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Defense officials believe that small inexpensive remote-
ly-piloted aircraft can be built; howeve», the most serious
problem at the moment is the lack of a reliable powerplant.
This investigation of one solution to the problem was the
first of a continuing study at AFIT. The study proved
that an engine constructed from a supercharger can
produce 00 1b or more of thrust and revealed many areas of

interest for more detailed studies.
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ABSTRACT

One candidate for an inexpensive engine is a turbojet
constructed by adding a combustion chamber and nozzle to a
commercial turbocharger for a reciprocating engine. Two
turbocharger-engines were produced in this way capable of
handling approximately .6 1lb/sec and 1.5 lb/sec airflow. A
performance analysis using Thermodynamic Cycle Analysis Tech-
niques was done to predict the thrust that could be generated
by these engines. The maximum thrust predicted was 27 1lb and
67 1b dry; with an afterburner, 36 1b and 96 1b was expected.
A combustion chamber and nozzle were added to the turbocharg-
ers and both were mounted ovn a test stand and successfully
operated.

Thrust was increased by various improvements to 60 1lb.
The perlormance parameters of possible interest were studied
with particular emphasis placed on thrust, weight flow of
the air, specific fuel consumption, compressor pressure ratio,
and temperature of the gases at the compressor, turbine, and

nozzle.
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CONCEPTUAL STUDY
OF A LOW COST TURBOJET ENGINE

I. Introduction
Background

The Air Force Aero Propulsion Laboratory is studying pos-
sible propulsion devices for small remotely piloted vehicles
(RPVs). Modification of a turbocharger (turbo-supercharger)
for a reciprocating engine to produce a low-cost turbojet en-
gine is one approach being considered.

Present turbojet engines are in a higher thrust range
and cost much more than this engine. Typical current low
thrust engines cost approximately $73 per 1b of thrust, but
a turbocharger-engine (an engine constructed from a turbo-
charger) will cost approximately $22 per 1t of thrust. The
possibility of large cost savings exists if this low-cost
engine's performance is adequate. Also, this type of engine
will be ideal for the application described by Klass (Ref 1).

Defense officials believe that mini-RPVs,

ranging in size from 60-120 1b, can be built

in quantities of several thousand to sell for

$10,000 - $20,000 each, including avionics pay-

lcad. Some are designed as expendables for

one-way missions.

The mozt serious problem at the moment is
the lack of long-mission reliability of small
piston engines, originally designed for low-cost

civil applicztions such as "Go-Karts"”, chain saws
and model aircraft.

Objective
The primary objective of the investigation was to devel-
op a turbojet engine by adding an inlet bellmouth, compustion

chamber, and nozzle to a turbocharger designed for use on a
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reciprocating engine. Secondary objectives were to determine

the primary performance parameters and operate such an engine
as a turbojet to obtair performance data.
Scope

The analytic investigation was limited to use of Carpet
(a thermodynamic cycle analysis computer program, Ref 5).
No attempt was made to use computerized compressor-turbine
matching techniques.

The experimental investigation was limited to two differ-
ent size enginesi the J1 Engine, constructed rfrom a Rajay
307 E Turbocharger and the J2 Engine, the larger of the two,

constructed from an AiResearch T18A E Turbocharger. The in-

vestigation was also limited to those turbine housings avail-
able from the manufacturers of these turbochargers.

No attempt was made to limit or reduce the weight of
engine components and the lubrication system was improved
only to the point where the engines could be operated long
enough tn obtain performance data. No attempt was made in
this investigation to simulate a flyable engine. Modifica-
tions were limited to the addition of a combustion chamber
for each engine (two combustion chambers) and two types of
nozzle configuration (one with adjustable exit area, the other

with the exit area fixed).

I O P L S T T Y



Fig 1. J1 Engine




J2 Engine

Fig 2.




II. Description of Apparatus

The turbocharger-engines were constructed by adding the
necessary components to the turbochargers as they were re-
ceived from the manufacturer. A combustion chamber and nozzle
were the two major additions. The combustion chamber was a
major design effort (see Greene Ref 2) and was the most com-
plicated addition made. Considerable additional equipment
was necessary to supply the machines with fuel and oil, and
to measure the parameters involved.

Turbocharger-Engineg

Pictures of the two engines tested are shown in Figs 1
and 2. The general layout and major components are shown
schematically in Fig 3; however, the size of the machine is
not indicated by this schematic. The only major differences
in the machines were size and the combustiun chamber used on
each. Tables I and II give the major dimensions and weight
of components for each engine. Note the high relative weight

of the turbine housing for each machine. This part is de-
signed to contain the turbine wheel fragments if it disenti-
grates at high speed. The relatively crude design of the
combustion chamter for the Jl1 Engine was dictated by ease of
construction and availability of materials and parts. The
J2 Engine combustion chamber is a more sophisticated design

adapted from a MA-1A ground support unit.




Bl Lo
4
p 2| 5 6
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Fig 3. Configuration and Major Dimensions of the Turbocharger-
Engines Tested

Table 1

Major Dimensions of the Turbocharger Engines

Note: Length does not include bellmouth or exit duct

Dimension J1 Engine J2 Engine
inches inches
D 7.2 1i.2
L 6.87 10.87
L, 12.00 13.10
Table 1I

Weight of Components for the Turbocharger Engines
Note: Weight is in 1b

Component J1 Engine J2 Engine
Compressor Housing 2.0 3.4
Compressor, Turbine Wheel k.o 13.

and Bearing Assembly
Turbine Housing 8.5 30.5
Combustion Chamber 16.5 13.6
Total 31.0 66.3




Table III

Cross-sectional Area And Mach Number

Mach number calculated for maximum W_ with P from

Notet a = entrance to duct indicated on Fig 3; b = exit of

Carpet (see Appendix D¥.

duct; B = Combustion chamber areas; Ba = total area inside

plenum including liner; Bb = anulus area between outer wall
and liner; Bec = liner area; Bd = exit area; 5'

= Fixed area

nozzle.
J1 Engine J2 Engine
Tocation Shape Area M Area M
a (o) 5.412 0.21 12.927 0.19
2 v o 3.80 0.31 8.55  0.29
3 a @) 2.99 0.17 7.07 0.11
b o) 3.05 0.16 8.30 0.09
a O 9.90 — 41.28 —
B b @) 4,99 0.10 19.63 C.Oo4
c @) L,43 0.21 20.63 0.07
d o L.43 0.21 16.62 0.08
Ll’ a o 5031 0017 8076b 0-15
b O h.13% 0.23 7.66 0.18
5 a o) L4.91 0.39 11.64 0.29
b 0 5.94 0.31 21.65 0.15
6 - O 3.05 0.61 7.451 0.49
5! a O — — 110614' 0.29
b o — —_ 5.940 .718

82.31 x 1.88 with 0.50 cormer radius

b3.42 X 2.38 with 0.75 corner radius




Table I1I iz a comparison of the rslative size and Msch
number in flow passages of the two engines. See Appendix D
for calculation details.

Each engine had a number of different size vaneless tur-
bine housings. The casting itself serves the purpose of guide

vanes for the turbine.

A = area of throat

R = distance from centroiil
of this area to the
center of the turbine
wheel

Fig 4. Vaneless Turbine Housing (Ref 3)

The ratio A/R determines the amount of power extracted from
the hot gas as it flows through the turbine. At a fixed Wa
a large A/R will decrease the gas velocity and allow the gas
to flow at a steep angle as i+ enters the turbine blades.
The low velocity and steep entry angle cause the turbine
wheel to rotate slower than it would with & small A/R. The
turbine housings available for this investigation are listed

in Table IV.




Table 1V

Turbine Housings

J1 Engine J2 Engine
Housing A/R Housing A/R
1l 0.7 1 1.0
2 0.8 2 1.14
3 0.9 R 1.32
b 1.0 1.50
5 1.70

Both of these engines use sleeve type bearings. The J1
Engine uses a semi-floating tearing, cast as one piece, which
forms bothradial lead and thrust vearings. The J2 Engine has
three separate rloating bearings. All bearing surfaces in
both machines are supplied with pressurizec¢ oil by channels
drilled directly tc the supply port. See Ref 3 for a detailed
discussion of the bearings and oil system.

Two types of nozzles (see Fig 3) were used on thece en-
gines. For most of the investigation a variable area nozzle
was used so the back pressure could be adjusted. The valve
shown is a simple brass gate valve (water was injected up-
stream for cooling). This nozzle will bve referred to by dash
number 1. The dash 2 fixed area nozzle was used for the last
few data points.

It will be convenient to refer to the engines by a num-
bering system specifying the turbocharger, housing, and nozzle
used. The "J" in front of the word engine signifies a turbo-
Jet engine. The number following the "J" identifies the

turbocharger used to construct the engine. The "A" or "B"
after this number specifies which of the two turbochargers of

each type was being used. The first dash number refers to




the turbine housing and the second to the nozzle. For exam-
ple, J2A-4-2 Engine is identified as one constructed from the
larger Turbocharger by a "2" after the "J". "A" signifies it
was constructed from the first of the two turbochargers avail-
able. The -4 refers to turbine housing #4 (see Table IV) and
the -2 refers to the constant area exit nozzle described

abowve.

Test Equipment

The rocket engine test facilities of the Aero-Mechanical
Engineering Department (Ref 4) were used to test these en-
gines. A schematic of the test equipment is shown in Fig 5.
Five major support systems were necessarys

1. Fuel system

2. Ignition system

3. 0il system

L. Starter

5« Instrumentation system

Fuel was supplied to the fuel nozzle in the combustion
chamber from the pressurized tank shown in Fig 6. Flow rate
was controlled by the needle valve and nozzle size.

The fuel/air mixture was ignited by a 10,000 volt fur-
nace ignitor system. Electrodes mounted on the outer wall of
the combustion chamber were used for the J1 Engine; however,
a simple spark plug type ignitor was used for the J2 Engine.

The o0il system shown in Fig 7 was used to supply oil to
the bearings for cooling and lubrication. The 0il was pumped

by the gear pump through a pressure regulating valve and a

10
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filter to provide an adequate supply of clean oil to the
bearings. By use of the float valve, the oil exit chamber
and return linee could be pressurized by the compressor.

The starter was a simple 1/4 inch line welded into the
turbine housing. It allowed a high velocity air jet to im-
pinge on the turbine blades.

See Appendix C for details of the instrumentation system
used to measure the parameters shown on Fig 8 and the left

and lower part of Fig 5.
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IIT. Performance Analysis

The "Design Point Turbine Engine Performance Program”
(Ref 5) developed by the Air Force Aero Propulsion laboratory

was used to conduct the performant:e analysis of the turbocharg-

er engines that is described in Appendix B. Performance
parameters were studied individually; then, the engine oper-
ation was simulated more closely by including data from com-
pressor mape for each of the engines. The results of this
analysis are useful for understanding the operation of the
turbocharger-engine, but more impcrtantly. the results give
an indication of the performance to be expected and provide

a basis for determining the course of the experimental inves-
tigation.

Parameter Investigaticn

The study of individual parameters revealed significant
difference in their effect on thrust (¥n). The parameters
are listed from left to right in order of importance on Fig 9.
The graph shows the effect of changing a single parameter
when the others are held constant at the reference valve
listed below each individual plot.

Wg has the most effect on thrust as shown by comparing
the two different engines. When the effect of Wy is removed,
by using the scale on the right (K, /Wa) there is little
difference in specific thrust for two engines.

To4 is the next parameter in order of importunce. There
is a large Increase in F,, as the turbine tempersture is in-

creased. Tne exact maximum value of this temperature is

16
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limited by the turbine materials, and is yet to he determined.
'Qc and nt'are alsc determined by the machinery and could
not bve controlled in this investigation.

A range of operation is shown for P,... A significant
percent of the maximum thrust can be achieved over a wide
range, provided Pp, is greater than 2.0, and all other para-
'meters are constant. However, in normal turbojet operation.
this parameter is a function of throttle position (Wf) and
can be easily correlated with RPM by a compressor map (see
Fig 10) which makes it a convenient reference. There is no
advantage in pushing Pi‘c past the maximum thrust point be-
cause of the increase in stress on the machinery as RPM is
increased.

Performance

An assumed operating line on the compressor map, posi-
tioned to operate the compressor at peak efficiency (see Fig
10) was used to analyze the performance of the engines over
the complete operating range. Fig 11 shows the resulting pre-
dicted performance for both engines. The curves are very
similar in shape; however, the JZz Engine allows operation at
higher compressor pressure ratios (Prc ), higher air-flow
rates (W), lower SFC, and a higher thrust (Fn) to be produced.

A better understanding of the parameter: that effect

thrust can be obtained from the thrust equation:

oo Vee i 7] o
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Two of the variables f = .02 and 7], = 1.0 may be assumed
constant and Cp and 2’depend on Tos. Sc Fy, depends on three
variables from this equation; Pr,, To5 and Wa. Fig 12 shows
how these parameters interacted over the same range as those
plotted in Fig 11; specific thrust (Fn/Wa) is common to btoth
figures. Fig 12 shows thrust is a strong function of Prn;
Tos and Wa. However‘,' Fig 13 shows turbine efficiency (7&) has
only a weak effect on thrust or Prn. These figureé show Ppy
and F, are good indicators of engine performance.

The predicted augmented thrust performance for a maximum
afterburner operating temperature of 3500 F is compared to dry
performance on Fig 14 in corrected variables. The maximum
dry thrust for the J1 Engine can be increased by 33%. And
the maximum for the J2 Engine by 43%. See Fig 28 in Appendix
B for more detailed augmented thrust performance.

Results Applied To Experimental Investigation

The results of the performance analysis had a direct
bearing on the experimental investigation. Py and Fp were
used as indicators of engine performance. An adjustable back
pressure nozzle was designed and various turbine housings
evaluated by comparing performance data taken at the peak Ppn.

It was decided that all the turbine housing available
from the manufacturer would be tested to obtain the com-
pressor-turbine match that would allow maximum Pp. and Ppp.

If Pre 2 2.0 could be achieved, significant thrust levels and
performance data could be measured.
The parameter sensitivity analysis (see Appendix C) indi-

cated that extreme instrumentation accurecy would be needed.

21
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to analyze performance based on the efficiency parameters
so this approach was not attempted. The thrust equation

was used to calculate thrust from temperature and pressure

measurements in the nozzle. Also, a device to measure thrust

directly was used with the constant area nozzle.




IV. Experimental Resultg

The results obtained ty teating the turbocharger engines
were close to the predicted values. Stable thrust levels up
to 57 1b with the J2 Engine were measured znd the turbocharger
engines were operated through a wide range of stabie conditicns.
As is common practice; test data was corrected to standard con-
diticns and plotted to illustrate the results of the investiga-
tion and for comparison to the performance analysis. Results
were obtained in the following areas:

l. Engine stability

2. Performance of various Turbine Housings

3. Air-flow delivery rate

L., Effect of smzll changes in the combustion chamber

and exit nozzle

5. Development of the lubrication system.
Engine Stability

Stability was the most impcrtant performance parameter.
Until stable operation could be maintained, datz taken was of
little use. Engine thrust was low and the bearings did 1>
survive continucus surge loading (see Iubrication System, page
3£). Considerable periodic back flow of air from the front of
the J2 Engine was otserved during unstable operation. A tuft
of cloth, tied close to the uLellmouth in front of the
compressor reversed direction with each pressure pulse (en-
gine surge). When the MA-1A fuel no:izle was in use, ergine
surge, althcugh less likely tc occur, was more violent and

flame from the combtustion chamter could be seen in the inlet

bellmcuth. Stable operaticn was maintai:ied over a wide range

26
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of Pre but maximum thrust was limited by the onset of engine
surge.
Turbine Housings

Stable operation was maintained with #% and #5 turbine
housings. Housing #4 provides a 13% increase in maximum
thrust over housing #5 for the J2 Engine (see Fig 15). Stable
performance data could not be obtained with #1, #2.or #3
housings. The results shown on Fig 15 are data points taken
at the peak Frn that a housing could produce. Engine opera-
tion was unstable for the 4ata point with the #3 housing.
Air-Flow Delivery Rate

The test results indicate a higher mass flow rate of air
(Wa) was delivered by the compressor than determined in the
performance analysis. Fig 16 shows this trend fcr the Jl
Engine and Fig 17 for the J2 Engine. As a result, engine
thrust was higner than predicted at the compressor pressure
ratios where the engine was operated (see Fig 18).

The RPM scales shown on Figs 16, 17, 18 and the other
curves in this section is approximate, taken from the perfor-
mance analysis in Appendix B, although the shape of the curves
on the coumpressor map indicate the scale is within 5%.

Combustion Chamber And Exit Nozzle

Combustion Chamber. The combustion chamber performance

was a significant factor in overall engine performance. This
is illustrated by the results of a change for the J2-4 Engine

from a furnace fuel nnzzle to a MA-1A fuel nozzle as shown
Fig 19. This change resulted in a 60% increase in thrust and

improved the stability of the engine. As another illustration,
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an eight gal/hr furnace nozzle was used initially for the J1
e Engine. There was inadequate control of the fuel flow rate

at the lower W, values during engine start-up causing very

high gas temperatures at the combustion chamber exit. A four

gal/hr furnace nozzle was then installed that gave an ade-

quate peak Pro, satisfactory control and a combustion cham-

ber exit temperature below 2000 Fas the engine was started.
The fuel nozzle calibration curves are in Appendix C.

For a more detailed discussion of experimental fuel nozzle

and combustion chamber results, see Greene (Ref 2).

Exit Nozzle. For the last test runs of the J2-4 Engine,

the fixed area engine exhaust nozzle described in Section II
was substituted for the gate valve nozzle assembly. This
?M}"ﬁ nozzle had no provisions for measuring nozzle inlet pressure
" or temperature, instead a cantilever deflection beam with
strain gage instrumentation was used to measure thrust di-
rectly. The three data points taken on one of these runs are
plotted on Fig 20 in large symbols. Three of the data points
taken earlier with the other nozzle assembly are also plotted
on this figure in small symbols for comparison. The engine
produced more thrust as Wf was increased. With marginal sta-
bility, 60 1b of thrust was measured, stable operation was
achieved with 57 1b thrust, and complete data taken with 54,
43 ard 29 1b of thrust (see Fig 22, Appendix A).

The gases leaving the turbine to exit the exhaust
nozzle appeared to have a large swirling velocity component.

They left the nozzle in a nonuniform stream that was not
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parallel to the engine centerline at low W,, but became more
aligned as Wy increased.

Engine exit nozzle size is critical for proper engine
operation. All the engine components must be matched to ob-
tain maximum performance; however, in these engines the nozzle
regulates the total air-flow because the turbine nozzle is not

choxed. The effect of improper nozzle sizing was shown by

removing the valve from the nozzle assembly on the J2-4-1
Engine. This formed a nozzle 25% larger than that used dur-
ing the successful J2-4-2 Engine test described above, and
the engine could not be stabilized with the larger nozzle in
place-

Lubrication System

The lubrication system was improved to the point where
performance dafa could be taken with the engines over a long
period of time with no bearing deteriamtion. Approximately 30
minutes of running time were accumilated on the J2A Engine,
end 38 minutes on the J2B Engine. The J2B Engine was showing
no signs of deterioration at this point.

Approximately five minutes of running time was ottained
with J1 Engire before bearing failure. Little numerical data
was obtained with this engine; however, the test resulted in
check out or significant improvemeni of starter design, the
igni<ion system, instrumentation system, oil system, and the
engine support structure. When the bearings of the J1 Engine
failed, one of the contributing factors seemed to be hot gases

forced into the bearings by high turbine preesure.
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The bearings in the J2A Engine had failed after a series
of tests using turbine housing #3. Pressure surges increased
the back-flow of hot gases during unstable J2 Engine opera-
tion. A surge of gas and oil in the o0il return lines when
using the engine starter was an indication of impending bear-
ing failure. The 0il return system was pressurized by bleed
air from the compressor during the J2B Engine test to reduce
the flow of hot gases into the bearings; however, this forced
0il into the turbine and exhaust nozzle assembly causing af-
terburning and unstable engine operation.

Inspection of the J2A Engine bearings indicated failure
due to high loading. Also the forward bearing was more heavi-
ly damaged than the aft bearing (close to the turbine).
Twenty minutes running time was obtained with the J2B Engine
after pressurization was discontinued with no apparent bear-
ing damage. These results indicated bearing damage had been
due to the surge loading, not hot gas back-flow, and pree-

surization was not necessary for satisfactory operation.

Discussion O0f Performance Trenqs
Turbine blades on the Jl, J2A and J2B engina2s showed no

sign of deterioration from the high temperature gases. For
most of the runs, peak temperatures entering the turbine
housing were apprcximately 2000F or as limited by engine sta-
bility (see Appendix A). The largest continuous run was for
geven minutes with An indicated Ty of 1960F. The tempera-

ture was measured with a shielded thermocouple positioned at

the peak temperature point of the combustion chamber exit.
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See Greene (Ref 2) for a more complete discussion of turbine
entry temperature and Appendix C for temperature measurement
accuracy.

Performance trends can be analyzed by refering to Fig 21,
which shows the performance data on an abbreviated compressor
map.

1. Smaller turbine housings move the operating line to
the left (Compare J2-5-1 to J2-4-1 Engine) increasing the Pp.
and thrust but decreasing surge margin as the operating line
moves close to the surge limit.

2. Because of small instabilities caused by interaction
of the engine components, the surge limit has been moved to
the right and is close to where the operating line was as-
sumed. The surge limit is between the J2-3-1 (uns+*table) and
the J2-4-12 data points.

3. The figure indicates Wy is approximately 25% higher
than is indicated by the assumed operating line. The actual
operating line is to the right of the assumed operating line
at these low P.. levels. The measured thrust (see Fig 20) is
17% higher than the predicted values.

L, Yarge performance gains were possible by improvement
in the compressor-turbine match (J2-5-1 to J2-4-1) or by im-
proving the combustion chamber (J2-4-128 to J2-4-1) and the
exit nozzle (J2-4-1 to J2-4-2).
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V. Conclusions And Recommendations

Conclusions

The objective of developing a turtojet engine from a
turbocharger was achieved as both engines designed and tested
were self-sustaining units on the test stand. Sixty 1b of
thrust was generated by one of these engines as its thrust
was increased by various improvements to within 10% of the
maximum predicted performance. The large effect of tempera-
ture on performance (see Appendix B) indicates significant
thrust increases would be possible over the maximum predicted
by increasing the turbine inlet temperature.

Recommendations

Several recommendations requiring little change in the
test equipment can be made. Other recommendations requiring
major redesign of components will require more time and effort.
For the engines tested, improvement or redesign of the combus-
tion chambers, engine nozzles and turbine housings, provide
the greatest potential for better performance.

Short Term. Improvements can te made in the combustion
chamber stability and mass flow capability. A series of noz-
zle tests could improve performance by better sizing and the
use of flow straighteners. With improvement in engine sta-
bility, one of the other turbine housings may show better
performance than the best one from this investigation. Also,
the turbine may be able to tolerate higher temperatures than

were used in this study. The J1 Engine should be tested in
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more detail to confirm the results obtained in this in-
vestigation.

Long Term. Transducers should be incorpcrated in the
ingtrumentation system in order to simultaneously record all
dzta to improve the accuracy of data acquisition. Detailed
temperature profile and mass flow studies to determine aver-
age temperature from the peak tempurature measured in thise
investigation would be helpful. For more detailed studies,
the error in the thrust measurement system should be reduced.
Also, a device to meusure RPM would te ¢ necessity.

A weight reduction study for this engine will be neces-
sary to produce a machine suitable for installation in an
aircraft. The weight of the turbine housing (see TalLle II)
amounts to almost half of the total machine weight. Also
significant increases in performance by increasing the Py,
should be possible with a better turbine-compressor match.

A redesign of the turbine housing could reduce the weight to
around seven 1lb and give a better match. An analytic study
of compressor-turbine matching for these engines would be
helpful in the design. A series of tests using fuel in
place of oil for lubrication and cooling of the bearings
should be cunsidered. Also, isolation of the engine compo-
nents by using a separate air source to supply air for the
combustion chamber and turbine while measuring compressor
output should be helpful.

The performance aralysis indicated considerable perfor-

mance gains were possible with ““vust zugmentation. An
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afterburner and other forms of thrust augmentation such as

water injection should be tested on the engines.
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APPENDIX A
TEST DATA
Table V shows the most important data points obtained
from the experimental investigation. This data has been cor-
rected to standard conditions. An explanation of the symbols
used is as follows:
P4 - data point number

3 SYM - symbol used to piot this point in the other
. ' section of this document

ENG - engine number
k fnoz - fuel nozzle used for the data point
i Wy - 1b/sec air-flow
i Pre - compressor pressure ratic

To - total temperature F (subscript denotes @tation
number, see Fig 8)

Prn - pressure across the nozzle (Po5/F&)

Fn - thrust

SFC - specific fuel consumption (1bm fuel per hr/1bf
thrust)

The letters in the table refer to the following notes:
2 _ gal/hr furnace nozzle

b _ 1A and MA-1A were tried, performarice about the
same and all were unstable

- only thrust data taken k

- approxinate

€ - data not avallable with this exit nozzle, Py
measured directly

a [P
A i it

’:é € - nozzle instrumentation not installed
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APPENDIX B

Performance Analysis

Technigue Used

Analytic predictions of engine performance were made us-
ing a computer program developed by the Air Force Aero Propul-
sion laboratory which uses simple thermodynamic Brayton cycle
analysis.

The "Design Point Turbine Engine Performance Program”
(Ref 5) called Carpet can predict the performance of an en-
gine from the laws of thermodynamics, given the maximum
temperature, compressor pressure ratio, and the appropriate
efficiencies of the engine components. Table VIlists the

components considered in the simple turbojet analysis.

Table VI.

Turbocharger-Engine Components And Performance Parameters

Component Parameters

Compressor Prer Te
Combustion chamber Toly» ARy nb
Turbine A

Nozzle 7L:

8Carpet uses a velocity coefficient

Three things were accomplished in the analysis:
1. Relative importance of the performance parameters
was determined

2. Turbociiarger engine performance was predicted for

the test conditions

L6




3. Augmented thrust performance was predicted for each
engine.

Relative Importance of Parameters

The imrortance of the performance parameters depends on
the mission of the vehicle and on the value of the parameters
themselves. Parameters are plotted in order of imporiance in
Figs 23 and 24. The order of importance: for most of the vari-
ables was determined by comparing the the performance degration
caused by changing the parameter 10% of its base-line value.
This base-line value is shown below the plot. The percent
change of this base-line valuz is shown below by the upper
gscales. Change from this base-line value is shown on the low-
er scale. For Compressor ratio, a range of accertable perfor-
mance is shown on the upper scale; pressure ratio itself is
shown. on the lower scale. The effect of engine size (Wy) on
performance is also shown on Figs 23 and 24. This parameter is
determined by comparing the two different engines. Each plot
shows the effect of changing a single parameter when the others
are held constant.

Por these engines, thrust (F,), shown by Fig 23, is the
most impertant consideration. Specific fuel consumption (SFC)
shown by Fig 24 is of secondary importance. -Performence para-
meters in crder of importance as shown by Fig 22 are Wy, Toy,

Ne N+ Prer T ARp + Ty - The effect of nozzle effi-

ciency (7%) on thrust can be shown to be

| Fy = '\/Tln F,2(from Carpet) (2)

b7
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thrust, as calculated by Carpet in this analytic study, as-
sumes expansion through an ideal nozzle to atmospheric pres-
sure. From Eq 1 for 7), = 0.90 and Fpp (from Carpet) = 64.3
F = 0.9 (64.3) = 61.0

Comparing this with the effect of a 10% change in the other
variables of Fig 23, 7),1is between Prc and AR,  in order of
importance.
Predicted Ferformance

The performance that could be expected from the engines
operated on the test stand was computed and plotted for the
J1 Ergine on Fig 25 and as Fig 26 for the J2 Engine. The man-
ufacturer's compressor maps were used in these calculations
for Wa,'nc, and Prg. An expected range of performance is
shown for the turbine. All other parameters are as shown on
Fig 23 and 24 as base line values, so the predicted perfor-
mance is as determined by these assumed parameters and an as-
sumed operating line (maximum Tk) on the compressor maps (see
Fig 10 for typical map).

The maximum thrust point occurs at a higher P,c than
maximum specific thrust if ‘ntis high encugh. This is shown
in more detail on Fig 27 where the primary variables in the

thrust equation from Ref 6 are plotted. In this equation

R/ W, = (14 1) \/;c,,m T(n[‘-(én )17—1J (1)
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two of the variables, f = .02 and 7L1= 1.0, were assumed c¢on-

stant. The other two variables Cp and ?’depemd on Tog and are

from Thermodynamic Gas Tables (Ref 7). The maximum specific
%i thrust does not depend on Wa and occurs where Pp, iz maximum.

However, an increase as may be seen for lnn = 0.7 anda 0.75.

P

A comparison of predicted performance for the two engines
is shown in Fig 28. The curves for the engines are very simi-
lar in shape. The J2 Engine allows operation at higher com-
pressor pressure ratios, mass flows, and a higher thrust to
:? be produced. The higher turbvine efficiency assumed for this

K engine (see Fig 23) also increases its performance.

Augmented Thrust Performance

Predicted performence ¢f the engines with afterburners i
is shown on Fig 29 for an assumed afterburner exit tempera- |
} ture of 3500F. A total-pressure loss in tne afterburner of
1?, 5% and a combustion efficiency of 90% was alse included.
Results
There were a number of important results in the perior-
mance analysis. A significant amount of difference occurs in
the effect of the performance parameters on engine perfor-
mance. A reasonably higbh thrust can ve produced with turbo-
charger engines and the thrust level can be augmented signifi-
cantly by afterburning. Alsc, some of the performance
parameters will be less affected by instrumentation error
2 than others.
Three parameters Mo AR and 7] have much less effect
on thrust than the others in the investigation.
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The maximum thrust expected from the dry engines, with the
assumptions made in the performance analysis, is 27 1b for the
J1 Engine and 67 1b for the J2 Engine. For both engines a
significant amount of thrust is produced for Prp 2 2.0 and
close to the maximum thrust can be produced over a wide range
of Prc (see Figs 25 and 26). There is no advantage in working
the compressor to a higher P,,, than that for maximum thrust,
and for the J2 Engine a slightly lower thrust level (65 1b at
70,000 RPM) was desirable.

Thrust augmentation can produce significant gains in
thrust. With an cfterburner operating as described in this
Appendix, a 33% increase in thrust to 36 1b for the J1 Engine
and a 43% increase to 96 1b for the J2 Engine is predicted.
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APPENDIX C

Instrumentation System

Parameter Sensitivity Analysis
An analysis of the eff2ct on inaccuracy in the measure-

ment performance data was made. The percent change of the
independent variables necessary to preduce a 5% change in the
dependent parameter was determined. The calculation was made
using data from Carpet with the J2 Engine for Prc = 3.31.
Only one independent variable was all ved to change at a time

in the results shown. The form of the thrust equation as used

for this analysis is

)Zi?l (3)

£ 3

Fo= (WatW\/2 Cp Tos 7], 1-(,,
>

and Cp are from the Thermodynamic Gas Tables (Ref 7). To
change F,, by 5%, the independent variable W, had to change by
5.1% or Wf had to change by 22%, etc.
wa = 5.1%
wr = 225%
To5 = 10%
L,s5%

The same procedure was used for the equations on the fol-
lowing page. A low percent change in the independent variable
indicates the variable will have to he measured with more -

1

PI‘C

accuracy. . . . . —
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The parameter sensitivity analysis indicates the independ-
ent variables for thrust, and specific fuel consumption will
not have to be measured with high accuracy and will show little
effect of instfumentation error. Thrust as calculated from the
equation, has a greater possibility of instrumentation error
build-up. This analysis shows that the independent variables
in equation 5 and 6 show significantly low percent change.

The parameters also have a large probability of error build-

up due to the number of independent variables in the equations.
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Ingtrumentation And Measurement Accuracy
Bellmouth (Wg). The J1 Engine bellmouth was designed as

a long-radius flow nozzle as defined by the American Society

of Mechanical Engineers (Ref 8). It was constructed of alum-
inum with a throat diameter of 2.625 inches. Static pressure
in the throat was measured and related to mass flow by the
calibration curve shown on Fig 30. For calibration, the bell-
mouth, mounted on the turbocharger compressor housing, was
connected to a vacuum system with an orifice plate and oper-
ated at various mass flows.

A wooden bellmouth, 4.057 in. throat diameter, was used
for the J2 Engine. The calibration correction factor from the
J1 Engine  bellmouth was also used for this bellmouth with
the resulting curve shown on Fig 31. Accuracy of the mase
flow data is estimated to be within 2%.

Fuel Meter And Nozzle. The primary means of measuring

the fuel flow was with a flow meter in the fuel line. This
meter was calibrated ty sraying fuel into a calibrated container
and recording the time with a stop watch. The calibration
curve shown as Fig 32 indicates considerable data scatter.
The points on this chart indicate a possible band width of 21%
at the low end and 4% at the high flow rates.

The fuel flow data is estimated to be within 5% at the
points where the data was taken during the test.

Nozzle response to pressure for the nozzles used in the

test is shown on Fig 33. The lower point on each plot is the

pressure where the nozzle spray pattern begins to neck down

61

et ,m‘ﬂwm




©® Calibration data /
= == Theoretical /
\ t 25 /
T *70F //

20} / .

s /i f

=4 3
o
@)
N
o

£ . i 1.74 1« W, correction

at™ :

)

i0p .

!
4 -l
- i
Ok~ — 1 N 1 1
o] 0,2 04 06 o8 10
W, lbm/sec

Fig 30: J1 Engine Bellmouth Characteristic Curve

62

L B s e 1 aa A P 5 i ks i - N ™
[ — i diaks - i



14 .
r 1 7° F |
50 F
30F
12 b 1
OF .
W, Corrected from theoretical Te
by 1,74 */, seeFig 30
-5 b
8 -
v
o
o
-}
O]
o
I
.é 6 s
D-N
//
4 -
2 - ds
Q W
L 2 1 )
o] 05 10 1.9
VV; lbm/sec

Fig 31:+ J2 Engine Bellmouth Characteristic Curve

63




20 g FUEL NOZZLE

C 14 gal/nhr
O 9 gayhr 9
+ 8gal/hr
15t
L 10
>
N
- J
TR
L
5-
0O
L [y l _a _J..
o % 10 1% 20

FF METER INDICATION

Fig 321 Fuel Flow Meter Calibration Curve

o4




Ngakii Ve o et v i e R s R e e by T waes s

OZZLES U
0O fturnace nozzle
+ ” 4
203 - v " 0"
C MA-1A

150 }

50

| % L % ]
0 5 10 15 20

FF METER INDICATION

Fig 33: Fuel Nozzle Performance




LLDLEL LG i lh

and the nozzle becomes ineffective. The MA-1lA fuel nozule, as
compared to the furnace nozzles, holds its spray pattern to a
lower pressure. Also, it gives a larger spray angle and a much

smaller droplet size.
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Pregssure. Fig 8 gives the approximate locations for the
pressure taps used to collect performance data. All the pres-
sure taps installed in the engine equipment were 1/16 ID holes
with a 1/8 in. stainless steel tube used to connect the hole
to 1/4 in. plastic tubing. The stainless steel tubes were
necessary to isolate the plastic tubing from high temperature
engine parts. Dial gages were used to read the combustion
chamber plenum pressure, the static pressure aft of the tur-
bine, static pressure in the transition section between the
combustion chamber and the turbine. and fuel pressure. The
bellmouth used 1/16 ID static pressure taps connected with
1/4" plastic tubing to a water manometer. The accuracy to
which the dial gages were read, 1 in. Hg or 1 psi, was used
in the error analysis. This gives a possible 3% error for Py
and Pg5; Py and Py, have a possibility of 5% error, with a pos-
sibbility of 2% error for Py. From these results, possible
error of the pressure ratio terms are Prg = 1%, Pp, = 2% and
LR = 8%.

Temperature. Temperature was measured using shielded

Chromel-Alumel thermocouples for the hot flow and an open wire
Iron-Constantan thermocouple at the compressor exit. These
probes were positioned at the pezk temperature point in the
duct. No attempt was made to obtain an average temperature
for the gas. These thermocouples were connected *+o Honeywell
recorders to plot the temperature data. The recorders were

calibraced before each run with a voltage source. Checks made

with the Iron-Constantan thermccouple and boiling water indi-

cated the measurements were within the accuracy given in Ref 9.
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However, the recorders could not be read closer than approx-
imately 5F for the low temperature Iron-Constantan, and ap-
proximately 20F for the high temperéture Chromel-Alumel. Also,
instabilities in the gas flow and small changes in the fuel
flow delivered to the engines caused errors in temperature
readings for the datz points. The inlet temperature was mea-
sured with a mercury thermometer. Low temperature measurements
are estimated %o be within 2%, high iemperature measurements
within 5% for the combustion chamber exit, and within 3% for
the nozzle exit where thne gas flow was more stable. These es-
timates apply for the engine in stable operating conditicns.
When the machine was unstable, the low temperatures are esti-
mated to be within a band of 50 ¥ for the data given, the high
temperatures within a 200 F band.

Direct Thrusti Mezsurement. The thrust measurement device

wes & simple cantilever beam with a strain gage attached. The
lower end of the beam wus atitached tc the thrust stand struc-
ture. Part of the engine frzme was extended ferwzrd of the
bellmouth go the upper end of the beam wzs aligned with the
er.gine centerline. The engire frame was hung from the thrust
stand with levers attached to ball tearings allcwing free
movement.

The strain gage wat fed through an amplifier and bridge
network to a recoraer that indicated the results on z sirip of
lignt sensitive paper. With the paper running 2t a constant
rate, ihrust vs. time was plotted. The thrust sternd wes nali-

brated by honging weilghts from a cable cornected to the elLgine
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frame. The calibration plots were made just after the run,
so all flexable lines and tubes were still at operating
temperature and preésurized. These measurements were within

L% at the 30 1b and 2.5% at 50 and 60 1b of thrust.

Calculated Thrust Measurement. Thrust was calculated us-

ing Eq 14, see Appendix D. Using performance dats from the
Carpet deck tfcr the J2 Engine at Prc = 3.31, the equation was
checked with the maximum variation for each variable to give
a maximum thrust error of 7?%. The difference in T¢ and T4
at M = 0.49 (see Table III) was used for the maximum possitle
difference tetween the pesk temperature mezsured and the
zverage temp of the gas. Also, Tog = Ty¢, so the temperature
was measured at station € (see Fig 8) to reduce the effect of

the nonuniform flew tield.




APPENDIX D
Detailed Czlculations And Date Reduetion
Mach Number Calculation (Table IIT)

The Mach number (M) at varicus locations in the turbocharg-
er engine ducts was calculated using the Weight Flow Parameter
Wz VTg K from Ref 10 with Wa, To, and Po taken from Carpet
Egta% The areas in Table III were calculated from measure-
ments of duct diameters in the sngines and used in the para-

meter. "R" was concsidered a constant for these calculations.

Data Reduction FEguations

The data reduction equations on the following page were

used to reduce the data listed as Table V in Appendix A.
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Data lecuction Equations

§ =R/29.92 | (9)
@ =T./519 (10)

Wy = Function of B T
(see Fig 30) 2 and T

Wacer = _.allw 6 E: (11)
Prc = P3 + B, (12)
-
Prp = P5 * R (13)
F - / B iy
= G+ 2 cp Tos nn[l-(-plr-r;> ] (1)
f = .02
Cp and ¥ from Thermodynamic Gas Tables @ Tpg
To_t) = Tob= T6
T(n = 1.0
F [ ‘ {~1.
‘W2'= 7°°9'3.\/Cp To5 [l-(ﬁ)'r] (14)
F
Fy :'('wxal)wa (15)
F
Freor ™ ‘3‘ (16)
SFG = FF (£.€) 6.6 = specific weight of JP-4
‘n € 30 F
FF = Fuel flow rate (gal/hr) = function of flcw
me texr see Fig 32
Weeor Wf/é\/g (17)
SFC = Vfecr (18)
Fheor
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