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Preface

The increasing sophisication of defensive weapons during

the latter part of the !960's resulted in reduced effectiveness

of direct action by manned aircraft. During this period, the

success of short range guided weapons, such as laser guided

bombs, anti-radiation missiles and otner homing or guided wea-

pons has been well documented. Recent development6 in defensiveSsystems have increased the neeid for advanced stand-off weapons

and for remotely-piloted roconnaissance and decoy vehicles.

Because of the high cost of small jet enginies, t'iese remotely-

piloted vehicles have been relatively expensive.

The rrr4• of this study was to evaluate one alternative

to the current high cost engine. This alternative was a pro-

posal by the AF Aero Propulsion Laboratory to examine the suit-

ability of using reciprocating engine turbo-superchargers as

expendable small turbojet ergines.

I Specifically, this btudy covers the major component required

Sfor such a conversioni, the combustor and its associated hard-

ware.

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

support given to me in his capacity as my thesis advisor. I

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. Jolh Parks, and Mr. John Flahive

for invaluable assistance and advice.
L

SRaymond L.* Greene

j
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Abstract

The development of two experimental burners was complet-d

as a part of a project to evaluate the suitability of the use

of converted reciprocating engine turbochargers as expendable

jet engines for remotely piloted vehicles. Analysis of the

variables affecting the turbocharger engine indicated that a

10 percent variation in pressure loss in tie burner would have

a neglible 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 burners, both reverse flow to reduce the size of

the overall machine. Burner "A" was designed for an air capa-

city of up to 0.75 Ibm/sec with the exJt leading directly into

the turbine. The airflow through 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 cold 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 air inlet was also changed to inject the

air tangentially in order to introduce swirl into the burning

region. The swirl crrated a more even exit temperature. This

burner produced satisfactory results on the test rig and was

further tested on the turbochargers.

viii
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Tets on the turbyharjers resulted in pulsating and inter-

mittant operation. Fuel nozzles with better atomization corrected

t•I•. condition and allowed smooth operation of the machines

with vartous turbine nozzler.

Final experimental results indicte the following ftctors

had the greatest effect on the turbochargz.--engine performance.

In order of decreasing importance, these factors are (1) uir-

n6r instability caused by burner/turbocharger interaction such

as downstream torching of unbu.ned fuel etc., (2) burner mask-

flow limits which appeared to be lower than the turbocharger

maximum flow, and (3) the airflow conditlons in the burner

plenum.

i

I
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- f COMBUSTOR DESIGN FOR

LOW -COST

IPENDABLE TURBOJETS

I. Introduction

The increasing aophistication of anti-aircraft defensive

systems in recent years has created a need for expendable, low-

cost vehicles to petform a variety of missions. The high c',st

of the current small jet engines has prevented the development

of a true low-cost vehicle. Ajet engine built with a turbochar-

ger is a possible solution to the problem of high engine cost.

This study examines the combistor, 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. 5).

BackgMund 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, ordnance delivery, decoy and target missions.

Current engines which are available to meet these mission require-

ments are limited to small reciprocating engines and a few small

turbojets which cost approximately $85 / lb thrust (Ref. 7).

This limitation In powerplants has restricted the sizes of RPV's

and made the jet-powered versions relatively expensive. In

ordor to reduce the poleerplsnt limitation, the AF Aero Propulsion

1



Laboratory is exploring alternative systems. A proposal for

one of these systems is to convert an ordinary supercharger

Into a small turbojet engine by adding a combustor, inlet and

noszle. Superchargers are available in a wide range of sizes

for apploximatelr $600 ech. The T!*rfcrmance required fox this

applicaticn is 100 lb. static thrust and a one time operation

for 30 minutes.

Objectives and Criteria

The purpose of this study is 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,, t is desired to identify and define burner charac-

teristics which have the greatest effect on turbocharger per-

formance. Suitable burner operation is "or.sidered to exist

when continuous burning throughout the required range of turbo-

charger operation is achieved with no hot spots of sufficient

intensity to cause physical c'amage to the machinery. For this

study, no attempt was made to reduce weight. Figures I and 2

on the following pages show both turbochargers with the respec-

tive burners attached. The burner liners are shown with each

&ohine.

boope

The Immediate problem was to provide a preliminary coa-

bustor with which testing of the turboctArger could begin.

It we decided to denign two combustors, a boiler plate model,

2



Burner "A", which could be usbd for immediate testing of the

first engine (#Jl) to be built using the Ra.ay turbocharger,

and a more refined Burner "B" as a follow-on to be used on en-

gi',ac J2 to be built with the larger AiReserzch turbocharger.

Only minor modifications were to be made to Burner "A" while

major changes were to be Incorpozated, as necessary, into Bur-

ner "B".

3
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Fig. I E~ngine J-1. with Burner "A"

4i
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"II. Description of the Combustor Designs

Two complete combustors we-e designd. Burn,.,t "A" for the

smaller Rajay turbocharger (mass flow to .75 ibm/sec) and Bur-

ner "B" for the AiResearch turbocharger (mass flow to 1.5 Ibm/seec).

Each burner consisted of an outer shell forming a reverse flow

plenum, a burner liner, adaptors at the inlet and exit to con-

nect to the turbocharger, ignitors and the fuel spray nozzles.

Burner "A"

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 liner was constructed equal to the

cross-sectional area of the liner. The total air flow area

through the liner from tne annular araa was three times the

cross-sectional area of the liner in order to mlnirize prb. sure

losses (See AppendLx B). Air distribution was designed for

20% at the front of the liner for fuel atomization, 15% imme-

diately behind the ignitors to complete stolchiometric condi-

tions and 65% 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 diameter. 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 joint. Figure 3 shows the general dimensions.

6
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Fig. 3 - General Dimensions - Burner "A"
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Burner "B"

The outer shell of Burner "B" was constructed with stain-

less steel sheet 1/16 inch thick. The forward dome, liner and

ignitor were standard fittings from an MA-IA Jet Aircraft Start-

ing 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 Lhe velocity

in the stoichiometric section of Burner "B" to be approximately

30 ft/sec compared to 50 ft/sec in Burner "A". Inlet air flow

was directed tangertially into the plenum. Overall length ex-

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

all diameter was 71 inches. Figure 4 sh~ws the general dimen-

sions.

Ignitors

For Burner "A" the ignitor electrodes were constructed

of stainless steel and set opposite each other with a .25 inch

gap between them centered inside the ltner. Automotive spark-

= plugs were also used and proved satisfactory a] though starting

was slower. An aircraft ignitor plug was used on Burner "B".

f2Rm Nozzles

Oil furnace fuel nozzles, made by the Delavan Company,

Des Moines, Iowa, were used in both combustors.

The fuel nozzles used had a solid cone spray at an 80 de--

g ree angle of spray and were rated at 4 gal/hr, 6 gal/hr, 8 gal/hr

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

ben-wen 20 psi and 150 psi. The minimum pressure for atomiza-

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

[l__ 8
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adjustable along the burner axis in both colntstors.

In addition to the furnace nozzles, a hollow cone spray

nozzls from an MA-IA JASU was used on Burner "B". Mininum

pressure for good atomization with this nozzle was 10 psi and

flow rate changes were greater with fuel pressu-re changes.

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

the operating pressure range.

170

160 MA-IA Nozzle

150 - - - - 14 gal/hr furnace

140 nozzle

130 /

120

110
H/

S100

90

830

70
H 60

50

40

30

10

4.0 6.0 8.0 10.0 12.0 14.0 16 18 20

Fuel Flow (Gal/hr)

A&w Fig. 5 Comparison of Nozzle Flow Rates
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III. burner Test App•ratus

The Air Supply

A diagram of the experimental apparatu5 showing Burner "A",

the rlenum chamber, the orifice and ducting is prese;:tad in

Figure 6A. The ducting is a standard 3-inch pipe which was

connected to an MA-lA TASU by a 3-inch flexible hose. Air

leaving the plenum was delivered by a 2-inch pipe with a q0 de-

gree elbow to simulate the installation on the turbocharger.

The air supply was controlled by a 3-inch gate valve located

24 diameters upstream from the orifice. The air 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 is shown in Figure 6B. The

fuel syritim consisted of an 80 gallon tank, a fuel filter and

shut-off valve, a solenoid shut-off valve, a manual needle valve,

and a flow meter. The system was presstrized to 200 psi using

high pressure nitrogen,

The Ignition System

The ignition system consisteL. of a 10,000 volt transfor-

mer, a Varlac transforner, a remote switch, an apparatis switch

and the electrodes. The Variac was used to reduce voltage in

order to slow down the rate of breakdown in the insulators on

the locally conistructed ignitors. Commercial sparkplugs did

not require any special care.

11
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Instrumentation

Instrumentation was located at stations 2, 3, 4, 5, and 6

as shown in Figure 6A. The following table lists the location

and type of instrumentation at each station,

Table 1
Instrumentation

Thermo- Static Total
Station Couples Pressure Pressure

2 0 2 0

3 1 0 1

4 0 3 0

5 0 2 0

6 1 3 1

A 1.8 inch diameter square-edged orifice was installed

at station 2 for metering the air flow. The thermocouple at

station 6 was moveable and was used to obtain the burner exit

temperature profile. This thermocouple was made of unshielded

chromel-aaumel 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 calibrated In "hg,

and 3 pressure gauges reading in psi. Temperstureu were recorded

on 3 Honeywell temperature recorders.

13
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IV. Analytic Development and Results

The design of the combustors was constrained by three gen-

eral factors, the physical size of the3 turbochargers, the results

of the cycle analysis from the "Design Point Turbine Engine Per-

formance Program" (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 turbocbargers,

the combustors were designed for reverse flow. Reverse flow

allows a more compact package and reduces duct lengths.

The cycle analysis showed that the temperature at the bur-

ner exit has a significant effect on engine performance, while

pressure loss in the burner has a lessor effect. Figure 7 shows

'the effects of temperature and pressure loss variations on thrust

for P.ch tu7bonharger.

Calculations for determining the rpquired areas to maintain

= rappropriate velocities in the various burner sections were based

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

F W
(M) PAP A

Table 2 l5.Gts the calculated velocities :.n each section of Bur-

ner "A" for a flow rate of 0.75 Ibm/sec. Area calculations for

primary and secondary air flow were based on one dimensional flow

wad on chart values (Ref. 4) for minimum pressure loss and good

fuel atomization. Appendix B describes the details of the calculations.

1
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Burner "B" was designed in a similar manner for a flow

rate of 1.5 ibm/sec except for parameters fixed by the MA-lA

liner. The inlet air was injected tangentially in the burner

plenum to create more uniform flow conditions and eliminate

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 1 0.75 lbm/sec

Station Mach Velocity

Inlet section C.17 21.4 fps

Plenum mid-point 0.03 38 fps

Stoichiometric
section 0.04 50 fps

Burner exit 0.25 56 fps

Adaptor exit 0.25 546 fps

Table 3 Burner "B" VeJocitien 0 - 1.5 lIbm/sec

Station Mach Velocity

Inlet secticn 0.10 126 fps

Plenum mid.-point 0.06 76 fps

Stoichiometric
seo orn 0.02 27 fpe

Burneir erit 0.15 3540 fps

Adaptor exit 0.?.5 322 fps

16
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"V. Burner Test Stand Development and Results

Development of the burner on the test stand was controlled

by two requirements, First, 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.

Burner Modifications

During testing of Burner "A" with the exhaust open to at-

mospheric pressure, b'irning was observed in the lower half of

the plenum between the inlet and the ignitor (see Figure 8

below). A hot spot developed in this part of the combustor

both on the plenum shell and on the liner, of sufficient inten-

eity to melt down one ignitor and warp the liner.

Plenum Shell\

Hot spot and
buzning out-

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

To correct tht, hot spot problem, the ignitors wore moved

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

17
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in Figure 9. Th.ia 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-l.

S00000

"\le 25% of inlet air

Deflector Vane
Fig. 9 Deflector Vane

Determination of Ave Exit Temperature

The average exit temperature of the burner was determined

by integration of the measured temperature profiles across the

burner exit. These surveys were accomplished using an unshielded

chromel-alumel thermocoujle. The bara exit was open to at-

mospheric pressure.

Burner "A"

Burner "A" shows a large gradient across the exit with the

highest temperatures concentrated on the inlet side of the com-

bustor. Figure 10 shows the results of this survey.
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Isotherms Diawtral Position

Fig. 10 - Temperature Profile Burner "A"

Attempts to reduce the exit temperature gradient by induc-

ing swirl In the plenum, adding a swirler at the fuel nozzle,

ad altaring secondary airflow near the burner exit were unsuc-

cessful. Integration of the temperature profile, however, re-

sulted in an average temperature which was 87 percent of the

peak temperature.

The temperature survey in the flow channel of the turbine

bousing was conducted by moving the temperature axially across

the channel at the points shown in Figure 11. Frovm Point 2 to

Joint 4, the temperature was constant across the channel and

m approximately equal to the integrated value for the average

bner exit temperature. Because the turbine wheel was removed,

- %the tperatures at Points 5 through 8 were not considered ac-

cumate due to t%.e flow exiting through the turbine exhawst.
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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

S821 --

2 12300

3 12800

7-- 12400 3

5 11500

6 --

6/ 4 7 1050°

5 8 10600

Fig. 11 - Temperature Profile In the Turbine Housing

A nonfirmation of the average temperature value was attempted

by hot and cold flow comparisons. Using 24uatlon 1, the rela-

tionship between mass flow at the burner exit is

[F _P)?1 -2 _4 1tL [t w2J (2)
LCold Hot

assuming is the same in the two cases. Choked flow was
A

established by using a baffle plate across the burner exit and

maintaining the combustion chamber pressure between 2.8 and

3.3 atmospheres. Using 7'- 1.4 cold and 1.32 hot, the value

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

.20



Therefore, the equation

T Exit = T Coldt/ t ) 2.7
oPt) (coldold 388 3)

was solved for average exit temperature.

Exit temperatures obtained by this method ranged from 80

percent to 100 percent of the measured peak temperature. This

method was inconclusive because the squaring of errors in mass

flow and pressure measurements could induce errors up to 20 per-

cent in the calculated exit temperature.

Burner "B"

In visw of the experience with Burner "A", Burner "B" was

designed with a tangential air inlet to provide swirl of suffi-

cient strength to develop more uniform conditions in the plenum.

Test stand results showed no hot spots and a more even tempera-

ture profile. Maximum temperature was recorded on the burner

centerline and showed a temperature variation 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-

itation of the fuel was effective in eliminating +his problem.

The furnace nozzle was replaced with a hollow cone MA-IA nozzle

which began proper spray patterns at 10 ps. above combustion
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clamber pressure and developed a finer spray.
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VI. Burner Development and Results on the Engine

Both turbocharger engines were run using their respective

combustors. Results obtained fit into two categories; those

having a direct effect on engine thrust and performance, and

those affecting the burner alone.

,•nine Performance

The small engine (J-l) 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 obtained due to bearing failure

in the turbocharger.

The larger turbocharger operated successfully with two

different turbine housings, and achieved a thrust of 53 pounds

and 55 pounds (See Ref. 5 for detailed engine performance).

Surging and instabilities prevented operation on three

other turbine housings. Stability of the burner on the com-

bustor test stand did not insure stability of the burner/turbo-

charger combination. A significant factor adversely affecting

stability with engine operation was the presence of unburned

fuel downstream of the burner exit. This unburned fuel caused

Intermittant afterburning which in turn caused turbocharger

auging.

Intermittant afterburning and burning in the turbine occurred

with even smail 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 observation. The turbine wheel. operated with-

out any apparent redness when downstream fuel. was aLsent, but

was bright red when burning occurred in the turbine housing.

With this afterburning, the turbine exit temperature exceeded

1600 F. which was considered unacceptable for this investiga-

tion.

Non-uniform temperature distribution from the burner was

reduced by turbulent mixing of the flow in the inlet duct of

the turbine housing. The flow mixing of the turbine housing

created relatively uniform temperatures at the turbire as shown

in Figure 11. Average turbine entry tomperature can be read

directly by locati.ng a probe at the end of the inlet duct

(Point 3 in Fig. II).

Burner Performance

Self-sustaining combustion in Burner "A" was not possible

without the plenum burning outside the liner and the associated

liner hot spots (See Fig. 8). Velocity in the combustion sec-

tion of !.urner "A", up to 50 ft/sec, was too high. SustaAned

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 outside 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
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region to the plenum. This problem was caused by too small a

pressure differential across the liner, a condition shown by

the burner pressure loss measurements. Burner "A" had only

a 1 percent pressure loss through the entire burner during cold

flow measurements.

With increased blockage to increas3e the pressure drop across

the liner, sustained combustion was precluded. With the flow

blockage in place, varying the mass flow did not produce a

stable operating point. Low mass flow resulted in the flame

advancing upstream and "over-.rich" flame-cut occurring. In-

creasing the mass flow resulted in 'lean" flame-out. Because

no constant velocity section existed, the flame front was al-

ways unstable and tenl.e to move either upst.ream 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 air increased causing the flame to move farther

downstream into an overly lean region.

25



GAE/AE/76K -1

VII. Conclusions and Recommendations

The concept of converting a tubc.charger intc a low-cost

Jet engine was demonstrated, Specific conclusions relating

the particular equipment used in this stAdy axe listed below.

(1). Two combustors were designed and constructed which

performed successfully on their respective engines. En-

gine J-2 achieved a waximum thrust of 55 pounds.

(2). Furnace nozzles were unsatisfactory for operation

of Burner "B" due to poor atomization.

(3). Turbulent mixing in the turbine housing tended to

eliminate uneven burner exit temperatures.

(4). Unburned fuel leaving the combustor caused stability

problems and turbine temperature problems.

Recommendations

In order to extend the operating range of the present con-

figuration or develop a more advanced combustor, a further in--

vestigation of the stability problem is necessary. The following

studius would be valuable.

(1). A study to isolate burner instabilities from turbo-

charger insTabilities. This study can use the present experi-

mental apparatus by using the MA-lA JASU to drive the burner

and turbine. The engine compressor air can then be discharged

against a back paasure allowing individual measuremgnts of

turbine and compressor effects.

(2). A study to determine veloci+.y profiles within the
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combustor both upstream anC. downstream, required for staole

operation.

(3). A study extending the operating r&-ge of the prisent

J-2 engine configuration by fine-tuning measur8s, bltch a" lrr-

dening up the fuel system, fuel pre-heat, and other altcrati(ns

to improvo combustor efficiency.

(4). A study to examine operating characteristics of the

J-1 engine. Experimental equipment is available to complete

this project except for the engine exhaust nozzles.
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DPve_ uPwe~nt of ,r-ilce Curves
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Developmerit of' Orifice Curves.- (1ef. 2)
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301



GOLE/AE/76m¶-i

5.. 0

H 0.
4) C

* 434

0- 04

C4

-t 04 co D 4

04 C; 1c)

go31



i1•176m-l

Appendix B

Combustor Air Flow Calculations
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Areas

Calculations for determining the required areas within

the cobustor were made using the weight flow function with

an assigned Mach number. For calculation of the required Mach

the following values were used

1.3 /.4

r = 660 R ; Tr 2160R

M-UI -/
Using the weight flow function

PRA
and assuming equal distribution of mass flow throughout the bur-

nor, areas were calculated for the inlet, plenum and liner cross-

section.

Primary and secondary air holes were selected for 2O% at

the front of the liner for fuel atomization, 13% to complete

the stoSchdometric section and 67% evenly distr.IbMted for cooling

(Ref. 8). The total area for primary and secondary air was

selected from chart values (Ref. 4) to minimize total pressure

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

and In Burner "B" it was 8 percent.
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Resultb of Cycle Analyais

"Desian Point Turbine Engine Performance Progam"
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TURBOCHARGER BASELINE ENGINE (RAJAY MODEL '370 E)
BASE POINT

1IPEXT = 0.00 LCSL = 0.090oC '4CSL .0"IPC.4LfO= *Is0omo 0C8LC9= 1.'00000 DCBLN7= o.so00t 00! no
PC9LC (c.fitqqO PCSLT4= 0.eCOCI, PCfPLHP= -'OOO0CO
PRGA = 29800 SPR 0.000 WAENG = .p66

PRPFT 1.0000 FTAFT = 01.C0 00 WA?4 a 0.09"!tPRFH 1.0000 'TAF'4 = 1.0000) WA21 0 663
PRLP i 1.000 ETALP = I On 0 W4A22 .663
PRC u2.8000 STAC = .65003 WA3 a 663OPO =0900000 OPF94 = 0900090 OpC 0.000000

PRESSIJRFs IN ATMOSPHSRES
P1 1.000 TI = 18,67 "1 123.92P2 1.000 T2 =518e6? H42 =123.92P21" - 1.00 T21 z 518.67 H421 z123.92
PZIL u 16033
P22L z 1.000 T22 =518.67 1422 a123.92
P22 v 1.000
P3 * 2.890 T3 =790.77' H3 *189.46P1. a 2e660 T4 221690.0 H44 564s92
DPL* *0F0Q STAI .q0 0 " FAPa. @02302

P1 a 260T41 = 2159.99 "41j 56'i.92
PS a 1.@290 T5 =1939*74 HS 500.86PRTH a 2,0616 ETATH 9 65cli flPT 9 ~000rio0
PS1 3 1.290 TSI 1 93 5,,'? S45 49 2 01P55 z 1.290 T55 a 193S,74 I4 5 65 500.86
PRYL .c 9998 ETATL = t.aoCno 9ppEP56 w 19290 T56 z 1q38.74  H456 a500.36pe a 19290 T6 = 1938474 H46 *510.86
Py v 1.290 T7 = 1938.74 H? a500.86
PS = 1P90 Td w1938.74 48 = 500s86
.V2 a 1285.76 TS9 z 1522*qa 14S9 Z467a83

P v1 Os0.00 T2'. 2 0000 p424 2t 0.000P26 = O.Ot,0 T26 = 0.00 H426 a oleoPe? a Moo0 T27 u 0.00 1427 a 0.0')pre a 0.000 T28 a 3.00 M428 a 0.000V * 0.00 TS29 z 0.00 MS29 a 0.000

rA1j.*12702 FARS1 = .0?3312 F,4R'G5 2 13FAR? a a02302 FARI a.02302 FAR27 0.#00.00
Kv u I?36".2 HV7 a 0.0 14V27 a 0.0ev x 1.00000 V9 a 12S5.7fE V~?9 3 Co00

IVAa 40.883 TH4G9 z 40.a5 O3 TMG?9 :a 00 ne0CTAP a 1.00020 STATHM= 1*030400 ETAO 1*1GOOD
SPCU a 2.02747 FG a 27.1V F N 27.1
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TURBOCHARGER (RAJAY 370 E) ENGINE wrTH COMIP MAP A/R3

I4PEXT v 0.00 LCSL = 0.00000 RCTL = 0.090000
PCeLOW= r.2crap PCL3 J*.CIGO OCRLNZ= V90000n
PCRLCa, 0.00C00 OCRLT'4= 1090003 PCRLHP= 0900COO
PROA z 2.800 qpp a 0.000 4ASNG a v66

PRFT 2 1.000 STAFT = t.00000 WA24. x 0.0000
MPFH a 1.0000 ETAcN = LeOIC0O0 WA21 - 663
PRLP a I*CQ STALO 1*03110 WA22 = 0663
PRC a 2*8600C E TA'J .65003 WA3 2 .663
OPO a0.00C00 DPFH 1*00000 PC a 0600000

PRESSUDES IN ATMflSPHESRS
P1 s 1.000 TI a S18.6? HI 2 123.92
P2 = 1.000 T2 a 51,5o67 H2 123o92
P21H le1.10 T21 a518.67 1421 z 123.92
P21IL 3 1.00
P22L a eCOO T22 =518.67 H22 z 123.92
P2? z 1.000
P3 2*280 0 T3 = 790977 H',4 189.46
P4 a 24,660 T4. 2160.C' '44 =564.92
op" *!COO FTA3 * 90110 FARI. = 02332
P411 = 2.660 T41 =2159.99 '441 =564.92
PS lo1290 T5 a11338.74 H5 =500.86
PITH 3 2.0616 ETAT'4 x .6500" IJPT 0.03c00
psI 19290 T51 = 1938.74 H451 =500.56
PS5 2 * 129fl T 55 s 1938.7'. H55 = 500.86
PRTL = .Q98 ETATL = 1.0000" flPS = 0.0000
Ps6 10290 156 = 1938.74 H456 5900.6
PG 1*290- TA u 1938s7'h H6 = 10086
P7 a 1.226 T7 v 960*00 '47 = 1187.83

4*A18 * ETA0ARN 090000 OPOAR = .05000
PS v 1.226 TS a3960.01 HO8 = 1187.83

aS 16155.05 TS9 m 3,99.'0 HS9 = 1133*11

P21. C90.00 T24 z C0. H242 a Co00
P26 8oC0.0 T26 a 0.00 826 a 0.000
pt? a 0.000 T27 a 0.00 H27 x 0.00
P2, 0foP0V T28 a 0.00. H428 a 3.00
V29 0*00a TS29 c 0.00 '4S29 r 0.00

PAR'.1 v .02302 FARSI x 902302 FPA56 x *02322
FART a .067?22 FARI a .06722 FAR27 a0.00000

"W 17360.2 94V7 x 11,818. 2 HV?? v 0.00
ov a * i000a V9 a 1645*35 V29 v 0.000

WWWA a 54*898 Tmn9 a SL.098 T4G29 a 0.3000
"CAD * 1*00300 ETATHM= 1.00000 ETRO x 1.003001

-SPCU a 4*42785 PG 3691# FN a 36.1.
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TURBOCCHARGER (AIRESEARCII T184 E) ENGINE
MAE POINT

",PEX? 0.00 LCSL. 0,01 H CSL 0.00000
PCU3LJW= 54,00009 PC9VA9 Ioý,P OrBLIJ7= -C 900C
PCeL1C C*."P04' PCRLT42 lsýVI QCOLHP= 3*).0~0
PROA = 4.000 a PR 0.000 WAENG = 13

DRFT 1.0000 ETAFT =~cn I*C! W42 a o0*00
PRFH 31*It0P05 ETAP z 1,900rt0 WA2I. 1.389
PRLP= 1.00!00 ETALP =.O1,0O00 WA22 1.389
PRC 4.0001 ETAC a o65000 WA3 a 1.389
OPO Oe OC0 PF'4 a I0O003 OPC =0.00000

PRESSURFS IN ATMOSPHC-=-S
Pi 1.000 Ti 518606' HI a 123.692

P2 toI.06 T2 r1.F IS 2 a fi ±23.92
P2114 1.000 T21 5±8.67 M21 3123.92

P211 Is " 00
P22L 1.e0 00 T22 518.67 '422 =1236.92
P22 1.000
P3 4* .000 T3 m 903.38 M3 =217.09

P4 3o800 T4 = 2160.090 44 563.75

OPe e0590 ETAI = a9001l0 F&LR4 .0226
P4.1 s 3o80) T41. = 2159,,g9 44t 5611.75r
ps 1.418 T 5 = 1I3 9 C3 '45 4.L72061
PRtTH =2.6796 ETATM ,7J0001 OPT a 0.090!20
PSI a 1.418 T51 = 1843OC3 W151 z4*72.61
p5s a jo418 T55 = I Wig C.3 455. 2 472#,61
PRYL s e9998 STATL = i*010Y1 nPE =1'o
PSG a 1.418 T56 a 14 3*;.' 1 M56 ' n. '.61
V6 a Iol&I3 Tf 16419 03 "~6 472,t6i

P? 0 1.418 T77 18 43.b3 3 H7 472.61
PS m 1.4.18 T8 IS to'**. C 9H8 247P.96i

V9 a 14.57s97 TS9 1.692.03 HS9 430.14

Pt'. MOD00 T24. 0.00 H24 2 0.000
P26 a C.000 T26 * 0.00. "26 l 00
P27 x 090CO T2?? 0.00 27 0.000
P28 w 0.000 T28 oev 0. 26 0.00
V29 0.00 TS29 0.0') 94529 0.000

FAM f2126 FARSI s .02±26 F~AP'56 * 02126
FAR7 - 02126 FAR$ a.02126 FARZ m0040
NV 17360.2 NV? x 0.n MV27 z 0.0
eV u 1.00fcS0 V9 z 14570e. V29 a 0.00

MINiA w 44o279 79449 v C6#279 THG29 z= ,0
IETAP a 1*10. CTAT144 1.00000 ETAO x o=0
SICU w 1*65398 9'G 64.3 FN a 6493
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TURBOCHARGER (AIRESEARCH Yi8A El ENGINE WITHI COM4P MAP

NPEXT = 0900 LCSL 0.01019 '4CSL 1900
PCBLOWz r*.0000O PCILOq= 0.00001 PC9LNZ= o.OeWDO
PCRLC = (0.C009 PC9LTU= n*000C31 PCPLHP= aoQV300
PROA 10 BPR 0.000 WAENG = 1.25

PRFT 1.0000 FTAOT = i.0')C0( WA24. = 093
PRFH 1,DOMO '-TAc = ioC010~) WA21 1.250

PRLP =1.0001 ETAIP =£.V000 WA22 io250
PRC =3.3102 FTV' 9 720CI WA3 1.25.1
OPO = 0.00600 1)PF4 0.000003 DPIC 06200000

PqESSURES T14 ATMOSPHERIS
P1 a 1.000 Ti =518.67 Hi1 123,92

P2 a jro" T2 =518.6' '12 =123,92

P21" 1*0.03 T21 =515.67 W21 2123o92

P21L = 1.00
P22L a 1.00" T22 5iSj*67 4f22 =123.92

P22 = 1.000C
P3 3a .4 10 T3 511.59 H7 194.533
P4 a 3.145 TI U % 216Q0,0 44. 564.71

OPVJ z .0500 FTAI = ~.9030C FAR4 = 02270
P41 w 3*145 T r+ I = 2 159o qq w41 564.71
PS a 1.524 T5 = 1921.25 '45 =495qe66

PRTH z 2.0623 ETATM = o? 0 00 -3OPT 0, 0.00co
PSJ z 1*524 T5I. = 1921.25 4=1 495.66
P55 a 1.'25 T~55 1921.215 H455 =495.66

PRTL .9995 ETATI = l.oimv1 fPE =*30

PSG 19.925 T56 = 1921.25 H'456 495.66
P6 1.525 T6 = 1921.25 '46 495e66
P7 lo.725 T7 1921.25 H47 495.66

as ±.F25 T8 = 1 q2l.25 '48 z495.66

ve 1629.07 TS9 a 1734.33 HS9 z442.65

P21 of 0.j00C T24. 30200 '424 = 0.80
P26 a 0.000 T26S a 9.00 1M26 coos0

P27 u 0.n0 T2' a 0,00 "427 2 0.000
Pt8 0*000 T28 xz 0.00 '428 = 0.00

V29 a 0.00 TS29 a 0.00 HS29 z 0.00

2A& *02270 FARSI a .022731 FAP5'i = .02270
PAR? 2 .2270 FARS a.02279 FAR27 a : 01

"2 17360.2 HV7 m 0.0 MV27 0.00
Cv lo1uaioO V9 a 1629.07 V29 a 0o0*

*WA 15 ~j703 'H0G 9 a 51.783 THG29 2 a0.090
F-TAP a 01.0010 'FTATHH= loCQ000 ETAC a 1903000

¶%FCU IoS.7816 FG 64.*' FN a 64.?
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TURBOCHARGER (AIRESEARCH TISA E) ENGINE WITH COMP MAP

MPEXT = 0.01) LCSL 10,Pfl' HCSL 09900001
PC9LOV= %leý0t'3 PCRLnR= I,tC3COI PCBLN7= !'.Clo00
PCRLC =C*0O0O0 PqL74= loO0 OC'LHP= 0@01C00
PROA = 4.V001) 3Ptý a 0000 WAENG = 1.39

PRFT i.I3C90 ý'TFT = ,10 W42I. c or3c.
PRFN 1.0ý00 FTAFI4 = . '0 0 09 WA21 1*389
PRLP =190e0lw ETALP t1.tQCe"3 WP22 i3c
PRC 4*09 ".VO TAC *667Cf3 WA3 io1389
opo C00600O flpFH Is.O'0103 )pc D 0.0000

PRESSUPVS IN ATMOSP'47PF.
P1 a .e00 Ti 518.67 Hi. 1 23.92

3 v 1.CQ0 T2 S18,67 '42 1123.9?

P21H tor 1.C0I T 2i 518.67 M21 123.92
P21L 11lo
P22L. = *C T.0 22 z 5 ig.* A H?22 = 123.92
P22 i.000
P3 I 4010~0 T3 a593973 H43 214.62
P4 3.800 T4 = 2i6fl.~ w4 5'r3* 85
oPq aC050" IST Al q(ro? PAPRi *02141.
Phi 3.500 T41, = 2159.99 H441 =563.85
PS t*45q T,5 =iA9 1 , 113 4 H5 =475.04
PRTH 2.6t)44 ETATH ,70nla~ OPFT 0a
psi = o 1,~59 T91 =1151 63 i5t.I.H 475.014
P55 ý*459 T55 =j85 e3-5j H55 47oO
PRTL og9S9 ETATL = I.CCOI" rOPj 1003
P56 = 1*459 T56 = t35i039 1455 475.04
P6 lo459 T6. = t591.35 H46 =475s04

P? 1.459 T? = J55i.3r, H? 4 175.04
pe 191"59 TS = 1835105 H48 475.04.

V9 151"sD5 TS9 a 1687.94 HS9 1429.07

P2 u m DeCDO T214 DoD 0.0 242' 0.00
P2fi C.tU1 T26 = eo 0.0" oM?
P27 C*C,10 T27 1616G W27 = 0.000
P26 0.0100 -T20 Dec H.0'28 = C.0o
V29 0*500 TSZ¶% z 0.00 HS29 a 0.00

PA16 *02141 FAR51 c .C214*A FAP56 = .32141,
FAR? = C2l1b1 FARS * 02141 FAP2V? = OvO0000
mS c 1736f'.? HV7 0.0 '4V27 z e
Cv a 1.00000 Vq a 1~. 17 aa5 V29 0.000

PUWNA a4iot61 THG9 : 18o16i T'4Z9 z 9.000
£ETAP x 1*0)10C ~T4TH4= toOIC00 ETAO lelC
SFCtJ a 1.60065 KG 6 6o 9 FN 2 6609
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TURBOCHARGER (AIRESEARCH TibbA C.) EN4GINE WITH COMP MAP A/9

HOSXT go 9.0 LCSi. 0. ('9"1 4CSL a =
PCBLOW= O*V3000q PCPLO= '3.0000'! P C 3 L NZ = o W00h
PCOLC 0.00000 PCOLT4= 0*G3PC' PC6L'40 0*9000 ~
PROA 3.319 SPR x C.003 WAENG : 1.25

PRFT =isflG0O ETA1T = .%Y10Cl UaZ4 01030
DRFH =190000 El AP'I = lo12ý uA?i, 1*251
PRLP =1.0000 ETALD = i.Gf0n' wm l WA2 10250
PRO =3.3100 E T A St 720gr WAS i' 1250
OPO G*C'jCP0 3PF'4 = 0.0300 !)PC = 0.3'3p a 4

PRESSUPFS IN A';H0Sr-H'~S
u1 0 ~0 TI 5 51 Rof'? HI 233

P2 1.COO T2 = io6 '42 = 2392
p21H = 1.1200 T2l. 513.',? 421 =123*92
P21L iol
P22L 1.000 T22 =5jJ4oS7 '422 = 23.q2
P22 is1.00
pl o 3~1a T3 .311.5q 43 194o53
P4 3.145 T4. 2160.00 H4 564.71

OPS = 5l00 ETA3 6 914000 FcR4 .02270
=4 3911,5 TILJ 215109q UJ41 564.71

p5 L.F24 T5 1q21.25 H45 =4q5e66
PRTH =2.0628 ETAT'4 = 710ra !)OT =0.00000
PSI = j524 TSI. = 1921.25 w'51 495s6l
P55 = *~525Tr 1;, = 921o4 H55 495,66
PRTL 0095~ E-44TL istCO119 rnPt 9,00coo

Pr,6 z j*,25 T56 = 1321.25 "'56 495.66
P6 = 1525 T6 = t92t#?5 46 495.66
P? 1.t448 T7 = 3'161300 H7 =1157s82

AI ETABAB= .9921V OPS A! 5C
Pe 144.8 TS = 3960.01 H8 = £187.8?

a 9'212o75 TS9 z 3r)72og9 H 19 2 1090*01

P21. = a.000 T24 0.00 M241 0.00
P26 u 0o000 T26 z flflI t426 3 0.00

P27 a 9)~000 T27 gsl .0 427 u 0400

V29 U fla0 TS29 9!10c0 NS29 3 0.0q)

PH/VA = 73o397 T1'Gcl 73*'R9 7 THV29 v DOM0
ETAP a1*0'3OOC 0-TAT, &0.00000 ETAO = z 00

=FU 3*29667 r Gi. v1i 917F 91.7
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TUR OCH A RG 'FR (IPr-STAPCH T18A E)'rNGINS WITH COMSP 4AO AIR

I4PEXT 3*9V L(:SL 0*60elt' MCS1 = ),00fO0
PCBLOR%- OoVIODO0 PCILO'1 O*C'!3CP PceLNZ= G@010i00
PCOLS" CoOCOt~O OC'ILT4= 0.0000) PCOLHP= OcOD000
PROA 1 4*0qQ RR X2 0.000 WAENG = 1.39

PRFT a 1.V0J0 ETAFT = 1,020')0 wA24 0.000
PRFH =1.0M ETAFH = i*0O000P WA21 14389
PRLP 1*0009 ETALP = 1.03rle WA22 = 14389

=R 4.0003 ETAC o 66701! WA3 = 1.389
0pO u.0000ceb OPP4 06000001 OPC =0.000690

PRESSURSS IN ATMOSPM"SqS
P1 3 1.!0 T1 51S.67 "Ij =L23092
P2 = 1.*00 T2 515.67 H2 123.92
0218 1.000 T21. 518a67 H421 =123.92
P21L = 1pco
P22L = 1.r0l T?2 =519a 67 H22 = 2392
P22 = 19096
P3 z 81.000 TZ A 93.73 W3 245
P1. a 3.SOO T4. 2160*V9 M44 563*85
Wep 9fijg 0 .3 ;:TA9 Z.90000 FAR'. z *02141
P1.1 3s 010 0 TLI. 215-3999 HL1 = 563.85
PS = 1.k~q TF 1851.34 '45 =475.11'.
PRTH m 296t4.4 STA'4 7~3001 OPT =0.00009
P51 = I* L59 TSi. 1li*34 '451. 475.0"
P55 j19454 rrs 1851*35 H~55 475.0Ott
PRTL , e~999 ETA"L =1903C10 ')PE =0.300000
PSG r Is 9&9.;9 T56 z= i~ 113 5 H ';$; 475.04.
PF% toL.59 TA~ = 1551935 146 475.04.
pTr a 1.386 T7* = 1960.00 H17 z 187.79

**A/B E TABA6= .90000 n Pq A1 v .05000
pt I 1.R 86F TO a 3963ali9 H-8 z 1187.79
V9 'a 2082*49 TS9 x3739*8P IS9 v1101.16

P24P a C*IMCA T2. 3 30.0 '4214 a 0.00
P26 a C9000 T26 9.00 1426 0.00
P2? w 0.1-00 T27 x 0.00 1427 m 0.00
pt6 a~ 09COn T25 a ').00 H28 a 0.00
V29 a 0.00 TS29 a 0.00 HS29 3 0.000

PAV%1 a *0214.1 PAQt5l *02i"1 FAR56 a *92141
PrART a .06719 FARS a *PG719 FAR.27 z 0.00000
mv w 17360.2 HV7 =17618*2 HVLV27 n 0.0
!CV a i.o'@r0 V9 a2082*49 V29 a 0.00

FIW A a 64*075 THG9 a69015 THG?9 a cocoa
ClAP a 1.00012C ETATHma 1l00i310 ETAO a 1000CI
SF.CU a 3*53191 a' 95.9 FN 9 95.9
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