RM E53H26

N
N
:n 3
ol
njl
m 'u
b NACA
4
< 4
O
<
Z
INVESTIGATION OF ACCELERATION CHARACTERISTICS
OF A SINGLE-SPOOL TURBOJET ENGINE
By Frank L. Oppenheimer and George J. Pack
Lewis Flight Propulsion Laboratory
Cleveland, Ohio
CLASSIFICATION CHANGED TO/‘/ | P 4
BY AUTHORITY OF 248 £ #2050
:2‘ N2l 7 oF
1
3
)
3
‘ 6\ ofTSul: Fspﬁﬁéeci‘:?:w nmugrgfmn and 79;%:??;1{::3;1%?:3 rs:;i:t:g;h:? wmﬁcfm
;‘t“sffle‘&, / manner to an unauthorized perso by law.
v, “’fp% ¢, NATIONAL ADVISORY COMMITTEE
. % 42'
%ok, FOR AERONAUTICS
T %5 WASHINGTON
%, 9. % October 26, 1953
{;;6 ’{7},/53,5 ctober 26,
-




NACA RM E53HZ26

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

INVESTIGATION OF ACCELERATION CHARACTERISTICS OF A
SINGLE-SPOOL TURBOJET ENGINE

By Frank L. Oppenheimer and George J. Pack

SUMMARY

Operation of a single-spool turbojet engine with constant exhaust-
nozzle area was investigated at one flight condition. Data were obtained
by subjecting the engine to approximate-step changes in fuel flow, and
the information necessary to show the relations of acceleration to the
sensed engine variables was obtained.

These data show that maximum acceleration occurred prior to stall -
and surge. In the low end of the engine-speed range the margin was
appreciable; Iin the high-speed end the margln was smaller but had not
been completely defined by these data.

Data involving acceleration as a function of speed, fuel flow,
turbine-discharge temperature, compressor-discharge pressure, and thrust
have been presented and an effort has been made to show how a basic
control system could be improved by addition of an override in which
the acceleration characteristic is used not only to prevent the engine
from entering the surge region but also to obtaln acceleration along
the maximum acceleration line during throttle bursts

INTRODUCTION

The transient behavior of a turbojet englne resulting from small
disturbances has been explored at the NACA Lewls laboratory (ref. 1).
. This information is useful for stability analysis of controls. The
normal acceleration from low thrust to high thrust, however, occurs
in the presence of disturbances so large that the type of data presented
in reference 1 is not applicable. A knowledge of the acceleration near
the compressor stall or surge limit, and in the zone of maximum accel-
eration, together with the instantaneous values of the appropriate con-
trol parameters, engine speed, fuel flow, turbine-diacharge temperature
and pressure, compressor-discharge pressure, and thrust, are needed.

s



NACA ™M E53H26

Large acceleratlions were reported in reference 2; however, no
Information regarding pressures and temperatures was reported. The
data showed a maximum acceleration, which in some regions of engine
operation occurred In the presence of surge. A subsequent investiga-
tion (ref. 3) showed in another turbojet engine a sharp loss in
acceleration when stall or surge occurred. Although the relation of
acceleration characteristics to surge characteristics differed greatly
between these two engines (refs. 2 and 3), it has been found from
experience with a number of engines that the most common effect of
surge 1s to greatly reduce acceleration. For the present Investiga-
tion, therefore, an engine which experlenced large losses in accelera-
tion during surge was used.

This report presents acceleration characteristics of a turbojet
engine and shows how this acceleration information can be used to im-
prove control design. A few possible control systems wlll be discussed
in a general manner.

The data presented herein were obtained from an altitude-wind-
tunnel investigation of a turbolet engine operated with a constant ratio
of exhaust-nozzle area to turbine-exit annulus area of 1.1 and at fixed
flight conditions (altitude of 15,000 ft and ram-pressure ratlo of |
1.02). The data are plotted to show the relations of acceleration N
- with engine speed N, fuel flow We, turbine-discharge temperature Tg

and pressure Pg, compressor-discharge pressure P,, and thrust F.

‘The relations of acceleration to the sensed outputs are examined with

a view to the application of these relations in acceleration control.
Stability derivatives of the englne at equilibrium are compared with
previously published results of responses to small step changes In fuel
flow (ref. 1). Finally, the thrust transient generated during accelera-
tion is shown.

APPARATUS AND INSTRUMENTATION

A schematic diagram of the engine-inlet ducting and the instrumen-
tation statlons is shown in figure 1. The stations are compressor
inlet (2), compressor discharge (4), and turbine discharge (6).

Engine. - This investigation was conducted on a turbojet engine

. having a single-spool, ll-stage, axial-flow compressor; a two-stage
"turbine; and a varlable-area, clam-shell-type exhaust nozzle. The -
nozzle, however, was held at a fixed position for all data reported
herein. At static sea-level rated conditions, the compressor pressure
ratio was approximately 5 and the rotational speed was 7260 rpm.

zNn1 =
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Ingtrumentation. - Appendix A presents a detailed description of ~
transient instrumentation located at stations 2, 4, and 6. The nature
and characteristics of both the transient and the steady-state instru-
mentation are summarized in table I.

Installation. - The engine was mounted on a wing in the 20-foot-
diameter test sectlon of the Lewis altitude wind tunnel. A streamlined
subsonic inlet and cowl were fitted to the engine in order to minimize
inlet pressure losses. The capability of the tunnel to maintain constant
atmospheric pressure during acceleration is established by figure 2,
which shows the varlation of ram pressure at the inlet to the engine,
together with the variation of other engine parameters during a large
acceleration. Other quantities shown are fuel flow, engine speed,
acceleration, turbine-discharge temperature, compressor-discharge
pressure, turbine-discharge pressure, and thrust. Figures 2(a) and
(¢) show ram pressure during acceleration with stall or surge, and
figure 2(b) shows ram pressure during acceleration without stall or
surge. In each case, the mean value of the ram pressure in the tunnel
did not change, although the acoustic waves produced by compressor
stall were shown as high-frequency fluctuations.

PROCEDﬁRE

All data were obtained with a ratio of exhaust-nozzle area to
turbine-exit annulus area of 1.1 and at the fixed flight condition of
15,000-foot altitude and 1.02 ram-pressure ratio. Transient data were .
obta ned over the range of 30 to 100 percent of rated speed by intro-
ducing approximate-step as well as ramp changes in fuel flow.

Engine parameters recorded with both types of input were engine
speed, acceleration, fuel flow, turbine-discharge temperature, turbine-
discharge pressure, compressor-discharge pressure, and thrust.

Translent traces were calibrated by taking a steady-state reading
before each run and when possible at the end of each run. In all
cases data were available in the region encompassed by the transient
to permit adequate calibration. Calibration of acceleration traces
was obtalned by calculations which depend on the slope of the speed
trace.

In using the step input, several progressively larger steps were
made from each starting point until the engine went into stall and
surge. These data were obtained to characterize the stall and surge
limit of the engine and to furnish acceleration data in the normal
operating regions. Figures 2(a) and (b) present typical step-change
data.
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Ramp inputs were used, particularly from the lower-speed starting
points, to determine stall and surge limits more accurately than was
possible with the step technique and also to supply additional data
regarding acceleration in the region approaching stall and surge.
Typical ramp-change data are shown on figure 2(c).

RESULTS AND DISCUSSION

The stall and surge limit discussed herein is defined as the engine
operating condition immediately preceding the characteristic drop in
compressor-discharge pressure when surge is encountered. Values of all
parameters at the stall and surge limit were obtained from transient
traces by noting the time at which the compressor-discharge pressure
reached a peak and then recordlng the values of the remaining parasmeters
at the same time.

It can be seen from the approximate-step-change data shown in fig-
ure 2(a) that considerable difficulty was encountered in specifying
accurately the values of all parameters. This is in large measure due
to the overshoot which occurred in fuel flow. Ramp-change data, however,
as shown on figure 2(c), indicate that values of pertinent parameters
can be read with acceptable accuracy at the point of stall and surge.
The transient effects of combustion efficiency were also not as pro-
nounced when ramp changes were used in place of the step change.

Additional data used to define the engine characteristics in the
region between the steady-state operation and the surge limit were also
obtained from a large number of similar transient studies. All data
have been corrected to the test conditions of 15,000-foot altitude and
1.02 ram-pressure ratio and then expressed as a percentage of rated
value at those conditions.

It is noted that at the specified exhaust-nozzle area and the
corrected rated speed, the turbine-discharge temperature is 1225° R.
Although the fixed exhaust-nozzle area of the engine for this investi-
gation is satisfactory for purposes of acceleration, it is larger than
that required for maximum thrust at corrected rated speed. The vari-
ations in the engine characteristics with engine acceleration are pre-
sented in the following order: fuel flow, turbine~discharge temperature,
compressor-discharge pressure, turblne -discharge pressure, thrust, and

-engine dynamics.
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Fuel Flow - Acceleration Characteristic

The varlation of fuel flow with engine speed for lines of constant
acceleration is shown ih figure 3. 'Also, the steady-state operating
line and the stall and surge limit are indicated.

These data show that along a line of constant speed, maximum
acceleration occurs at a value of fuel flow below that required for
stall and surge. This effect is very pronounced at speeds below
70 percent of rated. Above the 70-percent speed point the lines of
constant acceleration are dotted in near the 1limit line because
relatively fow data points were obtained in the high-speed region.

Even though the data substantiate the conclusion that maximum accelera-
tion occurs before stall and surge, the magnitude of the fuel flow mar-
gin between these two points has not been accurately determined.

Acceleration control with fuel flow - speed schedule. The.
existence of a maximum acceleration limit at fuel flows less than that
required for stall and surge suggests the possibility of designing an
overriding acceleration control schedule of fuel flow against speed
such that the engine will not only avoid surge but will accelerate .
along a path which limits fuel flow to a value that gives either maximum
acceleration or maximum allowable temperature.

The time required to accelerate through the low-speed reglon 1s
approximately 80 percent of the total time for acceleration from low to
high speed; therefore, maximum acceleration at low speed is essential.

While a cursory examination of the plotted data does not reveal
any serilous faults in & plan of sche duling fuel flow with engine speed
to control acceleration, there are certain obJections to such a schedule:
(1) The schedule is a function of many flight varlables such as alti-
tude and flight speed; (2) the function usually cannot be generated from
"corrected" parameters (parameters to which pressure and temperature
factors have been applied to account for altitude conditions) because
combustion efficiency does not generalize and is involved in any fuel
scheduls.

Optimalizing control. - Figure 4 1s a cross plot of the data shown
in figure 3. The constant-speed lines plotted as a function of accelera-
tion and fuel flow also show that maximum acceleration occurs before
stall and surge. The particular advantage of this form of data presen-
tation is 1t Indicates that techniques of optimalization as outlined in
reference 4 can be applied. In this case acceleration could be optimal-
ized during a throttle burst by sensing a signal which was related to
the slope of the constant-speed lines shown on figure 4 and then by
using this signal in the control proper to vary fuel flow so as to
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reduce the signal to zero. Such a control system would in theory -
automatically maintain maximum acceleration during the major part of
the transient Induced by a throttle burst and at the same time prevent
the engine from entering the region of stall and surge. Practical
consideration, however, must be given to maximum temperatures attained
and the margin of safety betweer maximum acceleration and stall.

Unfortunately; insufficient data are available over the complete
range of flight conditions and engine operation to permit a statement
as to the margin of safety that would exist between the maximum
acceleration line and the stall and surge line for all conditions.

A very small margin would place severe demands of high.gain and fast
response on the fuel .system.

Turbine-Discharge Temperature - Acceleration Characteristic

The varistion of turbine-discharge temperature with engine speed
 for lines of constant acceleration and lines of constant fuel flow is
shown in figure 5. The steady-state operating line and the stall and
surge limit are included in this figure. From the data in figure 5
a schedule of temperature against spsed can be devised which will give
maximum acceleration at a given engine speed. This schedule together
with the surge limit is shown in figure 6. ! :

Another consideration besides surge enters into the acceleration
potential in the low-speed region. At low speeds the temperature for
maximum acceleration is well above present temperature limits imposed
by turbine materials. - Thus at very low speeds, below 45 percent of
rated speed, the temperature cannot be set up to the value required
for maximum acceleration.

AN

Acceleration control with turbine-discharge temperature - speed
sc¢hedule. - An overriding acceleration control can be added to a
. primary engine control so that the turbine-discharge temperature 1s
limited as a function of the engine speed. Based on the data presented
. In figure 6, the schedule can be specifically designed to match the
maximum acceleration characteristic shown or the maximum allowable
temperature ‘limit of the engine. Thls type of schedule would be ‘
. feasible because at a given engine speed a margin exists between the
. maximum safe acceleration temperature and the surge-limit temperature.
Thus a schedule of temperature agalnst speed could give the engine
‘maximum safe acceleration and yet avoid stall or surge.

However, because the temperature and speed characteristics vary
with Mach number, compressor-inlet temperature, and altitude, it
follows that a schedule based on the temperature - speed parameter
must be corrected to maintain the desired action. The effect of

Y
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increasing flight Mach number is to alter the position of the accelera-

tion path with respect to the compressor stall and surge 1limit. At

higher Mach numbers, lower temperatures will produce adequate accelera-

tion; so this effect may not be important. In a similar manner, compressor-
_inlet temperature can be accounted for by consldering the schedule to be one

of the ratio of turbine-discharge temperature to the temperature at the com-

pressor Inlet TG/TZ against speed. Altitude effect on the schedule is

minor and can be neglected. Since this system does not depend on fuel flow
measurement but on temperature, 1t follows that the combustion- efficiency
variations do not affect the sepedule in any appreciable manner.
Two outstanding advantages accrue from the use of this'syetem
(1) In case of inadvertent stall, automatic recovery can be achieved
because a sharp increase in temperature accompanies stall, as indicated
by point A in figures 2(a) and (c). This temperature increase would
cause the control to reduce fuel flow sufficiently to overcomé the
hysteresls effect of coming out of surge. Reference 3 gives more detail
on the hysteresis effect. (2) Temperature normally is sensed for over-
‘all protection of engine components; therefore, simplification results
“from not having to sense another engine-output parameter.
There aQE certain disadvantages associated with the temperature -
speed schedule. At present, the measurement of an adequate temperature
~1s difficult. An acceptable sensor should indicate an average tempera -
ture under all conditions of engine operation and not be sensitive to
changes in temperature profile which result from changes in enginé
operating point and with flight conditions. A thermodynamic method,
such as the pressure-sensitive system of reference 5, may have merit

‘Compreseor:Discharge Pressure - Acceieration Characteristic

The wvarlation of compressor-diecharge pressure with engine speed
for lines of constant acceleration is shown in figure 7. The maximum-
acceleration limit and the steady-state operating line are indicated
in this figure. An analysis of the data shows that the surge limit
coincides with the maximum acceleration limit within 11 percent of the
total compressor-dlscharge pressure range. This percentage of deviation
is within ‘the accuracy of the data; therefore the data do not show a
measurable separation between the surge 1limit and the maximum accelera-
tion limit. The most significant conclusion to be drawn from the data
is that compreeeor-diecharge pressure 1s very insensitive as an indica- -
‘tor of how close the engine is to maximum acceleration or eurge
particularly at low speeds.

One reason for the insensitivity of compressor-discharge pressure
in distinguishing between maximum acceleration and surge 1s the inherent
small change In compressor-discharge pressure that accompanies engine

— A -
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operation from the steady state to maximum acceleration with the speed
held constant. - The change in compressor-discharge pressure at low

speeds 1s approximately 2 percent of the steady-state range of compressor-
discharge pressure from idle speed to sea-level rated speed, and at high
gpeeds the change is approximately 20 percent. These percentages are
small when compared with the fuel flow and temperature changes available
at a constant speed.

Acceleration control with compressor-discharge pressure, fuel flow,
and speed parameters. - In addition to the difficulties associated with
the insensitivity of compressor-discharge pressure as an indicator of
" how close the engine is to maximum acceleration or surge, corrections
are required to account for -altitude pressure, Mach number, and atmos-
pheric temperature if compressor-discharge pressure is to be used as a
control parameter.

Systems of .acceleration control have been devised whereby fuel
flow 1s scheduled as a function of compressor pressure rise. These
systems, at the present stage of development, do not provide all the
available acceleration at sea level if they are set to operate safely
over a range of altitudes.

Turbine—Discharge Pressure and Thrust - Acceleration Characteristic

Figure 8 shows the turbine-discharge pressure. - acceleration
characteristic. Analysis indicates that the turbine-dlscharge pressure -
acceleration relation for constant speed is substantially linsear up to
the maximum acceleration limit; beyond this 1imit the acceleration drops
off. At the low end of the engine speed range the sensitivity of
acceleration to turbine-discharge pressure 1is very great, while at the
high-speed end the sensitivity is reduced. - The ratio of these sensitivi-
ties is about 5:1.

In figure 9 1s shown thrust as a function of acceleration for lines
of constant speed. This figure shows that turbine-discharge pressure
and thrust are very closely related parameters in that the same general
relations hold. However, these data are for a constant- or fixed-area
exhaust nozzle. It is to be expected that a change In area will change
the proportionality factor between these two parameters.

A signal related to thrust can, however, be derived by computation from
sensed values of turbine-discharge pressure and exhaust-nozzle area.

Acceleration control with turbine-discharge pressure or thrust
parameters. - Turbine-discharge pressure or thrust also can be used in
a schedule which provides an overriding control to 1limit the engine.
response during a transient to the safe region of operation or to
maximum acceleration.

STOZ
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Comparison Between Small-Step Data and Large-Step Data

Figure 10 shows the variation of the engine time constant with
engine speed and also a comparison of data obtained from small-step
changes in fuel flow (ref. 2) with data from large-step changes in
fuel flow. Time constants obtained from small-step data fell within
a band as shown in figure 10. Large-step data resulted in a more
accurate determination of the engine time constant as shown by the
correlation of the time constants from the large-step changes with
the mean of the small-step changes in fuel .flow. An additional
advantage of large-step changes is that it 1s possible to obtain
acceleration data over a very broad range of off-equilibrium operating
conditions, and therefore basic nonlinearitiee of operation in this
region become evident.

CONCLUDING REMARKS

Operation of a single-spool turbojet engine with constant exhaust-
nozzle area was investigated at one flight condition. Data were obtailned
by subjecting the englne to approximate-step changes in fuel-flow, and
the information necessary to show the relations of accelerstion to the
sensed engine variables was obtained.

Maximum acceleration occurred prior to stall and surge. - In the
low end of the engine speed range the margin was appreciasble; in the
- high-speed end the margin was smaller but had not been completely
defined by these data.

Data Involving acceleration as a function of speed, fuel flow,
turbine-discharge temperature, compressor-discharge presgsure,.and
turbine-dlscharge pressure or thrust were presented; and it was shown
that basic control systems may be improved by addition of an override
In which the acceleration characteristic is used not only to prevent
the engine from entering the surge region but also to obtain accelera-
tion along the maximum acceleration line during throttle bursts.

A number of possible schedules which could be used to avoid com-
pressor surge were discussed, including fuel flow scheduled as a
function of speed, turblne-discharge temperature scheduled as &
function of speed, compressor-discharge pressure scheduled as a
function of speed, and fuel flow scheduled as a function of compressor-
discharge pressure. The variation of compressor-discharge pressure with
fuel flow was found to be insufficient to permit satisfactory operation
of an acceleration control that sets fuel flow to produce a scheduled
value of compressor-discharge pressure at each engine speed.

lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, August 26, 1953
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APPENDIX A

DESCRIPTION OF TRANSIENT INSTRUMENTATION

Recording equipment. - Engine parameters were recorded during
transients on six-channel, direct-inking, magnetic-penmotor oscillo-
graphs. Each channel of the recorders was driven by either a d.c. or
strain-analyser type of amplifier, depending on the parameter being
measured. Strain-analyzer amplifiers were used with the sensing
devices for pressures, fuel flow, and thrust, while d.c. amplifiers
were used with the sensing devices for speed, acceleration, temperature,
and position. The frequency response of the penmotors in combination
with either type of amplifier is essentially flat over the range from
0 to 100 cycles per second. The oscillograph-chart speed was 12.5

millimeters (2% units) per second.

Timing marks were introduced on certain channels by removing the

- signals from these channels, before or after a transient, simultaneously
by means of a switch. These marks serve as a means of alining the
traces from different recorders and for detecting slight variations in
the length of individual pens.

Position Indication. - The position of the exhaust nozzle, power
lever, and fuel valve was Indicated by a potentiometer attached in such
a manner that the movable arm of the potentiometer was an indication of
the positlion of the device. A d.c. voltage was applied across the
potentiometer so that a d.c. voltage indicative of position appeared
between the movable arm and elther end of the potenticmeter. For the
transient indication, the initial level of the signal was cancelled
out by serles addition of an adjustable voltage opposite in polarity
to that of the signal. This was done since 1t was desired to record
only the change during the translent. The signal was then applied to
a d.c. amplifier feeding one channel of a recorder. The frequency
response of this circuit was limited by that of the amplifier and
recorder.

Turbine-discharge temperature. - Turbine-discharge temperature was
measured by a number of 18-gage, chromel-alumel, butt-welded thermo-
couples placed at the turbine discharge (station 6) and electrically
connected in parallel. The silgnal from the thermocouples was applied
to a magnetic amplifier to increase the amplitude of the signal without
the introduction of excessive noise or drift. The magnetic amplifier
was followed by an adjustable voltage to cancel out the initial level,
a thermocouple compensator, and a d.c. amplifier feeding one channel
of a recorder.

The thermocouple compensator 1is an electric network which, when
properly adjusted, compensates for the thermal lag of the thermocouple.

1
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A detailed discussion of the basic principles and circuitry involved 1s
given 1n reference 6. This device allows the use of heavier thermo-
couple wire while obtaining faster response than could be ordinarily
obtained with smaller wire. Methods for determining the time constant
of thermocouples are given in reference 7.

The compensator was set by placing only one thermocouple in the
circuit and then suddenly plunging the thermocouple from & cooled
shield into the hot gas stream, which effectively subjects the thermo-
couple to a step change in temperature. The compensator was then
adjusted until the temperature trace recorded as nearly as possible
a step response.

The freduency response of this circult with the compensator
properly adJjusted 1s flat over the range from O to 5 cycles per second
at sea-level mass-flow conditions.

Engine speed. - An alternator on the engine provides an a.c.
voltage whose frequency is directly proportional to speed and varies
from 300 to 800 cycles per second over the speed ranée normally
encountered. This signal was used in connection with an electronic
tachometer which was modified to give an accurate steady-state and
sultable transient indication of engine speed.

The steady-state indication is provided by a counting circuit that
counts the input frequency for a period of 1.2 seconds, which is
accurately set by a crystal-controlled oscillator. This count 1s then
presented on a neon-lamp display panel for a suitable length of time,
after which the process is repeated. Although the count is very accurate,
unless the frequency is high in relation to speed, the speed cannot be
precisely defined, Consequently, the alternator signal was first applied
to two stages of full-wave rectification which increased the frequency
by a factor of four. With this modification, the steady-state speed
Indication was precisé to within 1 rpm.

The transient signal was obtained by modifying an existing meter
circuit included in the instrument to provide a continuous indication
of frequency and, hence, speed. A d.c. voltage, proportional to speed,
is produced by the modified meter circuit. After cancellation of the
Initial level, this signal was applied to a d.c. amplifier feeding one
channel of & recorder.

The frequency response of this circuit is limited by a filter
circuit required in the modified meter circuit and is essentlially flat
over the range from O to 10 cycles per second.

Engine acceleration. - The transient acceleration signal was
obtained by differentiating the speed signal with an R-C circuit. The
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signal from the differentiating circuit was applied to a d.c. amplifier
feeding one channel of a recorder.

For the R-C differentiating circuit there 1is an inherent lag asso-
cilated with the circuit which limits the frequency response to 2 cycles
per second.

Alr pressures. - Transient measurements of ram pressure, compressor-
discharge pressure, and turbine-discharge pressure were made with the
use of standard, four-element, strain-gage pressure pickups, and strain-
-analyzer-type amplifiers. A network in the analyzer provides a means of
ad Justable output of the amplifier so that only the change need be
recorded.

‘The pressure pickups were mounted in the wing section in a cen-~
trally located box which reduced the effect of engine vibration on the
pickups.

The dynamic response of these circuits is a function of the diam-
eter and length of the tubing used to transmit the pressure from the
engine to the pressure pickup and of the density of the air. Design
of tubing size 1s outlined in reference 8. All tubing was experimentally
tested and adJusted before installation to give a frequency response
which is essentially flat from O to 10 cycles per second at sea-level
conditions.

Fuel flow. - The transient indication of fuel flow was obtained by
measuring the pressure drop across an orifice in the fuel line by means
of a differential straln-gage pressure pickup. The operation of the
pressure pickup is the same In this case as for those used to measure
alr pressures. In order to obtain a sufficiently large pressure drop
regardless of the fuel flow, the size of the orifice was made variable .
by means of a remotely controlled positioning system.

It should be noted that, for the fuel flow trace, the deflection
1s not a linear function of the fuel flow change since the pressure
drop across the orifice is proportional to the square of the fuel flow.
When obtaining values from the fuel flow trace, it i& necessary to
ad just for this effect.

The major limitations on the fuel information obtained were the
mass and capacitance effects of the fuel and piping system. These
limited the useful frequency range to O to 2 cycles per second. The
pressure measuring device, the fuel valve, and the pressure regulator
agross the valve produced negligible effects in this frequency band.

Thrust. - The transient thrust measurement, iike the pressure
measurements, was obtained with a strain-gage and a strain-analyzer

201 5
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type of amplifier. In this case, however, the strain gage 1s bonded
to a thrust link attached from the engine to the mount. The engine
is supported in such a manner that the total force of the engine is
transmitted. to the mount through this thrust 1ink.

The frequency response of the circult to a change in the thrust

link is limited by the recorder and amplifier, but the response of the
entire system is dependent on the dynamics of the entire mounting
system, which has not been determined. .

(@)
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Figure 6. - Acceleration temperatures at stall and surge limit,

and at maximum acceleration. Parameters shown given in per-
centage of value at rated rpm at 15,000-foot altitude and
1.02 ram-pressure ratio.
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Acceleration, N, percent speed/sec
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Thrust, F, percent/sec

Figure 9. - Thrust during acceleration at constant engine speeds. Parameters shown given in percentage of value
at rated rpm at 15,000-foot altitude and 1.02 ram-pressure ratio.
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