
—
, A O—A O5o 2% AIR FORCE INST oc TECH WF:ISHT—f A T1ERS0 4 Afl 0+410 5CM—tIC F’S 2115t PERFORMANCE EVALUATION Of’ A SMALL TUROOCHARSER ENSINC. (U)

MAR 75 M O’SRILN
uNCLASSIFIED 

- . 

*FIT/SAL/AA/71M—13 MS

_ _ _ _ _ _  

I

I _
I

IIUfl_ I
FILlED

EF4 D

8 —78
DEC

I

I



“ I .0 ~ ~~ ~~I _____ 

2.2
36

Ii ~
IIII(~

8

Inn’ .25 IIIIIi~ HflI~
6

IC IN U II3~~C

61 II I ~.[i I. .I~~ A



I
,

>-

! w•. ___ .I

C-,

DISTRI BUTI ON STATE M
App Tov .d let public I

Di~%ITIbu tkon Unll rn



• ~AFTT/GAB/AA/78M~1 3/  LEVEL~

~~~~~

• LERFORMANCE EVALUATION OF
A~~~MALL TURBOCHARGER ~ NGINE ,

- ~~~------•. -.• • .
~~~~~ / • .•

THESIS /
•IT\ _ _

~J_ -

APIT/GAE/AA/78M-13 Michael /0’ Brien~~
ls€ Lt. USAF

Approved for public release; distribution unlimited .

D D C
~~fPfi~1EflflJiEfl

JUL 17 7978

~~~~JL5U J~~o~ —.1)
(. • •;



AFIT/GAE/AA/ 78M- 13

I

PERFORMANCE EVALUATION OF

A SMALL TURBOCHARGER ENGINE

THESIS

Presented to the Faculty of the School of Engineering

Of the Air Force Institute of Technology

Air University

In Part ial  Ful f i l lment  of the

Requirements for the Degree of

C) Master of Science

by

Michael O’Brien , B.S.M.E.
ITS IMti tiC?$s.

1st Lt. USAF I,• Im$1 fl
pHuo~Icu 0

Gradua te Aeronau tica l Engineer ing

IT.
• IISTRIIITIII/AfttWlUfl ~ ,u

Iftsl . AVAIL ui/v VECIAL
March , 1978 • n $

Approved for public release; distribution unlimited .



PREFACE

This thesis project continues the work done previously

to develop a low cost, expendable turbcjet engine. A pos-

sible application is as a power plant for remotely piloted

vehicles (RPV ’s). The concept is to minimize cost using

existing components whenever possible. Many RPV designs

call for a one-way flight. In these cases , it is obviously

desirable to have an inexpensive engine with a limited

operational life.

To examine this concep t, an automotive turbo super-

char ger was mated with a simple combustor using a cataly tic

element. The materials used are not very exotic and the

fabrication techniques available were basic. A critical

evaluation of the resultin g engine may show som e inferi-

ority to a production turbojet engine in terms of absolute

parameters. However , when compared on a basis of perfor-

mance delivered per unit cost, this engine concept will

come out far ahead.

In this project , invaluable support was given by the

AFIT model shop led by Mr. Carl Shortt. They produced

most of the parts used and abused during testing. The

shop personnel was extremely responsive to all our needs.

Basic direction was provided by Dr. William C. Elrod, my

primary advisor. Day to day assistance at the lab was

given by John Parks. The other members of my committee

P were Dr. Harold E. Wright and Captain Richard A. Merz.
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Mr.  David Wilkinson of the Air Force Acro Propulsion Labo-

ratory gave additional support . Special thanks go to

Larry Taylor and Robert I3arham who shared the unique ex-

periences that were a part of working in the lab.

Mich ael O ’Bri en
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AFIT/CJAE/AA/ 78M- 13

Abstract

Performance data were taken for a small turbojet en-

gine which is made up of a turbo supercharger and a catalytic

combustor , which were originally intended for automotive use.

The design employed the catalyst to promote a hydrogen re-

action in air to power the rotating machinery . Several

tur bine housings each use d wi th vari ous nozzl es were run

on the engine to produce performance data. Using a turbine

inlet temperature limit of ].800F and a rotating speed limit

of 120,000 RPM, a maximum thrust of 34 lb. was recorded .

Stable engine operation was observed in most configurations.

Performance compared well wi th theore tical data suppli ed

by the CARPET computer program.

(
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PERFORMANCE EVALUATION OF

A SMALL TURBOCHARGER ENGINE

I. Introduction

Background

The development of small, low—cost turbojet engines

has been undertaken by AFIT for some time. The principal

component being a mass produced turbo supercharger origi-

nally intended for automotive use. Components used were

commercially available and inexpensive , at least in air-

craft terms; other parts were fabricated using simple

techniques and non—exotic materials. The cost savings

per pound of thrust delivered in such a system were sig-

nificant (Ref 10).

The earliest work demonstrated the basic feasibil i ty

of such an engine . A Rajay 370-E turbocharger was f i t ted

with a simple combustor to produce the first engine (Ref 7).

More advanced instrumentation was developed for work on a

larger turbo char ger engine (Ref 6). This instrumentation

was used in all subsequent work. Also, the feasibility of

using a catalytic converter as a coinbustor was demonstrated

on the turbocharger used previously (Ref 5). Hydrogen gas

was the chosen fuel since it reacts with the catalyst under

ambient conditions. However, there was no opportunity to

obtain performance data.

1



Objectives

The principal aim of this study is to generate per-

formance data on the small turbocharger engine using a

new combustor featuring a catalytic element. The original

catalytic burner had a problem with flame propagation up-

stream of the catalytic element. A new conthustor was to

be designed to eliminate this problem. The new corobustor

will provide a region for the hydrogen reaction once it is

started by the catalyst. This should prevent the reaction

from moving upstream of the conthustor. In starting the

engine , it will be necessary to have the reaction propagate

a short distance upstream of the catalyst for stable

operation. A new turbine housing was designed to be

fabricated by the AFIT shop. The reason was to test the

feasibility of reducing weight without sacrificing perfor-

mance. Tests will be run to compare its performance to

the other engine data. The data generated will be compared

to theoretical values obtained from the CARPET program

(Ref 13).

Scope

A workable engine configuration and instrumentation

was prepared to generate performance data. The engine was

tested with four turbine housings and four nozzles. The

technique was to fit the largest turbine housing and run

first with no nozzle providing an exit diameter of 2 3/4

in. Each nozzle was in turn fitted and run in order of

decreasing size.

2



This procedure was repeated for each standard turbir~e

housing. Basic performance data was collected for each

engine configuration . The effect of housing and nozzle

size was to be evaluated in terms of turbine inlet tempera-

ture, thrust, air mass flow, compressor pressure ratio ,

and the speed of rotation. These are basic parameters

useful in judging engine performance.

The basic arran gement of the tur boch arger engine wi ll

be described . Then the test apparatus used will be covered.

This is followe d by the gener al oper ational procedure. The

results obtained will be shown and discussed. Extra infor-

mation concerning data reduction will be found in Appendix A.
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II. Engine Arrangement

Turbo Supercharger

The heart of the engine is the Rajay 370—E turbo-

charger. As used in this testing, the unit consisted of

a cartridge , containing the bearings and rotating parts;

a compressor housing; and one of several turbine housings

available. The size of the turbine housing is denoted by

the A/R ratio (Ref 5:33). Four production housings were

used with A/R ratios of .7, .8, .9 and 1.0. The A/R

ratio is a size parameter for turbine housings defined

as the inlet area divided by the radial distance from the

center of the inlet to the shaft centerline. Another

housin g desi gned for testin g was fabrica ted by the AFIT

Model Shop by welding pieces of stainless steel together.

The basic turbocharger is illustrated in Figure 1. Further

informa tion and exac t specifica tions may be obtaine d from

Reference 11.

Combustor

The combustor used in this testing is a new un:t

utilizing a catalytic bed, taken from a Ford catalytic

converter Model 5 E 212. The cornbustor, as shown in Fig-

ure 2, is basically a reverse—flow device utilizing the

catalytic reaction to provide the necessary conditions

to initiate the hydrogen reaction. The catalyst also

assures completion of the conihustor reaction before entering

4



Compressor Housing Discharge

- Compressor /
Wheel 7’ Bearing Assembly

Turbine Wheel —

Oil in

~1~
_
_

Oil out

Tur bine Housin g Inlet

Figure 1. Basic Turbocharger Arrangement
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Figure 2. Coinbustor
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the turbine . The fuel enters the rear of the conibustor

through a stainless steel pipe leading to the injector

nozzle inside the inner liner. Air flow is provided

through holes in the liner top and dilution holes in the

sides of the liner.

Engine Configuration

The cornbustor exit was directly attached to the tur-

bine housing inlet flange (Fig. 3). The compressor discharge

was connected to the combustor inlet by means of two stain-

less steel pipe sections attached with fiber—reinforced

rubber hose. Clamps and safety wiring were used to assure

engine integrity. A beilmouth inlet was attached to the

compressor inlet and the nozzle , if used , was clamped to

a constant area instrument section which in turn was

bolted to the turbine housing .

Lubrication System

It is vital during engine operation to keep oil cir-

culating through the bearing assembly of the turbocharger.

It provides cooling as well as lubrication. A 1/6 horse-

power DC motor keeps the five-quart supply circulating

adequately during operation . Reference 5 describes this

system in detail.

Fuel System

The engine was fueled with hydrogen which , like the

other compressed gases used in quantity , was supplied by

a trailer parked outside the lab building . The hydrogen

7
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was brought into the building through pipes which led right

to the engine through a dome regulator valve. There was a

venturi fiowmeter installed by Jahnke (Ref 9) with mano-

meter connections across it. A pressure transducer was

used to record the pressure downstream of the venturi, the

output of which was recorded by the CEC oscillograph . The

injector nozzle was a simple cylindrical cap with angled

holes drilled through it. The hydrogen was introduced

just under the liner dome about five inches from the

catalyst.

Starting

The engine is started by impinging compressed air or

nitrogen on the turbine blades to bring the rotating par ts

to a speed sufficient for self-sustained operation when

fuel was added . Each turbine housing has an air—start

pipe and fitting installed for this purpose. The air-start

system is also used to motor the engine for cooling af ter

the fuel flow is cut off.

Control

Principal control is throu gh dome valves loca ted in

the control room. One valve regulates the air pressure

for star ting and coolin g the engine. Hydrogen fuel pres-

sure is controlled by another valve. The engine speed and

turbine inlet temperature are monitored to show the effects

of control inputs. For emergency shut-down , as well as

normal termination of a run , a nitrogen purge system 
serves9



to cut off the fuel flow and pass nitrogen gas through

the combustor when a switch is thrown . The purge pres-

sure is also controlled by a valve in the control room.

10
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III. Engine Test Apparatus

Temperature ?~easurement

Thermocouples were utilized to measure engine tem-

perature at various locations (Fig. 4). An iron-constantain

thermocouple provided the combustor inlet temperature.

Chromel-alumel thermocouples were needed for the higher

temperature eng ine stations. Calibration was accomplished

prior to each run by means of a manually balanced poten-

tiometer. The thermocouples were assumed to behave linearly.

The cali bration techniqu e and accuracy information can be

found in Fisher (Ref 6).

The conthustor inlet temperature recorded was desig-

nated T3. A control room gage was used to observe the

temperature in the combustor just ahead of the catalyst.

The combustor dome temperature designated Td was recor ded

on the oscillograph. Two thermocouples were used to indi-

cate the tur bine inle t temperature which was T4. One was

connec ted to a gage to provi de direc t observa tion of the

turbine inlet temperature. The output of the other was

directed to the oscillograph to be recorded . The final

thermocouple was located in the turbine exit section.

Pressure Measure ment

Pressure transducers were used to measure pressure

at various engine stations (Fig. 4). They were calibrated

through the methods established by Fisher (Ref 6). Total

11
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Combustor inlet Temperature , T3

Combustor Temperature , T5

Combustor Dome Temperature , Td

Combustor Dome Pressure , 
~d

conthustor Discharge Pressure , P4

(13 Combustor Inlet Pressure , P3

_ I_
-

-
o

5

© 6

©

Turbine Exit Pressure, P5

Turbine Inlet Temperature , T4 gage

Turbine Inlet Temperature , T4

Contact Point with Strain Gage

Static Pressure Taps for Mass Flow Measurement

Figure 4 . Instrumentation Stations
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pressure probes were used in most stations. In the other

stations , static measurements were assumed to provide

total pressures. All pressures were recorded on the oscil-

lograph in the control room. One total pressure probe

was located just before the conthustor, P3. Another desig-

nated 
~~ 

was located at the rear of the conthustor at the

dome of the liner. A total pressure probe, P4, was located

just upstream of the turbine inlet. Finally, there was a

total pressure probe, P5, located in the instrument section

connected to the rear of the turbine housing. A barometer

in the control provided ambient atmospheric pressure, P~ .

Thrust

Engine thrus t was measured throu gh a for ce bar wi th

strain gage elements attached to the test stand. Calibra-

tion was similar to the method descri bed by Fish er (Ref 6)

except that three , ten—pound weights were used. The engine

itself was suspended from the top of the engine test stand

so chat it coul d freely swin g and con tact the cant ilever

mounted strain bar through the compressor housing. Thrust

was recorded on the control room oscillograph .

RPM

The engine ’s rotating speed was measured by means of

a photo diode, which was tri ggered by intermi tten t refl ec-

tions from the compressor wheel. The compressor wheel was

painted half white and half black to provide a sharp con-

trast. A DC light was shown on the compressor face to

13
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provide a constant  JJ ght  source. rI~hc output  of the photo

diode passed through a frequency to voltage conversion

circuit and was recorded on the oscillograph as well as

displayed in the control room so the rotation of the engine

could be monitored directly.

Mass Flow

The pressure difference across the bellmouth inlet to

the compressor was recorded in inches of water on the oscil—

lograph. This pressure was translated to the air mass flow

rate , I~1al by means of a chart developed by Kent (Ref 10).

The calibration technique can be found in Reference 5.

Fuel Flow

Hydrogen fuel pressure down stream of the venturi was

measured and recorded on the oscillograph. The upstream

pressur e can be calculated by knowing the pressure change

across the venturi. A water manometer was installed in

the con trol room for this purpose.

14
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IV. Engine Pun Procedure

To provide basic safety and consistancy , a procedure

for operation of the engine was used. There were three

primary phases involved : connecting the outside gas sup-

plies, preparing the control room instrumentation , and

final set up plus calibrations inside the test cell. At

this point, the engine could be operated many times with

only minor adjustments necessary between runs. During

operation of the engine , the water manometer , which indi-

cated the change in fuel pressure across the venturi, was

read at various points and the value marked on the oscil-

lograph paper. All other parameters were automatically

displayed or recorded .

To star t the engine, compressed gas was impinged on

the turbine blades. Sufficient pressure was used to pro-

duce a ro tational speed of 25,000 to 30,000 RPM. The

hydro gen was then gradually introduced into the combustor

to react with the air in the presence of the catalyst.

The reaction would then propagate to the combustor dome.

Indication of this occurrence was provided by a rapid

rise of Td shown by the con trol room temperature gage

reachin g about l000F. The air start could then be dis-

connected and the engine would be self-sustaining .

After the engine was successfully maintained at idle

conditions , the hydrogen fuel pressure was slowly increased

15



until the engine reached its maximum power se t t ing.  This

point was defined by the attainment of either a turbine

inlet temperature of 1800F or 120,000 RPM. These limits

were set to prolong the life of the engine. The mono-

lithic substrate , which the catalytic element was made

from , could not sustain a temperature over 1800F without

risking failure. The turbocharger bearings could not

function at an RPM over 120,000 for any length of time.

The high temperature coupled with excessive speed could

also damage the turbine blades.

Normal shutdown procedure consisted of bringing the

engine back to idle conditions and engaging the purge

system to block the flow of hydrogen and allow nitrogen to

pass through the fuel lines and the engine. The air-start

sys tem was reactiva ted to motor the engine facili tating

cooling. The purge control could also be engaged in an

emergency at any point during engine operation to cut off

the fuel flow.

The general or der of tes ting was to begin wi th the

lar gest tur bine housing wi th no nozzle which corres ponded

to the greates t flow are a and proceed to the smalles t

housing and nozzle combination. The 1.0 A/R ratio tur-

bine housing was attached to the engine providing an exit

diameter of 2 3/4 in. Successive testing involved 2 1/2,

2 1/4 , 2, and 1 3/4 in. diameter nozzles on the same

housing . This schem e provide d the shor test turn around

16



time between runs . This pattern was repeated wi th  the . 9 ,

.8 and .7 A/R ratio housings in that  order.  Finally the

fabricated turbine housing was at tac~~cd to the engi n e fo r

testing . The exit  diameter was 2 1/ 2  in. and no nozzle

was f i t t ed .

17



V. Results

The engine demonstrated smooth operation in most

configurations. The configurations using the 1 3/4 in.

nozzle did not perform well with respect to the other

nozzle s. Gener ally, with the largest nozzles , the RPM

limit was reached before the temperature limit. The smaller

nozzles allowed the engine to reach the temperature limit

wi thout excessiv e ro tation speed . However , the smaller

nozzles required a higher turbine inlet temperature than

the larger nozzle configurations to provide self-sustained

operation. The fabricated turbine housing required much

greater air—start pressure to reach operating speed than

the other housings did. It also did not operate very

smoothly at high temperature con ditions causing vibrations

which adversely affec ted the RPM measurem ent at these

temperatures.

The ori ginal conce pt of the fabrica ted tur bine housin g

was to reduce the wei ght of the engine by replacing the

heavy standard cast-iron housing. It was hoped to use

simple machine shop techniques for low cost and still ob-

tain good performance. Because of the fabrication methods

available, the housing thickness was constrained. The re-

sult was no appreciable savings in weight. Also, this

turbine housing of simple construction demonstrated perfor-

mance inferior to that obtained with the standard housings.

18



A large amount of data was generated through this

test ing . Those parameters usual ly  associated with engine

performance have been concentrated on. Values plotted

are corrected to sea level standard conditions. Because

of the constraints of 1800F turbine inlet temperature

and 120, 000 RP M , data could not be taken for the same

range in all configurat ions.  This is shown by the f i r s t

set of graphs.

Figures 5, 6, 7 and 8 show the effect of temperature

on RPM for each turbine housing used with every nozzle.

There is a corner evident in the upper right—hand side of

each figure. Thi s shows wher e the run s wer e termina ted

because of reaching the temperature or RPM limit. The

2 and 2 1/4 in. nozzles show the best adherence to the

constraints. The larger nozzles could have easily reached

higher temperatures if the RPM restriction was relaxed .

During an early run , the RPM was not indicating correctly

and the engine was brought up to l800F. Unfortunately,

this overspeeding caused failure of the bearings. Simi-

larly, it was possible to operate at turbine inlet tern—

peratures in excess of 1800F. However, high temperature

operation could result in damage to the turbine blades.

The temperature and RPM plot ted a family of curves for

each housing ; each curve pertainin g to a par ticular nozzle

size. The newly fabricated housing was graphed with the

.7 A/R housing, which it closely resembled in performance.

All curves were smooth and they displayed the same trend.

19



O 2 3/4 in. nozzle

A 2 1/2 in. nozzle
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Figure 5. RPM Compared to Turbine Inlet Temperature
for 1.0 A/R Ratio Housing.
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Figure 6. RPM Compared to Turbine Inlet Temperature
for .9 A/R Ratio Housing.
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Figure 7. RPM Compared to Turbine Inlet Temperature
for .8 A/R Ratio Housing.
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o 2 3/4 in. nozzle

~ 2 1/2 in.  n o z z l e

O 2 1/4 in .  n o z z l e

~ 2 i n .  n o z z l e

~ 1 3/4 in. nozzle
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Figure 8. RPM Compared to Turbine Inlet Temperature
for .7 A/R Ratio and Fabricated Housings.
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As the nozzle size was decreased , the curve moved to the

r ight , allowing higher  temperatures to be reached for a

given RPM . The crossover point separating RPM limited

operation and temperature limited operation was between

the 2 1/4 and the 2 in.  nozzles  for every standard

housing .

Figure 8 shows two basic d i f fe rences  in the 1 3/4 in.

nozzle on the .7 A/R ratio housing and the new housing

from the rest of the data. The .7 A/R ratio housing with

the 1 3/4 in. nozzle was very rough running . It. could

barely be kept running let alone taken up to temperature .

In the case of the new housing, it was also ra ther rough

running. In fact, the engine vibrated which caused the

RPM to be inaccurate at the high end of the operating range.

Figure 9 shows the relationship between compressor

pressure ratio and thrust for the various turbine housing

and nozzle combinations. It was shown predictably that

an increase in the pressure ratio had a similar effec t on

the thrust. The data points plotted in fair ly  smooth

curves, limited in length by the operational constraints

of temperature and RPM. The observed trend was for de-

creasing nozz le size to move the curve s to the left toward

a higher thrust per given pressure ratio. The effect of

smaller turbine housings was to move the family of curves

to the right. The highest thrust produced was 34 lb. with

the .9 AIR ratio housing and the 2 in. nozzle. Generally,

for each housing the best thrust was produced by the 2 and

2 1/4 in. nozzles.
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Figure 9. Compressor Pressure Ratio Related to
Thrust and Engine Size.
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The comparison of air mass flow and compressor pres-

sure ratio is shown in Figures 10 to 13. The data did not

always form perfect ly smooth lines , but the basic trends

were always consis tant.  They all show a high mass flow

corresponding to a high pressure ratio . Lines for different

nozzles on the same turbine hous ing  tend to be very close

together. The basic trend is for the curve to move to

the upper left side as either nozzle or turbine housing

size is decreased . The basic slope of the plots remains

constant. Even the new sheet-metal housing fit in with

the other curves. The plots were consistant with the corn—

pressor map for the Rajay turbocharger (Ref 11).

The last set of graphs (Figures 14 to 17) shows the

effect of thrust on turbine inlet temperature . The data

plotted in smooth curves nearly indicate straight lines

of similar slope. The effect of nozzle size for all stan-

dard housings fit the same general pattern. From the line

traced by the no nozz le configuration, the 2 1/2 in. nozzle

gave a slightly higher plot. Then the 2 1/4 in. nozzle

curve was slightly higher and indicated the peak values.

Then the 2 in. nozzle plotted just under it and the 1 3/4

in. nozzle were well below the other curves. The fabricated

turbine housing plotted very low on the scale and seemed to

have a lower slope than all the other curves. On each graph

theoretical results from the CARPET computer program (Ref 13)

obtained for the Rajay turbocharger engine were plotted.

These theoretical results compare rather closely to the data

obtained experimentally.
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Housing.
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Housing.
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Figure 14. Thrust and Turbine Inlet Temperature
Relations from Theoretical and Experimental
Data for 1.0 A/R Ratio Housing.
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VI. Conclusions and RecommendationE

Conclusions

The catalytic turbocharger engine has been demonstrated

to be quite workable using hydrogen fuel. The engine is

stable and smooth running in various configurations. The

.9 A/R ratio turbine housing coupled with the 2 1/4 and the

2 in. nozzles gave the best performance. A nozzle sized

between the se shoul d deliver optimum per formance. Th e

performance data generated through this testing was reason-

able and compared well with theoretical data provided through

the CARPET program.

It was determined through the test data that smaller

nozzle size allowe d hi gher tempera tures at a given RPM to

be reache d . Also , hi gher thrus t for a given compressor

ratio was achieved by reducing nozzle size. The engine,

when equi pped with nozzles lar ger than 2 inches in diame ter ,

was res tricted by RPM limits , and with nozzles 2 inches an d

smaller the limitation was turbine inlet temperature. Use

of less restrictive RPM and temper ature limits woul d pro-

duce better performance and may be possible for operation

of short duration. However, running beyond the limit of

1800F and 120, 000 RPM for extended periods invites failure.

The turbine housing fabricated from sheet metal did

not provide desired weight reduction. Its inferior per-

formance would not warrant its use except as a last resort.
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More sophisticated fabr icat ion methods would have to be en-

ployed to achieve weight reduction without  sacr i f ic ing per-

formance capability.  It would have to be determined whether

such weight reduction would balance out the increased cost.

Recommendations

The concept of a turbocharger engine is worth further

work. Possible directions of attack would be to try in-

stalling an annular burner to clean up the engine geometry

considerably. The catalytic element could p ssibly be used

to initiate combustion of another fuel using a catalyst-

fuel combination which provides low temperature reactions.

Another metho d woul d be to use hydro gen to start the com-

bustion reaction, then switch to another fuel.

As far as the laboratory set—up is concerned , the

grea test improvements could be made in the area of instru-

mentation. Work could be done to make the instruments

more reliable. An effective fuel mass flow measuring system

that would be automatically recorded is also needed. An

improvement in the RPM measurement may pos sibly be achieved

by pain ting the insi de of the bellmouth inlet to avoi d re-

flections which can give misleading readings.
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APPENDIX A

Data Reduction

All necessary data should be recoided 011 the  ;i~ci 1-

lograph paper. The general procedure is to fii~~t t~~~ i.sh. .-

the chart displacements into appropriate va~ u~~~, th~- •u~ a;~~ 1y

corrections or computations shown below to prnd~:c-i U~~~I A i.e

data. The deflection translations are shown in T~.1~] c  I .

The pressures were first adjusted from psig values to

psia then corrected to sea level standard . The air flow

rate was translated from the recorded deflection to inches

of water and then converted to lb. per second using the

curve developed by Kent (Ref 10) then corrected . Tempera-

tures were not corrected . RPM and thrust were also adjusted

to sea level standard conditi ons - Fuel flow wa s measur ed

usin g the pressure value recor ded an d the venturi pres sur e

difference noted from manometer readings. The equation used

was developed by Jahnke (Ref 9). Corrections are based on

the difference of ambient conditions from standard. This

is expressed by the values 0 and S as used by Wolfe (Ref 14).

T,~ (1— 5l9R

with T~ = outside temperature in R

6 -— 2 9 . 9 2  in. Hg (2)

with P~ = barometric pressure in in. Hg.
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TABLE I

Osci l lograph Parameter Values

Val ue Per
Channel Property Inch Displacement

2 H2 Pressure = P2112 
38.46 psig

6 Mass flow = 11a 4 j fl. 1120

7 Compressor Discharge Pressure P3 7 psig

8 Combustor Dome Pressure = 7 psig

9 Combustor Discharge Pressure = P 4 7 psig

10 Combustor Inlet Temperature = T 3 lOOF -

11 Turbine Inlet Temperature T~ 400F

12 Combustor Dome Temperature = Td 400F

13 Thrust = Fn 10 lb

14 RPM 24,000 RPM

16 Turbine Exit Pressure = P5 1 psig
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So then the corrected values in terms of the uncorrected

measurements became :

p
(3)

Mac = Ma ~ (4)

FnFn c T  (5)

RPM
RPMc (6)

The pressure ratio was calculated using corrected values:

~3c
~r c j ~~ (7)

with P~ as atmospheric pressure in psia.

Fuel pressure was calculated using :

~2H2 
+ 

~~H2 
(8)

where ‘~2112 
= hydrogen pressure downstream of the venturi

and 1
~ H2 

= the manometer reading for pressure difference

over the venturi in psia .

Hydrogen mass flow was determined by : -

M11 = .0025428 1 — 

.023268 hw ‘~1112 
hw ½ (9)

2 ~lH2 T~

where = AP 11 in in. H20 and T~ = test cell temperature

in R.
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