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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

EXPERTMENTAL INVESTIGATICON OF DIFFUSER PRESSURE-RATIO CONTROL
WITH SHOCK-POSITIONING LIMIT ON 28-INCH RAM-JET ENGINE

By Williem R. Dunbar, Carl B. Wentworth, and Robert J. Crowl

SUMMARY

The performance of a diffuser static-pressure-ratic control with a
normel shock-positioning limit was investigated on & 28-inch ram-jet en-
gine instslled in an altitude free-jet facility. The investigation was
conducted at free-stream Mach numbers of 2.35 and 2.50, eltitudes of
50,000, 60,000, and 65,000 feet, and angles of attack of 0 and +7°.

The basic pressure-ratio control set the ratio of & dgiffuser static
pressure to a diffuser cone-surface static pressure at any desired level
within the engine operating range. By using this pressure ratio, the
operation of the control was independent of altitude. The cone surface,
or reference pressure, provided compensation, to a limited extent, for
variations in Mach anumber. The shock-positioning limit loop utilized
the static pressure on the diffuser innerbody in the plane of the cowl
1ip to permit operation near maximm diffuser recovery and to protect
against blowout at angle of attack. _

The results obtained indicate that the control was capable of suc-
cessful operation over the range of engine and flight conditions tested.
Minimum response times approaching the system dead time were cobtained
with small amounts of overshoot, and the control successfully recovered
from disturbarices which placed the engine well beyond the steady-state
blowout limits. The basic pressure-ratio control was primarily affected
by variations in engine gain which prevented optimum performence at all
conditions with fixed control settings.

The shock-positioning limit effectively reduced response times for
disturbances which resulted in suberitical operation and permitted safe
operation of the engine at nearly meximum recovery. Operation of the
limit at a +7° angle of attack required limit gains in excess of those
allowahle for stable continuous limit operation et zero angle of attack.
However, it appeared feasible to stabilize the limit loop by addition
of a first-order lag without seriously im;pa.iril;é the normal operation
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INTRODUCTION

Most of the work at the NACA Lewis laboratory on ram-jet engine
controls (refs. 1 to 6) has dealt with control techniques designed to
maintain a particular mode of engine operation. These techniques in-
clude such contrals as optimalizer and shock-positioning systems designed
to maintain peak engine performance, and othgrs, such as diffuser .

pressure-ratio and normal shock-positioning systeme, designed to meintain
a specific level .of operation at some value less than pesk.

The emphasis in most of these previcus control investigations has
been on the ability of the control to meet the requirements of a nonma-
neuvering, strategic type of missile. That 1g, the accuracy with which
the desired operation may be maintained and the proximity to peak per-
formance which could be achieved were of prime consideration.

Contrasted with the requirements of the strategic missile are those
of an interceptor-type missile or piloted vehicle in which any thrust
level within the engine capabilities may be desired. In addition, the
control system must be expected to perform satisfactorily over a range
of eltitudes and Mach numbers and in the presence of meneuvers resuliing
in large variations In angle of attack and yaw.

One of the control techniques previously mentloned, that of diffuser
pressure-ratio control, is adapteble to variable thrust applications,
providing a suiltable limit is incorporated to prevent continued suberit-
ical operation.

In order to provide information on such a control system, an inves-
tigation was undertsken of a diffuser pressure-ratio control with a
shock-positioning limit. The objectives of this investigation were (1)
to determine optimum control constants for the basic pressure-ratic con-
trol; (2) to investigate the problems associlated with incorporating the
shock-positioning limit and its effect on system performance; and (3} to
investigate the effects on system performsnce of changes In engine oper-
ating point and flight conditions, in particular the problems connected
with angle-of-attack operation.

This report includes a description of the characteristics, both
static and dynamic, of all compchents of the two control loops of the
control system; the response and stability charascteristics of the con-
trol system &g a function of control constants, engine operating condi-
tiong, and flight conditions; and a discussion of control limitations
and possible improvements.

APPARATUS AND INSTRUMENTATION

The apparatus and. instrumentation used in this investigation con-
sisted of. a.28-inch ram-jet ergine installed in an altitude free-jet
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facility, an electrohydraulic fuel servo system, steady-state and tran-
sient instrumentation for measurement of engine pressures, oscillograph
recorders on which the transient dasts were recorded, and an electronic
analog computer which provided the necessary control functions.

Engine and Facility

The altltude free-jet facility with the engine instslled is shown
in figure 1. The engine inlet is submerged in an sir Jet issuing from
the supersonic nozzle. Two interchangeable nozzles provided free-stream
Mach numbers of 2.35 and 2.50. The nozzles could be rotated about a
horizontal pivot to provide simulation of angles of attack from +7° to
-7°. The inlet air was heated to appropriate temperstures by gas-fired
heat exchangers. The pressure in the compartment containing the engine
wes low enough to ensure choked flow in the exhaust nozzle at all
conditions. : . . ] .

The engine is shown in greater detail in figure 2. (All symbols
are defined in appendix A.) The combustion-chamber diameter st its
largest section was 28 inches. The actual internal-flow-ares variation
throughout the engine is showm in figure 3. The grid, located at sta-
tion 57, is designed to improve the air flow profile prior to injection
of fuel at station 60. The exhaust nozzle had a minimum area of 0.70
times the combustion-chsmber area. The diffuser iInlet hed a single-shock
25° half-angle, conical spike and was designed to have the coniecal shock
wave at the cowl lip st Mach 2.50.

The engine fuel-injection system was comprised of two independent
fuel menifolds equipped with spring-loaded, variable-sres nozzles. One
manifold, designated the inmer ring, was supplied with fuel equivalent
to an over-all fuel-air ratio of 0.037 throughout the investigation.

The other manifold, designated the outer ring, was used in the control
system to supply the desired fuel flow in excess of the lesn-limit level
set with the inner ring.

In general, the response of diffuser static pressures downstream of
the normal shock to fuel flow will be similer to the frequency-response
characteristics shown in figure 4. The dynamic characteristiecs of the
engine are reported in detail in reference 7.

Fuel System

The fuel system used in the control consisted of the outer-ring
manifold and nozzles of the engine, an electrohydraulic fuel servo sys-
tem, and the associated piping.
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The fuel control contained an electrohydraulic servo system which
positioned a throttle in & specially designed fuel-metering valve in

response to an input-voltage signsel. The fugl-metering valve incorpor=—

ated a differentisl relief valve, which maintained a constant pressure
drop across the metering orifice. BSince the metering area was a linear
function of throttle position, the fuel flow at the valve was also a
linear function of throttle position and of input voltage to the fuel
servo. This type of throttle-plus-reducing-velve, differential-pressure
regulator system is described in detail in reference 8.

The actusl flow from the fuel-injection nozzles could not be read-
ily measured dynamically. Howevér, a theoretical analysis with experi-
mental verification indicated that the manifold pressure drop Py was
indicetive of actual nozzle fuel flow within 45 percent to approximetely
40 cps with epproximately 30° error in phase at 40 cpe. Therefore; for
the frequencies of principsl interest in the controls investigation (less
than 20 cps), the manifold pressure drop PO may be considered dynemi-

cally the same as the nozzle fuel flow L
2

The frequency-responge characteristics of the complete fuel system
are shown in figure 5. The peak in the mmplitude characteristic at 25
cps is due to @ resonance of the manifold and connected piping.

The manifold pressure drop was measured with differentisl-pressure
transducers connected to the fuel manifold and referenced to the static
engine pressure in the region of the manifolds. The frequency response
of the pickups and conpnected tubing was essentially flat to at least 100
cps with less than +10° phase shift.

The fuel control panel and associated equipment are shown in rack 1
of figure 6. Steady—state fuel flow was measured with turbine—type flow-
meters., :

Instrumentation

Engine gas pressures. - For transient measurement of engine pres-
sures, reluctance-type pressure transducers were used. The frequency-
response charactéristics of the pilckups and assoclated tubing are shown
in figure 7. In addition to using the transducers for transient measure-
ment of pressures, the static engine characteristics were obtained by
plotting engine pressures directly as a function of fuel flow on an X-Y
recorder, shown in rack 2 of figure 6.

Manometers were used for normal steady-state pressure measurements
and calibration of transient pickups.
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Angle of attack. ~ Angle of attack was determined by means of cal-
ibrgted physical stops on the supersonic-nozzle actustor mechanism.

Recording equipment. - All transients were recorded on sensitized
paper with oscillographs using gelvanometers with natural frequencies of
200 to 500 cps. The recording apparatus, including the carrier-type
amplifiers and recorders, are shown in rack 3 of figure 6. In addition,
certain variables of particular Interest were also recorded om a direck-
inking oscillograph with a frequency response of 100 cps. This oscillo-
graph may be seen In rack 5, figure 6.

Computer

The necessary computation for control purposes was performed by an
electronic differential analyzer, which is shown in rack 4, figure 6.
The computer performs the required operations through the use of high-
gain d-c operational smplifiers and associated plug-in input and feed-
back impedances.

DESCRIPTION OF CONTROL:
Control Action

The control system investigated consisted of a basic control loop
and a limit loop. The basic loop held the ratio of a diffuser static
pressure to a reference pressure at any desired value, which provides
operation independent of altitude. This ratio is maintained in the con-
trol by holding the control pressure equal to ‘the reference pressure
times the desired pressure ratio. The advantage of this method is that
it makes it unnecessary to divide the two pressure signals in the control.

A gimplified block diagram of this basic control system is shown
in figure 8(a). The basic control and the reference pressures are con-
verted to equivalent voltages by means of the sensors end smplifiers.
The reference-pressure signal is then multiplied by the desired pressure
ratio and becomes the reference imput, which is equal to the set value
of the basic control pressure. The difference between the reference in-
put and the actusl value of thé basic control signal is the control error
signal, which goes to the control comtaining proportional-plus-integral
control action.. The control output actuates the fuel servo and varies
the outer-ring fuel flow as required to bring the error signal to zero.

By varying the desired pressure ratio, the basic control msy be
used to vary the engine thrust over the slloweble range. The minimum
level in this system was determined by the fuel-air ratio set with the
inner-ring fuel flow. The maximum level of operation is determined by
the diffuser static-pressure-ratio characteristic, which, in general,
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increases to a peak value corresponding to critical diffuser operation
and then decreases for subcritical operation. Obviously, if a desired
pressure ratio greater than the peak value is called for, the control
will continuously increase the fuel flow and drive the engine further
and further subcritical until the blowout limit is reached. In addition,
attempting to set exactly the pesk pressure ratio is inherently unsteble,
since any disturbance which causes even temporary subcritical operatiom
will result in & lower actual pressure ratio than the set value and will
cause the control to increase fuel flow, resulting in blowout, as des-
cribed before. :

In actual practice there will be a range of supercritical pressure
ratios, Just below peak, that are not safe to set—with the control, as
Just deseribed, since momentary subcritical operation can result in the
gsame or lower pressure ratios and the subseguent instability described.
Therefore, in order to allow operation as close to pesk as possible, 1t
is necessary to utilize some form of 1imit to prevent continued subcrlt-
ical operstion.

The 1imit used senses the position of the normal shock by measure-
ment of the static-pressure rise on the innerbody In the plane of the
cowl lip as the shock is expelled. This 1limit pressure is converted to
an eqguivalent voltage by means of a sensor and amplifier, as shown in
figure 8(b), and then goes into the limit control, which provides a bias
to reduce the limit signal to zero for supercritical operation and also
provides a varisble gain. The resulting limit signal is then combined.
with the baslc control at the summing point. F¥or a balanced comditionm,
the error signal must be zeroc and, therefore, the reference slignal minus
the basic_control signal minus the limit signal must equal zero. Thus,
an increase in limit signal will tend ta reduce the required value of
basic control signal and with proper choice of limit gain can prevent
continued subcritical operation.

Control Parameters

Basic control pressure. - The baslc control pressure selected was
a diffuser static pressure Pgo which varies essentially linearly with

diffuser recovery for the conditions shown in figure 9(a). A static
pressure was selected since, in genexral, the static pressure is more
noise-free, may be measured more accurately, and tends to have better
dynamic cheracteristics than the total pressure. The location of the
pressure tap was based on several factors: the pressures upstream of
the diffuser grid do not vary linearly with diffuser recovery due ta
choking of the grid at low recoveries; the further downstream toward the
combustion zone, the shorter the dead time for response of pressure to
fuel flow changes; and, finally, it was felt desirable to remsin upstream
of the fuel-injection zone to avoid any possible complications in pres-
pure measurement resulting from the presence of fuel spray.

oxne
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Limit pressure. - Thé 1imit signal used was the sum of two static
pressures located on the diffuser Innerbody on the wvertical centerline
in the plane of the cowl lip. .The taps were positioned on the top and
bottom, 180° apart, which provided a usasble limit signal for both posi-
tive and negative angles of attack. Other arrangements of two or more
teps could be used to include effects of both angle of attack and yaw.
The variation of the limit pressure Plz £+b with diffuser recovery is

shown in figure 9(b). The variation of Pip, t+b/P , as shown In figure

S(b), makes it particularly suited for a limit signel, since it is con-
stant over almost the entire operatlng range and then increases sharply
as maximum recovery is approached. Limiting at lower recovery could be
obtained by use of pressure taps farther downstream. The figure also
shows why a shock-positioning control using & single pressure-tap loca-
tion cannot be used as the complete control if it is necessary to cover
more than a very limited range of engine operation. For exemple, the
shock-positioning pressure varies over its entire range at Mach 2.50 for
a change in recovery of 0.004.

Reference pressure. - The reference pressure was g cone-surface
static pressure located 2 inches back from the tip of the cone. The
cone-surface pressure provides a limited amount of Mach number compen-
sation. In addition, since the tep was located nominally on the hori-
zontal centerline, the pressure should tend to drop for either positive
or negative angle of atta.ck and provide a.dditiona.l protection for such
operation.

It should be emphasgized that the variocus control parameters used
herein are not necessarily intended to be optimum choices but are rep-
resentative of pressures which could be applied In this control technique.
The ultimate selection of optimum variables would necessarily be based on
an extensive consideration of the performsnce characteristics of a spe-
cific engine and its intended epplication requirements, which was beyond
the scope of this investigation.

Pressure - fuel flow characteristics. - The variations of the con-
trol pressures ds a function of fuel flow are required to determine the
engine gains necessary in the control calculations. In order to obtain
these data in a more preclse manner than is normally posslble from curves
plotted from discreet points, & continuous curve was cobtained by plotting
pressure as & function of fuel flow directly on an X-Y recorder, as shown
in figure 10. The curves were obtained by varying the fuel flow in a
linesr manner from minimum to maximm and back to minimum by means of a
periodic trla.ngular input to the fuel servo with a period of 100 seconds.
Note the hysteresis effect which sppears, particularly in the limit
traces, and also the noise level apparent even though both the pressure
end fuel flow signals have been filtered with a first-order filter hav-
ing a time constant of 0.1 gecond. Pressure - fu.el flow characteristics
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obtained from similar X-Y recaords for the flight conditlons tested are
shown in figure 11. The table inserted in figure 11(a) gives the per-
tinent Information for each flight conditiom. The pressures shown in
figure 11 are plotted for convenience as the ratio of the static pres-
sure to the free-stream static.pressure. Throughout the remainder of
the report, the engine operating point is referred to In terms of this
same pressure ratio. I TTToTT o o

Block Diagran and Transfer Function

Block diagram. - The complete block dlagram of the control system
as it was investigated is shown in figure 12. The basic loop previcusly
discussed 1s shown by the heavy lines commecting blocks Gl’ G2’ GS’ Hl’
and H4 and the reference Bl; obtained from P, A, and Al. The re-
maining blocks connected by thin lines compose the 1imit loop. Since the
limit signal consists of P12 t4p? the two variables are teken separately
2

and converted to equivelent voltages and then corbined et the lower sum-
ming point with RZ' This value of 32 1s the limit bias previcusly men-

tioned, which is obtmined as a function of P, and is set so that the
limit signal Ll is zero for the rasnge of diffuser recoveries shown in
figure 9(b), where plz,t+b/?c ¥ 2.04. For higher recoveries, L, is
some negative value depending on Ll and the galin set in block H7 and
acts to override the basic control and lower the final operating point.

Transfer functlon. - Each ofthe elements of the block dlagram rep-
resents a transfer function of the output-to-input characteristics of
the particular component. Bach of these transfer functions may be des-
cribed in terms of a frequency Iindependent factor K and a frequency
dependent factor expressed operationally, as in the case of the contral
1 + 1/ts or, where based on experimental data, mey be shown as & nor-
malized frequency-response characteristic, such as that shown for

Apso/APo in figure 4.

Each of the control-system components is shown in this manner in
table I with reference to pertinenl figures in the report where experi-
mental data are availsble for the frequency-dependent factor. Note in
teble I, for the components A, Hi, HZ’ and H3, the dynamic effects of

sensors and amplifiers may be neglected for the range of frequencies of

concern to the control. For the components Zl and ZZ’ which relate the

limit pressures to the basic control pressure, complete dynamic infor-
mation is not available. However, for the conditions under which the
limit operates, that is, with the normel shock at or very near the cowl

£v0s
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lip, the dynamics may be approximated by a dead time of 0.0l second.
This approximestion appears justified on the basis of dead-time data pre~
sented in reference 7 and on careful observation of the limit pressures
during sinusoidsl frequency-response tests which included operation in
the suberitical région, also reported in reference 7.

The open-loop transfer Furiction of the system 1s derived in appendix

B for conditions with the loop opened at E and with P, U, and wf 5
held constant. The expression obtained iS'

=it nf YL 3]

KO = KcK eKsK4

_55
Ky
=K t+t %y

The only factor involved in the loop gain KO which 1s not constant

under normal circumstances is the engine gain Ke. The varistion of this

where

term is shown as & function of diffuser pressure ratio PGO/PO for var-

ious flight conditions in figure 13. The curves shown were obtaeined di-
rectly from X-Y records and represent the major variations in gain. The
minor varistions were removed by fairing in an average curve through the
noise level of the records.

The limit gain & may be obtained for the variout comditions di-

rectly from the slope of the curves of limit pressure ratio as a function
of diffuser pressure ratios as shown in figure 14. This gain term KL

is obviously zero over most of the operating range but becomes a rela-
tively large value in the region of 1imit operation.

The limit gain factor % has more significance than just that of
a factor in the limit gain. It represents the relative magnitude of the
limit signal which is combmed w:Lth the basic control signal to give a
resultant control signsal. '
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PROCEDURE AND RANGE OF VARTABIES
Procedure

In order to .investigate the effects of control constants on system
response and stability, and to determine the effects of various engine
and flight conditions on performance, the following tests were conducted.
At a single engine operating point, at fixed flight conditions, and with
the 1imit gain set at zero, the loop gain was varied from a minimum to a
maximum value for various values of integrator time constants. At each

gsetting of KO and T, step disturbances in fuel servo input voltage

were imposed. Respdhse dats obtained far these disturbances are alsc
applicable to the response of the error signal to changes in the set
pressure ratio. With selected values of KO and v from the preceding

procedure, the limit gain £ was varied from minimum to maximum with
step disturbances as before at each conditiom.

With selected constants of Kb, T, and % from the preceding tests,

the engine wag operated over a range of engine and flight conditions with
step disturbances in the fuel servo input voltage at each condition. The
entlre preceding procedure was repeated at a second Mach number.

Range of Variables

The range of f£light conditions included operation et Mach 2.35 and
2.50, altitudes of 50,000, 60,000, and 65,000 feet, and angles of attack
of O and +7°. The controlled engine was operated from its lean limit
(fuel-air ratio of 0.037), set by the inner-ring fuel flow, to a rich
limitc, set by the shock-positioning 1imit, which allowed operation at
nearly maximum diffuser recovery.

RESULTS AND DISCUSSION

The resulis of the control investigation are presented in & discus-
sion of various figures showing the effects of control constants, engine
operating conditlion, end flight cordition on system performance; and a
discussion of contrqQl limitations and possible improvements.

Effects of Control Constants

The transient performance of the contraol system is evaluated in
terms of the response to a step disturhance in fuel servo input voltage.
Typical system responses to a step inmcrease and decrease in fuel servo
input voltage are shown in figures 15(a) and (b), respectively. In the

e%0s
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oscillogram of figure 15(a), the step disturbance is imposed at point A

on the fuel-servo-input-voltage trace. After a dead time of spproximately
0.01 second, the fuel flow responds, followed by an additional dead time
of approximately 0.02 second until the control pressure responds at point
B. This total system dead time of approximately 0.03 second from A to B
alsc appears in the Vi trace from A to C, at which point the corrective

action of the control has commenced. The time required after point C to
correct for the disturbance is primerily a function of the various con-
trol constants. However, regardless of the speed of the control, the sys-
tem response must always include the total system.dead time, in this case
approximately 0.03 second.

A typical response for a step decrease in Vi resulting in overshoot

is shown in figure 15(b). The quantities measured from the response are
response time and percent overshoot of the fuel servo input voltage.
Response time is defined herein as the time from initiation of the dis-
turbance at point A until the control has first corrected for 90 percent
of the initial error as shown by point D (fig. 15(a)). Percent overshooct

~is defined as (amplitude of the first overshoot/amplltude of the step) X

100, as shown in figure 15(b).

Basic-loop constants. - The effects of varying the basic-loop con-
stants on response time and percent overshoot are shown in figure 16 for
operation at Mach 2.35, altitude of 60,000 feet, and zero angle of at-
tack. The limit gain factor % is set egual to zero (by setting K

equal to zero). The response characteristics are shown for operation
with loop gains from 0.18 to 1.2 with integrator time constants ranging
from 0.01 to 0.10 second. Minimum response time of 0.04 to 0.05 second
with negligible overshoot may be obtained for decreasing fuel steps with
a loop gein of approximsbtely 0.6 and T of 0.033 to 0.05 second. For
increasing fuel steps, because of the nonlinearity of the pressure - fuel
flow characteristics, comparable responses require a loop gein of approx-
imately 0.7 with the same .

For the step decreases (fig. 16(b)) the loop gains were increased
to the point where instability was reached following the disturbance,
although the system was stable prior te the disturbance. In each case,
the instability, as manifested by a divergent oscilletion, resulted in
rich blowout. A typical rich blowout resulting from unstable operation
initiated by a step decrease in fuel flow ies shown In figure 17.

Deta for the same response at Mach 2.50 are shown in figure 18. As
before, for step decreases in fuel flow, response times of 0.05 to 0.06
second with negligible overshoot may be obtained for loop gains of ap-
proximately 0.6 and <« of 0.033 to 0.05 second. For step increases,
similar responses require & loop gain at approximately 0.8.
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The behavior of .the system at maximum loop gains for the test comn-
ditlions at Mach 2.50 differed markedly from the performance at Mach 2.35.
Instead of resulting in engine blowout, as shown in figure 16, operation
at maximum loop gains resulted in sugtained oscillations of limited ampli-
tude, as shown in. figure 19. The oscillation amplitude did not become
divergent but merely increased in maghitude as the loop galn was in-
creased. This type of instability ies shown iIn the oscillogram of-figure
20. The oscillation amplitude and Frequency were measured on the control
pressure trace Pgo’ The amplitude plotted in figure 19 is the peak-to-

peak value shown as 198 pounds per square foat. in figure 20.

The stability limits of the system were calculated from the experi-
mental open-loop frequency-response charscteristics on the basis of linear
stability theory. Experimentsl frequency-response data for the response
of the control signal VPGO to the fuel servo input voltage Vi are

shown in figure 21 far test conditions closely matching those for which
stability deta have been presented at Mach 2.35 and 2.50. The control
characteristic 1 + l/Ts -is shown separately in order to allow deter-
mination of the stability limits for each of the integrator rates tested.
The intersectiom of the curve for -{180Y 4 6) in figure Zi(b) with those
of various —t iIndicates the frequency of instability for the particular
set of conditions. The gain at which the. system will become unstable is
determined fram figurée 21(a) and is the factor which is required to make

the product of (AN?BQ/ANi) times the control amplitude qual to one at

the frequency indicated from the phase characteristics. For example, at
Mach 2.35 for T = 0.05, the frequency of instability is approximately
16.4 cps (fir. 21(h)); the amplitudes of 'AVPso/AVi and 1+ 1l/ts at

16.4 cps (from fig. 21(a)) are 0.69 and 1.05, respectively; the stabil-
jty limit-loop gain is, therefore, 1/(1.05 X 0.69) = 1.385.

The calculated Limits are summarized snd compared with the experi-
mental limits in figure 22. There is reasonsble agreement in frequency
for all the data and &alsoc in the data for loop gain at Mach 2.50. How-
ever, the experimental data for loop gain at Mach 2.35 are comsistently
lower than calculated. The gain i1s. lower at this Mach number because 1t
was not the gain required to give -instebility in steady state, but re-
sulted in instability only after a step decrease which effectively in-
creased the engine gain and also the loop gain. In contrast, the maximum

loop geins et Mach 2.50 were obtained by increasing the loop galn during

[ty fhecogmaipeghy

steady-state operation until instability was reached without any disturb-
snce except the normal system noise.

Limit-loop constants. - The effect of the limit loop on the transient
response is -shown in the three oscillograms of figures 23{a), (v), ‘and (c)
for limit gains & of 0, 0.357, and 0.663, respectively. As ¥ is in-
creased, the response time is decreased (figs. 23(a) and (b)) and even-
tually results in a large amount of.overshcot (f1g. 23(c)). However, for

¢£v0s
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the particular operating conditions shown, the limit operstion does not
change the length of time the engine remains subcritical, as shown by
the duration of the pulse in the limit-gignal trace. This condition is
a result of operation at low supercritical diffuser pressure recovery
and the fact that the basic control response is fairly fast. As a re-
sult, before the limit signal may become effective (due to the system
dead tlme), the corrective action of the basic control has returned the
engine to the supercritical region. For operation at higher recovery,
vhere the engine is operating subecritically during most of the transient,
the limit action significantly reduces the subcritical operating time,
as shown in figure 24. The period of subcriticel operation, correspond-
ing to the duration of limit-signal pulse shown in figure 24, is reduced
from 0.22 second with limit gain equal to zero to a minimum.of approxi-
mately 0.062 second with larger values of 1limit gain.

The effects on system response of varying the limit gain for oper-
ation at Mach 2.35 and 2.50 are shown in figures 25(a) snd (b), respec-
tively. When the initial operating point was set Jjust below the level
of limit operation (fig. 25(a)), increasing the limit gain resulted in
sustained oscillations at 10.2 cps at a gain of 0.625. For a Ffurther
supercritical operating point (fig. 25(b)), the limit gain was safely
raised to over 1.0. In both sets of data, the trends sre the same as
the gain is increased, that is, a rapid reduction in response time for
step increases in fuel flow until a minimumm value 1is reached of approx-
imately 0.04 to 0.055 second, followed by an increase in the overshoot.

The difference in optimum £ settings (0.125 in fig. 25(a) and
0.35 in fig. 25(b)) is mainly due to the different operating levels.
That is, for conditions shown in figure 25(a), the control waes set at
a high diffuser pressure level, where limit operation was effectlive dur-
ing most of the transient; and, at conditions shown in figure 25(b), the
control was set for a much lower relative value, where the limit oper-
ated for a comparatively short time during the transient. The lower
value of & 1is more significant since the l1imit operation will be most
critical for operatilion st nesr maximm diffuser pressure ratios, in
particular at pressure ratios that result in the average value of the
1limit signal being greater than zero (referred to as continuous limit
operation). As will be shown subsequently, for those conditions re-
quiring continuous limit operation, the restrictions on maximm gain are
even more severe.

Effects of Disturbance Size and Operabting Point

Disturbance size. - The effect of increasing the size of the fuel
flow disturbance is shown in filgure 26 for operation with constant con-
trol settings. The general effect of increasing the disturbance size
was to gradually increase the response time and reduce the pércent
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overshoot. This 1is due tc the nonlinearity of the engine characterigtics,
which results in nearly a constant maximum available error signal regard-
less of disturbance size for sll disturbances resulting in operation at,
or beyond, peak recovery. In spite of the previously mentioned effects,
the control was able to recover from disturbances which placed the en-
glne temporarily well beyond the steady-state blowout limits. For ex-
ample, at Mach 2.35 (fig. 26(a)), the steady-state engine blowout limite
corregpond tu an increase of approximately 0.52 pound per second and yet,
as shown, it required an increase of 0.73 pound per second or larger to
blow out on control. At Mach 2.50 (fig. 26(b)}, the steady-state limits
correspond to an increase of 1.09 pounds per second, and the control re-
covered from disturbances up to 2.62 pounds per second.

Operating point. - The performance of the system with constant con-
trol settings over the range of diffuser pressure ratios at constant Mach
number varied considerably because of variations in the engine gain and
the effects of limit operation. As shown in figure 27, the controcl con-
gtants selected provided minimum response time with small overshoot at
pressure ratios slightly below the level of continucus limit operation.
With these same control settings the response time remained essentially
constant at nearly the minimum value over the range of pressure ratios
shown. The percent overshoot, however, tended to increase because of
the increase in engine gain at the lower pressure ratios and the limit
action at higher ratios.

Although the control operated over the range of conditlons shown in
figure 27 and provided Fast response at all conditions, the operation was
accompanied by a considerable degree of instability, as indicated by the
wide variation in percent overshoot. Actually, much of the operation was
accomplished in the presence of sustained oscillations of limited ampli-
tude resulting from the increases in engine gain, the effects of limit
operation, and also from the normal variation of engine and fuel-system
noise level, which, at particular conditions, appeared to be strongly
resonant at discreet frequencies.

These variations in oscillatlion amplitude and frequency are shown
in figure 28. (The engine noise level with the control off is shown at
several conditions by the square symbols.) The predominant frequency
observed at each condition does not necessarily correspond to that which
mey be expected fraom the stabillty data previocusly shown. Instead, there
appear to be at least three principal bands of frequency, any one of
which may be the dominant one; or, as shown in figure 28(a), at PGO/PO

of 8.26 two bands may be cobserved at the same condition. An example of
this situstion mey be seen in the oscillogram shown in figure 29. 1In
this oscillogram the system has an imitial frequency of bvscillatilion of
spproximstely 12.2 cps, and following a step disturbsnce has a frequency

of oscillation of approximately 34.7 cps. _ B

evaos
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The effect of continuous limit operation on the system stebility is
readily epparent from the freguency-response curves (fig. 30). The re-
sponse characteristics of the system without the limit indicate the sys-
tem would be stable. That is, the amplitude is less than 1.0 at a phase
shift of 180° (14.7 cps). However, with the limit included, the ampli-
tude is 2.0 at the 180° phase-shift point (10.7 cps). In addition, the
amplitude is still greaster than 1.0 at the 540° phase-shift point (32.5
cps), which corresponds to the second frequency observed. The third fre-
quency band observed in the tests (100 to 105 cps) corresponds to a res-
onant peak observed in the engine respomse but for which no precise data
could be obtained as to amplitude or phase shift.

Effects of Flight Conditions

Operation of the control system over the range of flight conditions
tested was accompanied by considersble variations in performence (result-
ing from variastions in engine characteristics) as described in the fol-
lowing sections.

Altitude and Mach number. - The dynamic performance of the system
at various altitudes and Mach nmumbers was primarily a function of the en-
gine and limit-gain characteristics, which are shown in figures 13 and
14 and varied with both altitude and Mach nunber. Variations in engine
dynemice were observed at different flight conditions; however, no def-
inite trend could be estsblished for these changes. In any case, the
changes observed were, in general, sufficiently minor so that the engine
end 1limit gains remained the principal variables to be considered in de-
termining response and stability characteristics.

Angle of attack. - Operstion of the engine at various angles of at-
tack presented several problems such as variation in reference pressure,
changes in static characteristics of control and 1imit pressures, and
conflicting requirements on the gain of the limit loop. These factors
are discussed in detalil in the following section.

In spite of the problems mentioned, successful operation of the con-
trol (with respect to preventing blowout at angle of attack) was achieved
for all conditions tested. An example of conbtrol operation during a tran-
slent for « =0 to +7° 1s shown in fi e 31L. At the initial conditions
at o = 0, the control was holding PGO?;Z at 9.68, the reference pres-

sure was pc/po = 2.82, and the limit signal was zero. As the transient

progressed, the reference pressure decreased and the 1limit became effec-
tive. At o = +7°, the reduced reference pressure would have resulted
in setting pGO/'pO = 9.2, which exceeds the steady-state limits at

a = +7° of pSO/?O = 9.1. Thus, the effectiveness of the limit is ob-

served in the reduction of PGO/PO held to 8.86, safely below the
allowable limits.
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Control Limitations and Possible Improvements

Reference pressure. - Although the reference préssure provided par-
tial compensation for Mach number, it was not entirely satisfactory for
operation at angle of attack. Due to the fact that the reference tap
was located slightly off the horizontal centerline, operation at posi-
tive angles of attack resulted in a desirable reduction of the reference
pressure; but negative angles of attack resulted in an increase, which
required greater limit action than would have normally been necessary.

It is possible that a combination of static or total cone pressures
such as used in reference 4 could be selected to provide the desired var-
iation of reference pressure with Mach number and angle of attack.

Basgic control pressure. - The particular conbtrol pressure used ap-
rears to be as sultable as any diffuser pressure avallable in the engine
tegted. A comparison of the dynamic characteristics of several diffuser
static pressures, as reported In reference 7, reveals no major differ-
ences, although, in general, the farther downstream in the diffuser the
tap is located, the shorter the dead time. For this engine, at least,
the variation is not sufficlent to cause any marked change in conbtrol
performance. For exsmple, the pressure at station 36 was also tested in
the control and the resulting control responses, when plotted as a func-
tion of loop gein and integrator time constant, fall within the experi-
mentsal. scatter of datw for the control responses obtained with the static
pressure at station 60.

The main difference between the various stations appeared to be in
the relative linearity and consequent variations encountered in engine
gain. In this respect the X-Y recorder technique employed to obtain
steady-state pressure - fuel fliow charascteristics proved a desirable
method for evaluating the potentialities of variocus pressures as control
parameters. For example, the static pressure at station 36, which waee
tested in the control and found to have minor dynemic differences with
regpect to the pressure at statlon 60, when plotted on the X-Y recorder
was found to have numerous nonlinearities which made it almost impossible
to obtain precise values of engine gain. .

Limit pressure. - The difficulties encountered with the limit signal
used are principally related to operation at angle of altack. Character-
igtice of the diffuser at Mach 2.50 and an altitude of 60,000 feet are
shown in figure 32 -for O and 47° angles of attack. The difference in the
curves for +7° are attributed to the nonsymmetry of the diffusexr result-
ing from a main engine support strut. The maximum available limit signel
at angle of attack (fig. 32(a)) mskes it—mecessary to set the limit—gain
factor ¥ large enough to magg_;f(éylz t+b) = Apso, agsuming a constant
reference pressure. 4 .

e¥0s
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For example, in figure 32 if P'GO/PO set at @ =0 1s 9.6, then
- O « N
P:L2,1:+’r:>/p0 is 5.7. At a = +7°, maximum Pe,o/PO is 9.1 and maximum
Plz,t_l_b/Po is 7.6. Then, Alpgy/Py) 15 9.6 - 9.1 or 0.5 and maximm
A(Plz,t+b/1’o) is 7.6 - 5.7 or 1.9. Therefore, ¥ mst be at least

0.5/1.9 or 0.263 to provide sufficient limit signal to prevent blowout.
However, for the data shown in figure 29, the gystem would be unstable
for operation at o = O with continuous limit action for ¥ greater
than epproximately 0.09. That is, maximum ¥ approximately equals
0.1785/z = 0.089, where 0.1785 is % fram figure 30 and 2 is the am-
plitude at the frequency of instability (10.8 cps). This value of max-
imum £ i1s only epproximate, but it is indicatlve of the discrepancy
between a suitgble 1limit gain for stable operation with continuous limit
action and a sufficient limit gain to permit operation at angle of
attack. '

A possible solution to the problem would be to allow the control to
be unstable for continuous limit operation and provide the necessary gain
for protection during angle-of-atiack operation. This might be feasible
under some circumstances, since even with the system in a sustained os-
cillstion the control was capable of recovering from other disturbances,
as shown in figure 27.

Another possibility would be to provide for stable 1imit operation
at high recovery and to provide angle-of-attack protection by approp-
riate choice of a reference pressure which varies with angle of attack
in the required manner.

A third possible solution is to slow down the 1imit loop so as to
stabilize it for normal operation at high recovery but still permit the
use of a loop gain high enough for effective action at angle of attack.
For this engine, at least, this might be the most desirable solutiom,
since during & transient the limit cannot prevent momentasry suberitical
operation nor even reduce the maximum deviation encountered during the
first part of the transient. This situation arises because the dynamics
of the engine other than dead time are minor as compared with the total
system dead time. This measns essentially that for any step disturbance
the engine has time to shift to a new operating point corresponding to
the disturbance before any corrective action from the control has an
opportunity to become effective.

The slowing down of the limit loop without impairing the response
of the control system may be accomplished as shown in figure 33. The
upper cuxve in figure 33(a) shows the characterigtics of the complete
system with a value of & of 0.268, which is adequate to provide the
necessary limit action at o« = +7°, as previously shown. The lower
curve is the same system with the addition of a first-order lag in the
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limit loop with = of 0.062 second. This gives the limiting case in

lg
which at 180° phase shift—(7 cps) the amplitude has been reduced to -
Just under 1.0. Thus, for the conditions shown, T of 0.062 second

lg
or laerger would stabilize the limit loop at zero angle of attack and
allow the use of sufficient gain for angle-of-attack protection.

The addition of the lag would lower the effectiveness of the limit
to reduce the period of subcritical operation for disturbances at high
recovery, as shown in figure 24. However, the higher allowable limit
geins would tend to compensate for this reduced effectiveness, and it
18 possible that the net effect would not seriously impair the response
characteristics at high recovery.

CONCLUDING REMARKS

Results have been presented from an investigation of a diffuser
static-pressure-ratio control with a normasl shock-positioning limit fox
a range of engine, flight, and control conditions. Based on the results
presented, the following remarks may be made.

The dynemics of the engine were such that the control was unsble to
limit the magnitude of the initial deviation of the control pressure re-
sulting from a step disturbance In fuel flow. However, it is significant -
to note that short periods of operation during a transient beyond the
steady-state blowout limits does not necessarily result in immediate en-
gine blowout. It appears that a finite period of time is required to
result in blowout, as evidenced by the fact that successful recovery was
made, with the control system tested, fram disturbances which placed the
engine well beyond the steady-state blowout limits.

The operation of the basic control was affected primarily by the
variations of engine gain encountered over the range of test conditions
which precluded optimum response characteristics at all conditions with
fixed control settings. With optimum control constants, respounse tTimes
of 0.04 to 0.08 second were obtained with small amounts of overshoot at
a single condition. Comparable response times were cbtained over a broad
range of test conditions; however, the overshoot varied widely for the
range of test conditions.

It appears that, if-the degree of instabillity encountered can be
tolerated, the basic control may be operated successfully over a broad
range of conditions with fixed constants to provide minimum response
times or, conversely, more stable opersticn over the same range of con-
ditions may be obtained by sllowing somewhat slower response times. The
alternative is to vary the control constants as a function of engine
end flight conditions, which adds obvious complexity to the system. .

-

e¥0s,
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The shock-positioning limit was effective in reducing the control
regponse time for disturbances which placed the engine in the subcrit-
ical region. For operation at high recovery, the limit effectlvely
reduced the duration of subecriticael operation for such disturbances. AL
lower recovery, although still contributing effectively to lower response

time, the 1limit had negligible effect on the duration of subcritical
operation.

In order to ensure safe limiting action at angle of attack, 1t was
necessary to set the limit gain at a relatively high value, which re-
sulted in sustained oscillstions during continuous limit operstion. How-
ever, it appeared possible to stabilize the l1imit loop, without seriously
impairing its normal operstion, by the addition of a suiteble first-order
lag, which will allow stable continuocus 1limit operstion with gains suf-
ficlently large to ensure safe limit action at angle of attack.

Lewis Flight Propulsion Leboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, July 25, 13956 -
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APPENDIX A

SYMBOLS
reference input element in control system
basic control-loop feedback signal
control actuating error signal
control-system element in forward direction
feedback element in control system
altitude, £t
gain factor, independent of frequency
loop gain as derived in appendix B
limit-loop feedback signal
limit-loop gain factor
Mach number
total pressure, 1b/sq ft abs
pressure drop across oubter-ring fuel nozzle, Ib/sq in.
static pressure, Ib/sq £t abs
reference input to control
Laplace operator
inlet-air total temperature, OF
step~-function input to control = _ . .
voltage, v
fuel-valve-poslition vgltage, v

fuel servo input voltage, Vv

control output voltage, v . . .. . . _

CENG
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Subscripts:

b

ct

air flow, lb/sec

total :Euel flow, lb/ sec

fuel flow, inner-ring menifold, 1b/sec
fuel flow, outer-ring manifold, lb/sec
indirectly contro]_'l_.ed system element
angle of attack, deg

angle of phase shift, deg

integrator time constant, sec

time constant of lag, sec

bottom

cone surface, 2 in. downstream of cowl lip
top

free stream

engine inlet

diffuser exit

engine stations, inches downstream of tip of cone
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APPENDIX B

CONTROL-~SYSTEM TRANSFER FUNCTION

The open-loop transfer function for the conbtrol system opened at
B (fig. 12) and with P,» U, and W constant may be written as

follows: £,1
= (AE)G 1 GG H H, (1)
and
AL = (AB)G, GG, (2, el + ZpHyHy) (2)
Adding equetions (1) and (2) and factoring yield
4B + AL = (AE)G;CG,C [HlHA_- + B, (2, By + ZZHZHS) (3)
or, rewriting, .
%ﬁ = G GpG5H B, 11 + % _(Zle + ZZHZHSZ (4)
From table I it may be seen that
Hl = HZ = HS = Ks
Hy = By = K,
P12,0 _ “Piz,t _ “Pip
8Pgo  APgg  BPgo

From these relations and by substituting the appropriate terms from
table I in equation (4),

_ Aw Ap
AB + AL 1 £,0 60
AR - Kc (l + 'vs) Kf( AVi ) K (Awf o) K5K4 X

[, e (2]

¢P0s
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or, by rewriting,

) -
AB + AL _ 1\[%Ps0\
P SR (l +-cs) AT,

[ K7K1 (K ¢ + K b)(Aplz)J (6)

<

Ky

KL,t Ty

KchKeKsK4= K0

5043

= &

Then,

i - o N
AB + AL 1 60 12
= =% l+a;) &, ) | s, (7)
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TABLE I. - SUMMARY OF CONTROL-SYSTEM COMPONENTS

Element Transfer Remarks
(fig. 12) function
Ayp ANP
A K4;SP c) ap c) = 1 for frequencies of interest in control study (fig. 7)
(R (0

A Kp1
A X2
G K (1 + 1/xs) K, and 7 varisble as desired (fig. 21)
Gp Ke(we o/AV, ) Kp = 0.520 (1b/sec)/v, &wp o/AV, (fig. 5)
G, Ke(Apso/Awf’o) K, verisble (fig. 13), Apso/Awflo (f1g. 4)
H Kﬁ(AypeoﬁApso) (AVPGO[APGO) = 1 for frequencies of interest (fig. 7)

KB(AVPlB b/APlZ,b) Cﬁvplz b/APlZ,b) = 1 for frequencies of interest (fig. 7)

2 2
Kﬁ(AvPlz t/APlz,t) (ANﬁlz t[ﬁplz,t) = 1 for frequencles of interest (fig. 7)
) 2

Ky
B k5. K5 = K
Hy Kg Kg = K
e

-0.01ls
Z Ky, +(8p1 2, +/APgo) (812, +/00go) = ©
-0.,018

Zy K, 5805 1 /A0g0) | (Bpyp 1 /ARg) = e

Note: All terms ln perenthesls are dimensionless functions of frequency.

92d9SE WY VOVN

Se



£8-Tnch ram-Jet englne
Bupersonic nozzle m f
m 1 A [

<}
f

!
1
I
ARAAANAAAAAAAAAA
]
[+]
iy
T
|

e el |
pre—
——1

i

Nozzle actuator

Figure 1. - Inatallation af 28-inch ram-jot engine in sltitude free-jet facility.

ge

92495 WY VOVN




8tation
Station, in.

' - ' CQ-4 back-

5043 1
0 1 2
02 12 36 BO
l l Outer-ring
Tuel manifold
1 i
I Imer-ring |
I | fuel mamifold
- — — -
py 12,b
= P\
12,4
—_— PSB
4 s .
Peo
I ?
* Static-pressurs teps { ‘ CD-5083
Izz.s"
Diffuper-sxlt

total-presaure rakes, 1’B

Figure 2. - 28-Inch rem-jet engine and locatlon of instrumentation.

92.49ST W VIVN

L2



_Eogine interpal flov ares, sq in.

700

200

100

T I L
I‘runl arsa ot covl lip = £51.1 aq iz.

260

7

1l

20 100 120 40 180
¥ugina station, in.

Mgoe 5. - Arsa variation of 28-ich ram-jet sngine,

\

CTAC

82

92d9SH Wd VOVN




Amplitude ratio, Apso/APo

5043

+8

16

Iz

o1

.2 -4 .6 .8 1 2
Frequency, cpe

(a) Amplitude retic.

Figure 4. - Typieal frequency-response characterlstles of diffuser static pressures to fuel flow.

40

9249GH WH VIVN

62




Phase shift, deg

~-40

-80

=120

-160

~200

Figure 4. ~ Concluded.

o4 6 .8 1 2 4 8 g 10
Frequency, cps

{b) Phase shift.

20

40

Typlcal frequency-response characteristics of diffuser stabic pressures to fuel flow,

LS . f L

0g

9249SH Wd VOVMN




Amplitude ratio, APO/AV:L

5043

o

.
o

.
>

&

Il

9ZHIGH WE VOUN

AP, = Mf’o 45 percent to approx, 40 cpe-

A 6 8 1 2 4 8 8 10
Frequency, cps
(a) Amplitude ratio.

Figure 5. - Typical frequency-response characteristics of fuel pyeten.

20

TE




Phage sghift, 9, deg

0
h*._______H
-%N'“N\\
-80 \\
-160 \
6 (angle between AP, and Aw, o) 2 0 (£10°) to 20 cps
=240 E
® _30° at 40 cps \
-320
-4
0(-)-1 .2 40 g0

o 6 .8 1 ‘ 2 4 8 a 20
Frequency, cps
(b) Phase shift.

Flgure 5. - Coneluded. Typicel frequeney-response chs.raerristicu of fuel syatem,

2%

92J49SH WY VOVN




5043

GQ-5

NACA RM ES6F26

M

'

il

Ay

i1l

33

Figure 6. - Control computer and recording equipment.




34 SR, NACA RM ESEF26

4 o Pso
O ©Pcs P12,t2 P12,

yi
rm]
34 )

& afiihn I
3 X o A
g 8 AN AN
'E 6 N &'1
g \\ 8L
§ - \

o
o N\
'%o 20 40 60 80 100 200 400 600

Frequency, cps
(a) Amplitude ratio.

Figure 7. - Frequency-response characteristics of engine pressure transducers. Pickup,
9 Inches of 0.040-inch-~inside-diameter tubing.

€708



Fhasas shift, deg

. L CQ-5 back 5043 ‘
0
o o 0 P Pip,t7 P12
~¢ o
-50 o,
N
-1 \O\
N
o g
-200 N
o
- A
250 -
30019 20 80 80 100 200 400 600

Figure 7. - Concluded. Frequency-response characteristics of engine presgure transducers.

0.040-inch~inside-diameter tubing.

Frequency, cps

(t) Phase shift.

Plckup, 9 inchas of

92496H W VOVN

41




36 S NACA RM ES6F26

<¥08

Reference input (equal S::ZOI'
to set value of basic
control signal) amplifier Basic control pressure

Reference - ctual value of
pressure basic control signal
signal

Sensor
Reference and

E—
pressure emplifier

Control [Cuter-ring
and .f_uﬁl_flﬂ‘_. Engine

fuel serve

Desired
pressure .
ratio - - Inner-ring
fuel flow -
(constant)
(a) Basic pressure-ratio control locop without limit Icop.
Sensor
and -
amplifier Basic control pressure
Basic control signel
(actusl vaiue)
Quter-ring
Reference - Co:.rt;ol fuel flow Engine
] .
input Y- Error leyel gervo
Limit signal Inner-ring Limit pressure
fuel flow
Sensor
Limit and
control amplifier
Limit biss

(b) Basic pressure-ratic control loop with limtt loop.

Figure 8. - Bimplified block diagram of control sysetem.
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Figure 15. - Oscillogram of basic loop response to step disturbence in fuel flow.
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60,000 feet; zero angle of attack; integrator time constant, 0.04 second.



5043

Q-8 back

NACA RM ES6F26 NS 58

Overshoot, percent

Response time, sec

12
/o
"
o /
Q
Z
o /
40 <
' e
©
(o
b fe) (o} © o
ol—0—bo60—0—00
16
d\ q Direction of
\ D O disturbance
(o] Increase
o o Decreeage
<120 o)
C)o \\ (o]
\
N\
.08 \\
N\e
N
M~ o 5> O
04
o .2 .4 .8 .8 1.0 1.2

Limit gain, &
(b) Mach number, 2.50; loop gein, 0.848; fuel flow step size, +1.165 pounds per
second; control pressure retio PSO/PO » 8.19

Figure 25. - Concluded. System response to step disturbence in fuel flow. Altitude
60,000 feet; zero engle of ettack; integrator time constant, 0.04 second.



60

Overshoot, percent

Responge time, sec

80

40

.06

.05

.03

Figure 26. - System response to various sizes of fuel flow step disturbances.

NACA RM E56F28

Direction of Limit gain,
step disturbance &
(o] Increase 0.1785
o Decrease 1785
<o Increase 107
O~\\\ v Decrease .107
T l Blowout
~—
\ D\
‘“1-4::-"“~rr..
‘Q
<>‘~——__‘___ ‘\\“-T)
T
—
L vl &
O
/
li/‘ v . — -
— p
// -ﬂ-”‘/o:”—"'
/
"1
| —e Timit effective
.2 3 .4 =] .6 o7 .8

(a) Mach number

8.25.

Disturbance size, 1b fuel/sec

» 2.35; loop gain, 0.488; control pressure ratio pGO/pO’

Altitude, 60,000 feet; zero angle of attack; integrator time constant,

0.04 second.

£F0S



bO4s

NACA RM ES6F26 L]

Overshoot, percent

Response time, sec

61

240
Direction of Loop Limit
disturbance gain, Ky gain,¥#
O Increase 1.125 0.1785
Decrease 1.125 1785
Increase «787 «255
160 : Y  Decrease .787 .255
l Blowout
N
Y\
80 D\ V\
\ &
~O— | V <7
o—< < a4 7 ~
.48
40
.32 /7)
24 Z/
-~
/(}
a e
.18 <> A4
O L
08 \,,/ —TLimit efiiti;a ﬂ/ﬂis
- %
oz N3 1.0 T 1.4 1.8 2.2 2.6 5.0

Disturbance size, 1b fuel/sec

(b) Mach number, 2.50; control pressure ratio PGO/pO, 8.32

Figure 26. - Concluded. BSystem response to various sizes of fuel flow step disturbances.
Altitude, 60,000 feet; zerc angle of ettack; integrator time constant, 0.04 second.



62

120

Overshoot, percent
(0]
o

™
o

L
(@)
@®

Response time, sec
o
=

o

SN NACA RM ES56F26

O
g

Direction of
step disturbance

Incresase
Decrease

Solld symbols indi-
cate continuocus
limit operation

o)’

\\ on
o 1
NGB /
N ®
N
oo -
: o :
(o] o
6.8 7.2 7.6 8.0 8.4

Static-pressure ratic, Dg./P,

(a) Mach number, 2.35; loop gain, 0.00201 times
engine gain; fuel flow step size, 10.26 pound per

second.

Figure 27. - System response at various diffuser
pressure ratios. Altitude, 60,000 feet; zero
angle of attack; limit gain, 0.1785; integrator
time constant, 0.04 second.

2¥0s



5043

KACA RM ES6F26 L] 63
160 ——a
Direction of
\\ step disturbance
o) Increase
\\ D Decrease
E
g 12 =] 8alid symbols indi-
g cate continuous
1imit operstion.
4
[5]
; \ o /
& 80/
[
3 \\ / °
\ r
4 © \\ I/
[/
olo \\ (/
g 0 O Fe Fal (o] -_h
] o
e ]
g o ol o o| | d
pi! ~ -
° .04 ra] ~ =l “r %
A
=1
-3
w
@
=
O7.2 7.6 8.0 8.4 8.8 9.2 9.6 10.0

Statlc-pressure ratio, psofpo

(b} Mach number, 2.50; loop gain, 0.00295 times engine gain; fuel flow step size,
40.2915 pound per second.

Figure 27. - Concluded.

System response at various diffuser pressure ratios. Altitude,

60,000 feet; zero angle of attack; limit gain, 0.1785; integrator time constant, 0.04

second.



64

Oscillation frequency, cps

Oscillation emplitude of pggs max. peak to pesk, 1b/sq fi

NACA RM ES56F26

Control
o] On
0 Ooff
Bolid symbols indicate
209 ogeilletion amplitude
end frequency at same
Pgo/ Bg
120 |
O-4— 100 to 105 cps
80
40
o D-—J— 30 to 35.2 cps‘ o° 9
T 1
11.6 to 12.6 cp{: [ 1}
o 4]!To discernible frequency o — _
100
Continuous
80 — /[{limit
ﬁ / operation” |
\\J
80 N q
o \\ L
40 S \\ /t
N
N N
O—| —_| |
— —= g
%.6 7.0 7.4 7.8 8.2 8.6

Static-pressure ratio, pGQ/'PO

(e) Mach number, 2.35.

Figure 28. - System stabllity at varlous pressure ratige.

CRYC



5043

Q-9

NACA RM ESEF26 <N 65
30
[} ~e——— 27.1 to 28 cps Control
-3 O o
) O ore
Y
é 20
S' 16 cps
&
§ o o 11 to 12.4 cps » OO
5 10
-l
(4]
3
Ko discernible frequency
0 oo—a——67o & =
160
//f
S 120 4 \
28
o O(?:I
G B :
o Y \ I
¢
R / | }
2 80 £
2% V /
Eq b
£y NI o,
aa 40 ~. K.. / .
~ N7 —— ="y [
_'a _— ~ L A
3 T —T —f0—
07z 7.6 8.0 ~ 8.4 8.8 9.2 9.6 16.0

Static-pressure ratio, peo/p0

(b} Mach number, 2.50.

Flgure 28. - Concluded.

System stability &t various pressure ratlos.



NACA RM ES6F26

INSNEEREN)

=== ﬂil___: WES NN ENA
=== - .
ESesEs J;‘.J ) i mcdach

eP0g

Fu.el servo :anut vol'ba.ge Vi -H

__T::- Fu.el-va.lve-poaitien vcl'tage V'f =

SEEEEIE =E=F= B -
_=——-—=1:£— et

':;:—-——f—;: e

e e

T_: ——t— -

!

H= == === - ; _
=== = = == = EAS

3 - = et ik =y tﬁ_

—EE= === = == ::ﬁ,,_‘::—‘ == =t :; — ;

o = == ==¥ Basic control pressure pgo +4 i:— =

1

i
.l
ez

e Lintt signal Iy ;;
-'-.-.\\‘ ‘\\¥L\j§l\:«—‘£‘{—\\-\\\\ﬂ

Time —»

Figure 29. - Oscillogram of system instability at Mach 2.35,



Amplitude ratio

R . . . Cq~-9 back 5043 .
10 \\ O With limit
8 . AN B without limit
6 \
L‘ \ = Ko(l ( 1’60) 1+ o _FHl2
) N AN M o
N [~
\ \<\ 0.554.(1 PR | pﬁ()(l + 5,570+ 01")
\\ 0.048/\ AV,
A 4
N
'T\ <
1
a AV
k X 1 Pao
.8 \ T 0 S&E + o.m;ll:-—bv;—]
4 ‘\\ - 4-\t
e
\"I-._m/ b
N
il .2 o 6 8 1 2 4 B B 10 20 10
Frequency, ops

{a2) Awplitude ratio.

Plgurs 30. - Open-loop frequency response of system with and without limit.

92 H9SH WM VOVN

19




Fhase shift, deg

-200

-500

-400

-600

~T00

O With limit
0O Without limit
1 H —
P~
™~
180°
\ \l\
1l
—— 500
)
[ |
e 2 “ £ B 1 2 8 20 40 60
Frequancy, £ps
(v) Phass lhif‘r.

Figure 30, - Coneluded.

Open-lcop fraquenty respcpse of syatem with and without limit.

69

92 d9SH W VOVN



5043

NACA RM ES56F26

Py == == :.;"7 = === ET—'C__L"* —
===z 2 ==
. £ == —F
= - =
= ==y = 3,1:, == == ==—=c—c—==
=SSR e e Fuel servo input voltage Vi +4

Fuel-valve-position voltage V.

= == SR ==
S==o=c= : =

£

Reference pressure D, +1

==

S =

It

Po/Pg = 2.685

=g e e
== = —F ===

= = =

== Besic control pressure Dgq +1t
===t

——

P 0/'90‘ 8-86

L *t 35

;—\-—;—\:;‘T: = = e —_——

Time —p=

Plgure 31. - Oscillogrem of treneient in angle of atteck from zero to +7°.

69



70

10
Angle of attack,
o, deg —
[¢]
/
g

-7

Pi2,10/P
\
+
\—

(a) Limit pressure.

=
(=

Diffuser statlc-pressure ratios,

Pgo/Po
N
N

810 1.4 1.8

2.2 2.6

Fuel flow, wp, lb/aec

(b} Basic control pressure.

Figure 32. - Angle-of-attack effects on control
pressures. Mach number, 2.50; altitude, 60,000

feet.

NACA RM ES6EF26

SR



51013

NACA RM E56F26

With lag

——— —— Without leg

20

V.
P
0.554@ + 0—1— =50 (1 + 8.35e'0'015)

10

m

Amplitude ratio

.8
x4 0.354.(1

60 (1 + 8.35e-0-018 1 ) N

1 + 0.062s8

-4

.1

.08

o1 2

-4

.6

.8 1 2 4 6 810 20 40 60

Frequency, cps
(a) Amplitude retio.

Figure 33. ~ Stebilirzation of limit locp by addition of first-order lag.




‘WA PLaLd LnBureT - WAYN

q3LdisSYIOND

Phese shift, dag

With lag
——— —=Without 188
] T e =]
‘_\L_\ﬂ\ B N
"-..\ M N
PN
- \\\
\\
| N
Tw 0.062 gac \
\\\
-500
\\
600 \
-0 .2 i £ .8 1 2 4 & 5 10 2¢ 40

Fraquency, cpa
(b) Fhase shift.

Figure 33. - Concluded. Btabilizaticn of 1imit loop by addition of rirst-order lag.

CE¥0S

2L

92 495H WH VOVN

Q3141ISSYIONN




_ W

UNCLASSIFIED



