throughout the bur-

! ~‘};saum:|n.v.ﬁb;{‘auz.;“ P

A 1 it

1}

i bt r g e L e L e,

S

s

PR T

ner, areas were calculated for the inlet, plenum and liner cross-
section. ‘

Primary and secondary air holes were selected for 20% at
the front of the liner for fuel atomization, 13% to complete ;
the atoichiometric section and 67% evenly distributed for cooling
(Ref. B), The total area for primary and secondary air was

aelected from chart values (Ref, 4) to minimize total pressure

loss. The measured pressure loss in Burner "A" was 3 percent

and in Purner "B" it was B8 percent.

Py
S ?
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Apperdix C

Results of Cycle Analysis
using
"Dosign Point Turbine Engine Performance Program"
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TURBOCHARGER BASELINE ENGINE (RAJAY MODEL 370 E)

HPEXT =
PCYLON=
PCHLC =
PRCA =

F
PRFH
PRLP
PRC
0PO

b
P2
P21H
P21L
p22L
P22

A
q.

2

FN/VA =

ETAP =
SFCU =

BASE POINT
0.00 LCSL = 0,00009
7400000 ©CBLCS= 2,30G0N
CaNNCNO PCRLTH= 0, 60000
2,800 83eR = 0.000
1.0000 CSTAFT = {,c0000
1.0000 CTaFY = 1.00009
1.0000 ETALP = 1,0790)
248000 =TAC = ,A5009
000000 DOPFH = @,00000
PRESSURFS IN ATMOSPHERES
5 1,600 T1 = FE18,67
1.000 T2 = 518,67
1.000 T21 = 518,67
1.0239
1.000 T22 = 518,67
i.000 A
2,800 T3 = 790,77
2.660 T4 z 2169.0n
o500 €£TA3 = ,qQgon
2:660 Tug = 2159,99
1.290 715 = 1938,74
200616 ETATH = ,85091
1,299 751 = 193%,74
1,290 7Ts5 = 1938%,74
9938 ETTATL = 1.41020
1290 TSH = 1338.74
1299 Te = 1938,74
1,292 717 = 1938,74
17290 T8 2 1938,74
1285.76 TS9 =z 1322,98
0,000 T24 =z 000
0.0L0 T26 = 0.00
0.000 T27 = 9.00
6.000 TY28 = Je00
0.00 TS29 = 0.00
2 22¥02 FARSYL = ,02332
002302 FARS = ,02302
173I6N, 2 HVT = 0.0
1.00C00 vo = 1285.,7¢
40,853 TMGY = 49,883
1.07020 CETATHM= 1,03200
2402747 £G 2 2% t
35
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HCSL =

PCALNZ= 9

=

) -

w

[
L T

o
°
(¢]
#

X
n
H s

b
[ d
N

L]

FAPL
HL9
H5
neT
HE1
HEE
nee
H&6
H8
H?
Hg
HS9

NBBHY BN NN

H24L
H26
H27
H28
HS29

L )

FARS56
FAR2?
HVZ2?
V29

L]

THG29
EYAO

Fn a

|

«663
3.,90000

123.92

123,92
123.92

123.92

189.45
564,32
« 02302
56492
500.86
2. 002006
510485
500.86
9.,00043
500.86
500,86
506.86
500.86
467,83

0.00
0.00
g.0"
0,00
0.00

12302
0.0%0°%00
0.0
.00

0. 9179
1.7600¢C
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1 4 TURBOCHARGER (RAJAY 370 E) ENGINE WITH COMP MAP A4/3
HPEXT = 2.00 LCSL = g0,00000 MESL = G§,09000

PCBLON= 20030 PCALO3= ),CIG07 PCALNZ= (.,00009
PCOLS = 0.00000 ©CALT4= 2.00003 PCRLHP=: 0,50C69
PRGA = 2,500 8PR = 0,000 MAENG = ¢ 66
PRFT = 41,0000 ©“TAFT = 1.,0C7N0 WA24 = 0.990
PRFH = 41,0000 ETACH = 1,00007 WA2:Y = 1663
PRLP = 11,0000 =ZTALO = 1,03290 WA22 = «663
PRC = 2.800° ETAT = «6500J WAJ = «563
neo = 0,00000 OPFH = 9,00000 NPC = 000000
PRESSUCES IN ATMNSPHERSS
PL - = 1.000 T1 s 518,67 M1 = 123.92
P2 = 1,000 T2 = 513,67 H2 = 123,92
P21IH = 1.700 721 = 518,67 HZ21 = 123.92
P21L = 1.C00
p22L = 1,008 T22 = 518,57 H22 = 123.92
p22 = 1.000
P3 = 2800 T3 = 790,77 H3I = 189,46
L & 2e660 T& = 2160400 W4 = b5pLk.92
oPA = o000 E€TA3 = (99799 FARG = 022332
L% = 2:660 Tuy = 2159,99 H4L1 z 664,92
PS5 = 1,290 TS = 1938,74 HS = 500.86
PRTH = 2.,0615 ETATY = L65000 NPT = 0.0300N
PS1 = 1.290 751 = 1938,74 K51 = 590,96
PSS = 1.2390 TSS 2 1938.,7% HSS = 500,86
PRTL = ¢9998 ESTATL = 1,00000r 0nPE = 0.N0%09
141 = 1.290 T56 = 1938.74 HEH =" 590,86
P6 = 14290 TFA = 1938,746 He = 630,86
P? = 14226 T? z 1960.,00 47 = 1187,83
e ¥ A/B * = ETABAB= ,900Q00 CPBASR = ,195000
Ps = 1226 TS =z 3960,01 HE = 1187.83
v9 s 1655,05 TS9 = 3799,70 MS9 = 1133.11
P24 T C.000 T24 = 0,00 H24 = t.00
r26 = 0.C00 T26 = 0.00 A426 = 0.00
P27 = 0.000 Y27 = 0.00 M27 = 0.00
PEe = G.r00 Y28 L 0.0 H28 = .00
ves = 0.00 TS29 = 0,00 4S29 = 6.00
FARML = LC2302 FaR51 = ,L02302 FAPSS = ,023%2
FAR? = 06722 FAR3 = ,(06722 FAR27 = 0,00000
ny = 17360.2 HV? = 15818.2 HV2? = 0.0
Gy = 1,00000 V9 = $1645,35 V29 = 0.00
FN/HA = 654,838 THRY = 5L,%98 THG29 = 8.300
"EYA® = 1,003170 ETATHM= 1,00000 ETAO0 = 1,00300
" SFCU = §,49735 FG 4 J6.d FN 3 36.4

i i = R Contmit s G s B F vt 1
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TURBOCHARGER (ATRESEARCH T182 ©)

HPEXTY = 0,00 LESL =
PCBLNW= 11,0000 PCALNI=
PCRALE = C"CPN0  PCALTY=
PROA = Leli00 BPR =
PRFT = 41,0003 CTAFT =
PRFH = 1.0005 ETAFH =
PRLP = 11,0000 ETALP =
PREC = &L,0CCY ETAC =
OPD = 0.00000 OPFY =
PRESSURFS IN ATMOSPHERIS
Pe = 1000 T3 =
p2 = 1,000 T2 =z
P24H = 1,000 T21 =
P24L = $.7"C9

P22L = 1.050 T22

P22 = . 1.009

P3 = LeN0O0 T3 =
Ph £ 3,800 Tu 2
OP8 = L0500 E£TA3 =
Pl = 3,800 Tugi =
PS z 1.L18 TS =
PRTH = 2.6796 ETATH =
PST = 1,418 T51 =
PGS = 1,18 TSS =
PRTL = 9998 ETATL =
PS6 = 1,418 TS6 =
] g 1,418 T6 -
L4 = 1,418 T7 =
Ps 2 1,018 T8 =
v9 2 1457,97 TS9 =
P25 = s €000 T24 =
P26 = 0,090 T26 =
P27 = 0,020 T2? =
P28 = 0,000 T28 =
V29 = 0.00 TS29 =
FARKL = ,f2126 FARSL =
FAR? = ,02126 FA}® =
HY = 17360,2 HV? =
cv s 1.,00C00 V9 =
FN/WA = 4LA,279 THRY =
ETA® = 1,37070 STATHM=
SFCU = 1.,65398 €6 a

ENGINE
BASE POINT

0.00071 HESL = 2,00000
7.0%2003) P©°CBLNZ= 2,0984¢C
J. NP3 OCBLHP= 1, 00009
04000 WAENG = 1.39
1.00000 WA24 = 0,900
1.900C% WA21T = 1389
1.07000 WA22 = 1.389
«650C0 WAl = 1,389
9.03009 OPC = 0,00000
548,67 H1 = 123.92
518,67 H2 = 123.92
518.67 HZ21 = 123.92
818,67 HZ22 = 123.92
903,38 H3 =z 217,09
24160.990 H& = £63.75
«900Nn0 FAERL = L2126
21%9,89 H&H1 = 563,75
1963,23 W5 = L72,61
270009 OPT = 0.,70000
1863,03 ¥51% = k72,614
1843,83 HS5. = 472,61
1.03063 NPE = 1,000089
193,27 H56 w2 K72.561
154%,03 H6 = 472,614
1863,33 H7 = L72.61
1862,27 HS8 = L72,61
1692.,03 HS9 = 430.14
0.00 H24 = 0,00
0,00 ™26 = 500
0.00 MH27 = 0.00
g.0C w24 = 0.00
0,017 HWS29 = 0.00
12128 FARKE = 02126
«0212K FAR2Y? = 0,03G0Q
0.0 MHVZ2? = 0.0
1457.9¢ V29 = 0.30
56,279 THG29 = 0,309
1,00000 €TAD = 31,039309
64e3 FN = 6hol
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GAE/AE/76M-1

TURBOCHARGER (AIRESEARCH Y18A E} ENGINE WITH COMP MAP

HPEXT = 0«79 LCSL = 06.0707"" HCSL = 9,7090¢C
PCBLOW= n,00000 PC3LO2= 0,0C007 PCBILNZ= 0.00200
PCBLE = 0,00600 PCALTL= 0N,53007 PCRLHP= y.0)200
PRCA = 3,210 BPR = 0,000 WAENG = 1.25
PRFY = 1.6000 CSTAFY = {,00C0N WA24 = 0,23
PRFH = 1,0600 =TAFM = 1,C0100) WA21 = 14250
PRLP = 11,0007 ETALP = 1,00000 WAZ2 = 1.252
PRC = 33,3102 ETA™ = L720C0 HWA3 ] 1.259
oPO0 = 0,00600 9NPFY = 0.00003 NPT = 0,00000
PRESSUPES IN ATMOSPHZIRES

P L 1,290 Ti z 518,67 H1 = 123,92
P2 = 1.r00 T2 = 518.K7 M2 = 123.92
P24iH = 1,003 T21 = 518,67 H21 z §23.92
p21L = 1.000

peaL = 1,005 T22 = 614,67 H22 = 123,92
p22 = i.040¢C

P3 = 3,210 T3 = 84159 H2 = 194,53
PhH = Js1L5 To 2 2160,09 H& = €E64L.71
oP8 & o0500 FTA3 = L9000C FARGL = e 02270
Pl * 3,105 ThH1 = 2159,99 H4j = 564,71
s . = 1. 524 T5 = 1921.25 45 = 49%.66
PRTH = 2.,0628 TATH = 73003 OPT = 0.90C00
P51 = 1.524 TH514 = 1921.25 HE1 = 495,686
PsS = 1525 T55 = 1921.25 HES = 495,656
PRTL = «989% ETATL = 1.,07607 NPE = %.0%40°
1.4 1) = 1.525 TE&6 = 1921.25 HS56 = 495,066
P6 = 1.525 7T6 = 1921.,25 H6 = 495,66
P? = 1,725 717 = 1921.,25 H? = 495,66
P8 = 1,525 T8 = 192L.,25 H8 = 495.66
ve =z 1629.,07 7TS9 = 1734,33 HSY x  LbW2,65
P24 = 3,000 T24 = 2.00 H24 = .80
P26 = 0.000 726 = 1,00 H26 = 0.03
P27 = f.on0 T27 = 6,00 We7 = 0,00
28 = p.00C T28 = 0.00 HZ28 = 0,010
vas = 0,00 TS29 = 988 HS29 ' = 0,00
FARLY = 02270 FARS1 = .02271 FA®SR = 02270
FAR? = ,02270 FARS = ,02270 FAR27 = 2,C0009
L)) = 17360,2 HV? = Qe N HV27 = 0.0
cy = 1.006080 V9 = 162%,07 V29 = g.00
FN/HA = 54,7393 THG9 = 51,783 THL29 = g.7010
ETAP = 1,07070 <=TATHM=z 1,50000 €ETAGC = 1,03000
SFECU = 1,57816 Fh n Gbe? FN ] 6he?
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GAE/AE/76M-1
. é "TURBOCHARGER (AIRESEARCH T18A E) ENGINE WITH COMP MAP
HPEXT = fe00 LESL = 9,07000 KHESL = 0,60000
PCRLOW= 1.0G020 PCALA3= 17,0303 PCBLNZ= 92.C%000

9
C.00000 PCALYL= 9,00009 ©CALHP= 0,03C00

PCRLC =

PROA = L, ,000 BP0 a2 o000 WAENG = 1.39
PRFT = 1.0090 ST&FT = 1,09007 WA2L = 00306
PRFH = 1.9000 CSTAFH = 1,0009% WA21 = 1.389
PRLP = 41,0707 ETALP = 1,700C7 WA22 =  1,38¢
PRC = 4,0000 CSTAS = ,L66700 WA3 = 1.389
DPO = C.0G6000 O0OPFH = 9,013063 NPC = (.03700
PRESSUPES IN ATMOSPHYIRES

(2) 1,000 T1 = 518,67 Hi = 123,92
©2 = 1,000 T2 = 518,67 M2 = 123.92?
P24 = 1,000 T21 = 518,67 H21 = 123,92
P24iL =  1.MOC

P22L = 1,000 T22 = 318,67 H22 = 123,92
P22 = 1,00

P3 = heNQO T3 = 393,73 H3 = 214,62
Ph 3,330 T& = 216N,00  HY = 583,85
P8 = L0800 STAT =  ,L,9300" FARL = . 02143
PRy = 3,300 Tur = 2159,99 H4i = 553,85
(1 = 41,459 TE = 1A81,3L MHS = 475,004
PRTH = 2.,804% ETATH = ,7300) NPT = 1,300309
PEY1 = 1,459 TS1 = 1481,34 HBL = 475,04
PSS = 4,459 Y655 = 1851,35 H55 = 475.QL
PRTL =  ,9999 ETATL = 1.C207"° NPE = 9,03790
PE6 = 1,459 TS6 = 1851,35 MG5 = 475,04
P6 =z 14459 TH. = 18%1,35 HE 2 675,00
p? = 1,454 T7 = 1851,35% K? = G75.04L
P8 = 1.459 T8 = 1851,35 HSB =z L75,006
¥9 = 151T.05 TS9 = 1687,94 HS9 = 429,07
P24 =  0.000 T24 = 0,00 H24 = 2.90
P26 = 0,'00 T26 = N0 H26 = 3,00
P27 = C.C00 T27 = N0 H27 = 0,00
P28 = 0,000 “T2e = 0.00 H28 = 0,00
va9 = Go 008 TS29 = 000 HS29 = 0.00
FARLL = 02141 FARGY = (021431 FAPSH = 02141
FAR? = ,LC2141 FARS = L02141 FAP2? = (0,09003
Y ® 17360,2 HV? = 0e) MV27? = n.0
(1" a 1,40000 vo 3 1517.05 Vv29 = 0.00
FN/HA = LA,181 THG9 = 48,161 THG29 = 9,600
ETAP = 5,07000 =TATHM= 1,07700 ETAO = 1.390C0
SFCU = 1,60963 FG = £6.9 FN = 66,9
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GAE/AE/76M-1

TURBOCHARGER (ATRESEARCH Ti8A €) ENGINE WITH COMP MAP A/8

HBEXT = 9. 90 LCSL = 2.M0009 HCSt z 0.,24000
PCBLON= 0,09000 PCRLOB= 7.,00000 PCBLNZ= 0,00000
PCALEC = D.000008 PCBLTGL= 0.000CN PCBLHP= 3,99000
PROA = 3,340 BPR = Ce063 WAENG = 1.25 :
PRFT = 1.,0000 ETAFY = {,.030%0 Wazgy = 0.030 :
ORFH = 1,0000 ETAFH = L,22078C WAZ21 = 1.25%9
PRLP = 1.0000 ESTAL® = 1,090n? WA22 = 10250
PRO = 3.3100 ETAS = .7200F Wa5 = 1,250 |
OPO = 0.CACC0 DOPFY = 0,00900 OPC = 0499060
1

PRESSUPES TN ATHMNSFHIRZIS :
P1 = 1,000 T1 = 518,67 Hi = $123.32
P2 = 1,000 T2 = Bi13,67 M2 = 123.92
P2iK = 1,090 T21 = 513,67 H21 = 123,92
PZIL = 1.070
p22L = 1.000 722 = 618,67 M22 = 123.92 :
P22 = 1,000
P3 = 3,240 T3 = 311,59 U3 = 196,53 i
Pl = Jeil5 TU = 210459 H4 s S6be71 y
0P8 = oNEB0 STAI = 97000 FLRL = ,L,02270 P

= 3,145  TL1 = 21597,99 M4l = 6AR4,71 §

= 1.524 TS = 1921.,25 HS = 495,66 ‘

= 22,0628 E£TATH = ,720730 N°Y = N,00900

= 1.52% 751 = 1921.,2% H51 = 495,66

= 1,525 765 = 1921.,25 HS5 = 4L95,66

= «9998 ETATL = 1.03090 NPT = 9%,00C00

= 1.%25 755 = 1321.25 H56 = 495,66

= 1.525 T¢&- = 1921.,25 HH = 495,66

T 148 T7 = 376,00 H7 = 3187.82

AsB * » ETABAB= 979919 QPRAT = ,L95200

= 1.4%8 T8 =z 3960.01 H8 = 1187.82

= g212.,75 TS39 = 367299 HS9 = 1090.,01

= t.000 T2¢4 = 0,60 H24 = 0.00

= 0,006 T26 = NN (126 = 6.00

= 0,900 T27 = 0.90 M27 = g.00

= 8,000 T28 = 0,00 ™28 s 0.01

= 0.0 TS29 = 1.0 HS29 = 0.99

= o02270 FARSYE = ,02270 FARS56 = ,10227%

x L0AT21 FBRI = LfART721 FAP27 = 0,00000

= §736N,2 HV? = 15818,2 HV27 = le0

s 1,00000 Vo = 2212,7% V29 = €. 00

= 73,397 THGY 73,37 THR29 = 0.000

s 1.07989¢C ETAT. .+ 00000 ETAD = 1,00170)

x 3,22667 FG # 91,7 FN = 91.7
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GAE/AE/76M-1

HPEXY « .90 LOSL =
PCBLONWT J.,00000 PC3LON=
PCRLS = 0.G0C00 PCALTL=
PROA = 4,010 B8PR =
PRET = 14,3730 ETAFT =
PRFH = 1.90f00 ETAFH =
PRAUP = 1,00072 ETALR =
PRC s L.0C00) ETAC =
oPD % N 0003 DPFY =
PRESSURES IN ATMOSPHSRES
P = 1.00C T4 s
pe x 1.300 T2 =
P21H = 1,000 721 =
PIL = 1.1090

p2L = 1.702 T22 z
P22 = 1.0G9¢

P3 = Lo 000 T2 =
P6 = 3,800 T4 =
PR = LG%0) £TA3 =
PH1 = Je203 TLi =
i = 1459 TE =
PRTH = 2.6C44 ETATH =
PEL = 1,459 T51 =
PSS = 1,454 TE5 =
PRTL = 9993 ETATL =
PS6 = 4,459 TE56 =
PE = 1,459 Tk =
BF = 1,386 T?° =
® % A/B * * ETABABS
Pa s 1.386 T8 x
v9 ‘= 2082,49 TS0 =
P24 = C.f0R T24 =
P26 = Ce000 T26 =
p2? = 0.C00C T27 =
Pza = g.C0N T28 =
| [ 4] - 0,00 TS29 =
FARGLILI = L02141 FA951 =
FART? = ,L06719 FARS =
Wy s 17360.,2 HV7 =
cY s 1,06000 v9 =
FN/WA = 63,975 TH59 =
ETAP = 1,2002C ETATHMs
SFCU = 3,5)191 F6 L

2.630C9
de.c2C"
g.3cC00°

0.000

1.03009
i.0000°0
1.02030

66700
t.030C0

519.67
518,67
518.67

518:567

A93.73
2160, 71
«90000
2153,99
1851,34
«730C9
195ie30
1851,35
1.09009
1951,35
1351,35
3960.,00
«90000
3263.71
370%.809

.00
.00

0,01
0,60
C.00

o214}
«NET19

17818.2
20082,49

69,175
1.90009
95.9

L4l

TURBOCHARGER (ATPISYAPCH T184 E) ENGINE WITH

HCSL =
PCBLNZ=
PCBLHP=
WAENG =

WA24
WA21
WA22
WA3
opPC

oo auoa

Hi
H2
H21

H22

H3
HG
FARY
HuY
HS
pPY
HG1
HES
NPE
HGA
HE
H7
neraag
HA
HS9

L I T I U LR I U T I I R

WL
H26
H27
H28
HS29

LU I B A

FAOSH
FARR2?
Hv2?
vz9

NN

THG?29
ETAO

FN =

COMP MA® A/R

1.,00000
(02000
000000

1.39

%.000
1.7389
1. 389
1. 389
0.0G00AH0

123,92
123,92
123,92

123.92

216,52
563 85
¢« 02141
563,85
L75.00
0.00309
L7%,.04
L75.00h
DeJ0009
L7%. D4
L75.34%
1187,79
+95000
1187.79
1101.16

.00
0.00
0,00
t.00
0,00

0021061
g.00000
08
0.00

.00
1.000°
5

0
3
- 95.9

S i,
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operations and maintenance. After completion of this assign-
ment he was selected to attend the Air Force Institute of
Technology in the graduate Aeronautical Engineering Progran.

Permanent Address: Route 2, Box 250-B

Lake Wales, Florida

This thesis was typed by: Mrs. Donna V. Greene

42



