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SUMMARY

The results of an experimental investigation of the steady-state
and dynamic performance characteristics of closed-loop. control of a
ram- jet engine by direct control of diffuser pressure are -presented.
The investigation was conducted on a 16-inch-dismeter ram-jet engine
over the range of Mach numbers from 1.5 to 1.99.

The scheduled performance was satisfactorily maintained for opera-
tion over the range of Mach numbers and during changes in exhaust-
nozzle area of 20 percent and changes of angle of attack up to 10°,

Transient response. times approaching the system dead time of 0.035
second were obtained for controller constants near the system stability
limits, and the approximate limits of controller constants which would
provide a response time of 0.1 second with less than 10 percent over-
shoot were obtained. Stability limits of the system predicted from
engine dynamic characteristics were verified experimentally.

INTRODUCTION

Effective utilization of the ram-jet engine as a propulsion system
for supersonic flight is dependent, to a great extent, on the develop-
ment of suitable engine-control systems.  The control system must, in
general, be capable of maintaining desired engine performance throughout
the flight plan and minimizing departures from desired performance due
to transient disturbances within the system or in flight conditions.
Analyses (refs. 1 and 2) have indicated some ram-jet engine parameters
suitable for control purposes and technlques for their application 1n
control loops. .

In order to investigate rém-jet engine dynamics and to ascertain
the practicability of several control techniques, including optimalizing,
shock positioning, and dlffuser -pressure control techniques, an ‘IB Y
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experimental investigation was conducted on a full-scale ram-jet
engine in the 8- by 6-foot supersonic wind tunnel of the NACA Lewis
laboratory. The preliminary results of the investigation are reported
in reference 3.

The results of the investigation of direct control of diffuser
pressure are presented herein. In this control, the diffuser-exit
total pressure was maintained as a function of free-stream Mach number,
altitude, and angle of attack in accordance with a preset schedule.

The investigation of the controlled system included the steady-state
operation at Mach numbers from 1.5 to 1.99 and the dynamic performance
for disturbances in fuel flow, angle of attack, and exhaust nozzle
area.

The primary objectives of the investigation were: (1) to deter-
mine if the control technique would perform satisfactorily when applied
to an actual engine control system; (2) to determine how accurately the
desired performance could be maintained, and (3) to investigate the
dynamic response of the system as affected by different magnitudes and
types of disturbances and variations in controller constants.

A secondary objective of the investigation was that of observing
two other engine parameters, diffuser-exit static pressure and diffuser-
exit Mach number, with respect to their suitability in control loops.
The results are presented in a discussion of experimental curves showing
the steady-state and transient performance of the controlled system and
oscillographic records of typical transients.

s

DESCRIPTION OF CONTROL
Diffuser-Pressure-Control Concept

The concept of the diffuser pressure control is based on the
interrelation of diffuser and engine performance as shown in the per-
formance map’of figure 1. In this figure the diffuser pressure ratio,
the thrust coefficient, and the specific fuel consumption are shown
as functions of engine total-temperature ratio. (The diffuser-pressure-
ratio characteristics are averaged curves obtained from data presented
in ref. 3. The thrust and specific-fuel-consumption characteristics
were obtained from data presented in ref. 4 adjusted from exhaust-
nozzle area of 0.990 sq ft to 0.960 sq ft.) All symbols used in the
report are defined in appendix A. As may be seen in figure 1, a speci-
fied level of thrust at a particular flight condition requires a unique
value of diffuser pressure ratio, providing operation is limited to the
supercritical region of diffuser operation. As an example, if a thrust
level equal to a thrust coefficient of 0.55 is desired at a Mach number
of 1.98 and zero angle of attack, the diffuser must be operated at a
pressure ratio of 6.4.

z
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The versatility of this type of control is apparent since any
desired level of thrust over the entire supercritical operating range of
the engine may be obtained by setting the appropriate diffuser pressure
as a function of flight conditions. The exclusion of the critical and
subcritical operating regions will be discussed later.

In a fixed-geometry ram-jet engine the only independent variable
that may be manipulated to achieve a desired mode of operation is the
fuel flow. The variation of diffuser pressure ratio with fuel flow for
the engine tested is shown in figure 2. The curves presented are
averaged curves of data taken in the investigation reported in
reference 3.

Fuel flow can be scheduled directly in order to obtain a desired
engine operating condition, but because of such problems as the limita-
tions of the accuracy of fuel metering, variation in fuel properties,
and variations in combustion efficiency there is no assurance of ob-
‘taining the desired performance. By direct closed-loop control of dif-
fuser pressure, however, these problems are not reflected in control
operation in steady state.

The sequence of control operation may be seen with respect to the
assumed control point shown in figure 2. The pressure ratio shown of
6.4 at a Mach number of 1.98 and zero angle of attack represents the
desired or set value. The actual magnitude of Px/pO is measured at

the engine and compared with the set value in the manner shown in the
. simplified block diagram of figure 3. The difference between the ac-

tual and set values of diffuser pressure ratic is the error signal .
The control and fuel servo respond to the error signal by increasing
or-decreasing the fuel flow as required to bring the error signal to
zero.

The technique of control has certain inherent limitations, which
may be shown by figure 2. Any disturbance sufficiently large to cause
the engine to operate subcritically at pressure ratios less than the
set value of 6.4 would give an incorrect error signal which would tend
to drive the engine further subcritical, resulting in either engine
failure or combustion blow-out. This limitation may be overcome by use
of a suitable limiting device to prevent continued subcritical operation.
This characteristic also makes the control inherently unstable for
operation at peak pressure ratio without a suitable limiting device,
since the control could not distinguish any difference between distur-
bances in either supercritical or subcritical directions.

Description of System Tested

Reference input. - The reference input represents the desired dif-
fuser pressure as determined by the flight plan. In the evént of
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piloted applications the reference input could be the pilot's signal
for a desired thrust level, since the relation of thrust coefficient to-
diffuser pressure is nominally linear for fixed flight conditions. In
general, however, the reference input must be obtained as a function of -
altitude, flight Mach number, and angle of attack. There are many pos-
sible systems for providing such an input depending on the operating
requirements of a particular application. The system employed during
the test program inherently provided the required compensation for the
effects of altitude pressure and was indicative of the peak diffuser
pressure obtainable as a function of flight Mach number and angle of
attack. ’ :

The indication of the maximum pressure capability of the diffuser
was obtained by means of a total-pressure tube located above the sur-
face of an auxiliary cone, similar to the engine cone, so that, in the
Mach number range of the tests, it was always behind the conical shock
wave. Details of the installation are given in the Instrumentation
section. The pressure indication thus obtained is independent of engine
operating conditions and is directly dependent on flight conditions.
For a single oblique-shock diffuser, as on the engine tested, the pres-
sure obtained is indicative of the maximum diffuser pressure obtainable,
neglecting subsonic-diffuser losses, since both are pressures behind
oblique shocks of the same strength and normal shocks of approximately
the same strength.

} The choice of a reference input made herein is only one of a num-
ber of possible choices and was selected because of its ready availabil-
ity and the simplification it permitted in the control, as described

in the following section.

Schedule of reference input. - The variation of the reference
pressure ratio Pécfﬁé and the maximum average diffuser pressure ratio

PX max/PO with .free-stream Mach number and angle of attack is shown in
)
figure 4. These data are presented again in figure 5 to show the
. variation of Py max/Péc with free-stream Mach number for various
)

angles of attack. For angles of attack of 5° or less, P nay! Fac 18
2

approximately constant over the range of Mach numbers investigated. At
an angle of attack of 10° the ratio drops consistently from 0.96 at a
Mach number of 1.5 to 0.875 at a Mach number of 1.98. The essentially
constant Px,max/PO/Péc/pO .at low angles of attack permitted the use

of a simple and easily obtainable schedule for test purposes.

The schedule used set P, as a fixed percentage of Pl. as indi-

cated by the dashed lines of figure 5. The 0.9 schedule provided for
operation at approximately 96 percent of peak diffuser pressure over
the range of Mach numbers at zero angle of attack. The 0.85 schedule

—oNTIIETI—
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sets approximately 91 percent of peak pressure for the same range of
conditions and in addition permits operation at a Mach number .of -1. 98
and an angle of attack of 10° at approximately 97 percent of peak
pressure.

Limits. - In'order to prevent instability of -the control due to
subcritical operation, two types of limits were used. The first was
a maximum fuel-flow 1imit which, because of the special conditions en-
countered in the operation of the wind tunnel, could be set as a fixed -
value. The variation of altitude with Mach number encountered in tun-
nel operation was such that for supercritical operation the mass flow
through the engine varied only slightly (approximately 10 percent) over
the range of test conditions. Thus, as may be seen in figure 2, it is
possible to select a fixed value of fuel flow that would provide a
suitable 1limit for operation of the engine for all flight conditions
shown. This type  of limit obviously requires adjustment for Mach number
and altitude for use in actual flight and is affected by variations in
combustion efficiency. -

The second limit, a shock-location sensing limit, was an applica-
tion of a separate control technique reported in reference 3. As used
herein, in a limiting device, the system operated in the following
manner. The difference in static pressure ApL existing between the
diffuser inlet and the cone surface near the tip of the spike was
measured with a differential pressure transducer. For diffuser opera-
tion with no external normal shock, this differential pressure is nomin-
ally zero. TFor operation of the diffuser with an external normal shock,
however, the static pressure at the inlet is larger than the cone-
surface pressure as a result of the static-pressure rise across the
shock. The differential pressure is then indicative of the presence of
a normal shock external to the diffuser and was used to override the
diffuser pressure control ‘and prevent continued subcritical operation.

The diffuser used had internal contraction. Because of its charac-
teristics, operation at Mach numbers below approximately 1.79 always
results in an external normal shock or bow wave. The bow wave does not
necessarily preclude the use of the differential pressure as an indica-
tion of subcritical operation, since the diffuser-inlet pressure does
increase as subcritical operation is reached, although the transition
is not as aebrupt as is the case for operation at higher Mach numbers.
However, additional complexity in the limit loop of the control would
be required in order to provide the necessary compensation for the ef-
fects of the bow wave.

To avoid this. complexity, operation of the engine with this type of
limit was restricted to Mach numbers of 1.79 or greater, where the avail-
able data indicated that the limit could be utilized with & minimum
amount of adjustment for Mach number, altitude, and angle of attack.
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In the actual test the limit signal was adjusted to provide zero output
at a Mach number of 1.79 and zero angle of attack for supercritical
operation, and was not further adjusted for the remainder of the tests.

Control-loop components. - In figures 6(a) and (b) are shown the
block diagram and connection diagram, respectively, of the control
system used for the tests, including both types of 1limits, only one of
which was connected at a time. In normal operation with the shock-
position limiter the voltage VAPLH obtained from ApL, is zero and does

not affect control operstion. The reference value VPé is obtained
from the pressure P,. multiplied by a fixed percentage, corresponding
to the schedule desired. The control variable P, is sensed at the
diffuser exit and the amplified signal VPx is compared with the set
value VPéc' The difference between the set and actual values e 1is

acted on by the control, which has proportional-plué-integral action.
The control then drives the fuel servo, which varies the fuel flow as
required in order to bring the error signal to zero.

The control-loop component sensitivities are as follows:

Fuel servo, Ib/hr/volt « . v v v v v it v v v v e e e e e ... 278
Engine, (1b/sq f£t)/(1b/br) . . . . « . v v v . v . . . . 0.317 to 0.532
(depending on

. operating point)
Pressure sensor and carrier amplifier, mv/lb/sq ft . . . . . . . 0.622
Control . . .+ .« .+ ¢+ .+ .+ . .. .. Variable gain and integrator

rate depending on constants

set in computer

The frequency-response characteristics of the control-loop camponents
are shown in figures 7(a) and (b) for the fuel servo, We/Vy; for the

engine, sensor, and amplifier, VPX/Wf; for the over-all characteristic
excluding the control computer VP*/Vi; and for the control computer

for a typical set of constants. The effect of the sensor and amplifier
on the curve of VPx/wf is negligible at the frequencies shown. Actual

curves for sensors and amplifiers are given in appendix B.

APPARATUS AND INSTRUMENTATION
Engine and Installation
The 16-inch-diameter ram-jet engine used in this test program is

shown in the cutaway drawing of figure 8. The diffuser was a single-
oblique-shock, internal-contraction type with a 25° half-angle conical
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spike. The engine was equipped with a can-type combustor and a conical
exhaust nozzle with an exit area of 0.960 square feet, equal to 0.69 of
the combustion-chamber area. The fuel-injection system in the engine
comprised primary and secondary manifolds located 17 inches upstream of
the combustor can. A pilot burner was included in the system and was
located Jjust forward of the can. The fuel used was MIL-F-5624B, grade
JP-4, amendment 1.

The installation of the engine in the 8- by 6-foot supersonic wind
tunnel is shown in figure 9. The engine was supported by a strut which
was pivoted to permit a variation of angle of attack from 0° to 10°.
Reductions in nozzle-exit area of as much as 20.3 percent of the maximum
value could be obtained by use of a movable water-cooled plug. A de-
tailed description of the engine and its steady-state performance is
given in reference 4.

Control Equipment

For the present tests the fuel flow to the pilot burner and primary
fuel manifold was set at a fixed value and all adjustments to fuel flow
were made in the secondary fuel manifold by means of a fuel servo. The
fuel-servo system contained an electrohydraulic servo system which po-
sitioned a throttle in a specially designed fuel-metering valve in re-
sponse to an input voltage signal. The fuel-metering valve incorporated
a differential relief valve which maintained a constant pressure dif-
ferential across a metering orifice. Since the metering area was a
linear function of throttle position, the fuel flow was also a linear
function of throttle position and of the input voltage to the fuel
servo. This type of fuel system is described in detail in reference 5.

. The necessary control computations were performed with an elec-
tronic differential analyzer comprising racks 4 and 5 of figure 10.
The computer utilizes high-gain d-c operational amplifiers with associ-
ated plug-in input and feedback impedances to perform its functions.
The output of the control computer goes to the fuel-control chassis
located in rack 3. Racks 1, 2, and 6 contain accessory equipment and
the recording oscillographs and carrier amplifiers.

Instrumentation

The engine variables used for control purposes were sensed with
pressure transducers of the variable reluctance type, having high natural
frequencies. The connecting tubing to the various pressure taps was
kept to a minimum and sized to give good response. The over-all results
were such that errors introduced by the pressure sensors and tubing were
negligible in the range of frequencies of principal interest.
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The diffuser total pressure Py was sensed at the diffuser exit
by means of a single total-pressure tube, which was selected from pre-
vious data as indicative of the average pressure. The limit signal
ApL was the static-pressure differential of a tap located on the hori-

zontal centerline of the innerbody in the plane of the cowl lip and a
tap 1 inch downstream of the tip of the spike, also on the horizontal
centerline. The reference pressure Péc was measured by means of four
manifolded total-pressure tubes mounted on a small model of the engine
cone as shown in figure 11. The auxiliary cone was located so that in
the Mach number range of the tests there would be no chance of inter-
ference with the engine shock pattern. The total-pressure tubes on the
cone were located above the cone surface so that, for the Mach number
range encountered, they were always behind the conical shock. The tubes
were oriented on axes parallel to the horizontal and vertical centerline
axes of the engine. Further details on other instrumentation instal-
lations are given in appendix B.

TEST PROCEDURE
Steady-State Operation

The steady-state performance of the control system was investigated
by operating the engine with the fixed fuel-flow limit set at 3475
pounds per hour on the 0.9 Péc schedule at zero angle of attack from

Mach numbers of 1.5 to 1.99 at altitudes of 26,000 to 37,000 feet,
respectively. With the shock-position limit the engine was operated on
the 0.85 Péc schedule at zero angle of attack from Mach numbers cf 1.8

to 1.99 at corresponding altitudes of 33,000 to 37,000 feet.

Transient Operation

The behavior of the engine and control system during transients
vas investigated by means of the following series of disturbances: (1)
Step disturbances of fixed magnitude imposed on the input voltage to
the fuel servo V; for various control settings at fixed flight condi-

tions; (2) step disturbances of varying magnitude in V; with two types
of limits for fixed control settings at fixed flight conditioms; (3) a
variation in exhaust-nozzle areas of 20.3 percent with fixed control
settings at a single flight condition; and (4) a change in angle of
attack from 0° to +10° with fixed control settings at a single flight
condition. . :
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RESULTS AND DISCUSSION .
Steady-State Performance

The steady-state performance of the controlled engine is discussed
primarily with regard to the accuracy with which the control maintained
the desired operating condition and the sources of error which were
observed,. and secondarily with regard to the effects on steady-state
operation of the two limits tested.

Operating line. - The operating lines for the control are shown on
the performance map of figure 12, for both the 0.9 and 0.85 Péc schedules.

The scheduled operation is shown as the dashed lines, which connect the
scheduled values at Mach numbers of 1.5, 1.79, and 1.98. The actual
operation achieved is shown as the data points connected by the broken
lines. Operation on the 0.9 P}, schedule resulted in stable performance

from a Mach number of 1.5 to 1.90 at diffuser pressure ratios 2 to 3
percent higher than scheduled. At a Mach number of 1.99 the engine was
off schedule and operating against the fixed fuel-flow limit.

Operation on the 0.85 Péc schedule was stable from a Mach number

of 1.79 to 1.99 with the pressure ratio again 2 to 3 percent higher
than scheduled. Operation at Mach numbers below 1.79 was not attempted
with the shock-position limit because of the effects of the bow wave

previously discussed.

The actual operating points are also shown on the thrust and
‘specific-fuel-consumption curves to indicate the corresponding engine
performance obtained.

Deviation from scheduled performance. - The ratios of the controlled
diffuser pressure Px,c and the average diffuser pressure Px,av to
the maximum diffuser pressure Px,max are presented in figure 13 as a

function of flight Mach number from data obtained during operation with
the control. The scheduled diffuser pressure ratios for 0.9 and 0.85
are shown by the solid lines. The measured values of

of P! /P
ac/ " x,max
Px,c/Px,max’ which are indicated by the open data points, where Px,c

is the controlled variable, fall precisely on the schedule curves;
therefore, no error can be attributed to the control components. The
fact that the average diffuser pressure ratio shown by the solid data
points is higher than scheduled is attributed to variation in the rela-
tion between the average diffuser pressure Px,av and the controlled

diffuser pressure Px,c where the latter was sensed by a single tube.
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The reason that the engine went off control at a Mach number of
1.99 on the 0.9 Péc schedule is clearly indicated by observing the trend

of the average pressures as Mach number increases. By extrapolating
the curve of the average pressures to a Mach number of 1.99, it is ap-
parent that the control was attempting to set the average pressure at
approximately 99.5 percent of the maximum obtainable. Attempting to
operate within 0.5 percent of maximum represented an insufficient mar-
gin; and, consequently, either the noise level of the engine or a
random disturbance caused the diffuser to operate subcritically and
resulted in continued operation against the fuel-flow limit.

Effect of limits. - The fixed maximum fuel-flow limit had no ad-
verse effects on steady-state operation, but it must be emphasized that,
if this type of limit were used in flight, it would require adjustment
as a function of flight conditions and would be affected by any varia-
tion in combustion efficiency.

The shock-position limit, however, is independent of variations in
combustion efficiency and over the range of Mach numbers tested (1.79
to 1.99) required no adjustment for changes .in Mach number or altitude.
There was some effect of altitude and Mach number on the limit signal,
but for the limited range of the tests the variation could have contri-
buted only approximately O.5-percent error to the set value of Px‘

Over a more extended range of flight conditions, a larger effect might
normally occur and some adjustment might be required. For operation
below the diffuser starting Mach number -of 1.79 for this engine, the
effects of the bow wave must be considered in order to prevent adverse
effects. The effects of angle of attack on the limit parameter will be
discussed in the section Angle-of-attack transient.

Dynamic Performance

'~ The results of the transient tests are presented in order to
demonstrate the effect of various controller constants on the dynamic
performance of the system and to demonstrate the operation of the system
when subjected to various sizes and types of disturbances.

Stability limits. - The effects of controller settings on system
stability are presented for two extremes of controller operation: (1)
for primarily proportional control action with very slow integrator
rate, and (2) for primarily integral action with very low proportional
loop gain. The control, however, includes both proportional and inte-
gral action at all times. The control transfer function is expressed
as K(1 + l/rs), where K 1is the proportional gain, T 1is the inte-
grator time constant in seconds, and S 1is the complex operator. The
loop gains referred to hereinafter are the product of the controller




NACA RM ESSD15 < mitivasy 11

gain K and the sensitivities of the other control-loop components as
determined from their steady-state characteristics. The effects of
various controller settings were measured in terms of the amplitude and
frequency of the oscillations observed in the fuel flow at each condi-
tion. The amplitude was taken as one-half the peak-to-peak value of
the maximum fluctuations encountered. The frequency was measured only
if a single frequency or predominant band of frequencies was clearly
discernible in the fluctuations; otherwise, it is indicated as zero.
With no control action there is a certain amount of fluctuation in the
fuel flow, originating in the pump, manifold, and so forth, which is
indicated as the "noise level" of the system.

The effects of varying the loop gain with a constant low integrator
rate are shown in figure 14. As the loop gain is increased, for values
less than 1.52, the fuel-flow oscillations gradually increase to approxi-
mately 350 pounds per hour but remain irregular in amplitude and fre-
quency. The frequency points, shown connected by vertical lines, indi-
cate the range of frequencies observed at these conditions. The nature
of the oscillations encountered at loop gains less than 1.52 is shown
in the oscillogram of figure 15 for a loop gain of 1.36. Note that the
fuel-flow oscillations observed in the trace of secondary-nozzle pres-
sure drop are not sustained or of regular frequency but tend to be
damped out. The fluctuations seen in secondary-nozzle pressure drop
also appear in the other control-loop variables such as servo input
voltage, fuel-valve position, and diffuser-exit total pressure. As the
loop gain is increased slightly beyond 1.52, the oscillations become
sustained and of regular frequency, as shown in the oscillogram of
figure 16 for a loop gain of 1.525. The marked change in the nature of
the oscillations is readily apparent by comparison of figures 15 and 16.
The oscillations in fuel flow have become quite regular with a single
pronounced frequency and are more than twice the amplitude of the maxi-
mum oscillation observed in figure 15.

The stability 1limit, as used herein, is defined as the condition
at which sustained, regular oscillations occur. Therefore, the experi-
mental stability limit is set at & loop gain of 1.52, with the frequency
of oscillation equal to 12 cps, for the following set of operating
conditions: flight Mach number, 1.5; zero angle of attack; 0.9 Plo

schedule; and the integrator time constant <, 0.05 second. This ex-
perimental limit compares closely with the value of loop gain equal to
1.49 at a frequency of 12 cps calculated from the frequency-response
curves of figure 7 for the same integrator time constant.

For the second set of control conditions, that is, a constant low
loop gain and a variable integrator rate, the effects of varying the
integrator time constant are shown in figure 17. With primarily inte-
gral control action, as the integrator rate is increased the oscillation
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amplitude remains: essentially constant at the normal noise level with
no regular frequencies discernible up to l/r = 100 sec~l. At this
condition a slight oscillation of 40 pounds per hour at 8 cps was
observed. The range over which the integrator rate could be varied was
not sufficient to define the stability 1limit, but the trends shown in
figure 17 .are consistent with the calculated value of l/T equal to

126 sec'l and frequency of oscillation equal to 8 cps for a proportionsl
loop gain of 0.339.

Response characteristics. - The effects of various control settings
on the response characteristics of the system were observed for the
same extremes of control operation previously discussed, that is, mainly
proportional action and mainly integral action. The response character-
istics measured were the response time and the percent overshoot for a
step disturbance in the input voltage to the fuel servo. The response
time as used herein is defined as the time from initiation of a dis-
turbance until S0 percent of the error has been initially corrected.
Overshoot is defined as the ratio of the maximum overshoot occurring
during the transient to the magnitude of the initial disturbance, ex-
pressed in percentage form.

The response characteristic is shown as a function of loop gain in
figure 18(a) for a low integrator rate. The stability curves for this
same set of conditions are repeated. for convenient reference. As the
loop gain is increased, the response time decreases rapidly until it is
approximately 0.06 second at a loop gain of 1.02. For higher values of
loop gain, the response time decreases very slightly and the percent
overshoot begins to increasse rapidly until the stebility limit is
reached at a loop gain of 1.52.

The response characteristic as a function of integrator time con-
stant is shown in figure 18(b) for a low loop gain. As in figure 18(a)
the corresponding stability characteristic is shown for reference. As
the integrator rate is increased, the response time decreases continu-
ously, reaching its smallest value of 0.07 second at the maximum rate
obtained of 100 sec~l. Since the stability limit has not been reached,
- some additional reduction in response time could be expected; however,
as indicated by the percent-overshoot curve, the reduction would be
obtained with rapidly increasing overshoot.

In order to permit a comparison of the two types of control action,
some of the data from figures 14, 17, and 18 have been cross-plotted in
figure 19 to show fuel-flow oscillation amplitude and percent overshoot
as a function of response time for both types of control action. It is
readily apparent from figure 19 that both types of control action result
in nearly identical characteristics for response times as low as 0.1
second. Below 0.1 second, the difference in characteristics is not
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indicated because of the limited integrator rates tested. However, the
proportional action should tend to give somewhat shorter minimum response
times since 1t resulted in a s$lightly higher frequency of oscillation
than the integral action, that is, 12 cps compared with 8 cps. A
response time of 0.1 second with overshoot and oscillation amplitude of
less than 10 percent and 50 pounds per hour, respectively, may be ob-
tained with either range of settings shown. Since the two sets of

curves represent the extremes of control settings, the approximate limits
may be specified for this type of response. These limits are: <= .0.02
second when loop gain = 0.339; and T = 0.05 second when loop gain =
1.0. _ ‘

The difference in response in step disturbances up and down in
fuel flow is due to the variation of the engine sensitivity as the oper-
ating point shifts during the transient and to the effect of a limited
error signal available for a step up. Typical transients of a step up
and a step down for the same set of conditions are shown in the oscil-
lograms of figure 20. Some interesting characteristics visible in both
figures are: From initiation of the transient at point a on the servo-
input-voltage trace until the secondary-nozzle pressure drop responds
at point b, there is a dead time of approximately 0.0l second. A fur-
ther dead time of 0.025 second is evident from point b to point ¢,
where the diffuser-exit total pressure responds. The total system dead
time of 0.035 second appears in the servo-input-voltage trace from point
a to d, after which corrective action commences. The system dead time
of 0.035 second is indicative of the absolute minimum response time for -
this control system regardless of the variations in control settings
attempted. It is interesting to note that the range of integrator time
constants previously indicated as suitable are of the same order of
magnitude as the system dead time.

Effects of disturbance magnitude. - The response characteristic
for various sizes of disturbances was primarily a function of the type
of 1limit employed. In figure 21 an oscillogram is shown of a step dis-
turbance in fuel-servo-input voltage large enough to cause operation of
the fixed fuel-flow limit. The time from point a to b on the fuel-
valve-position trace is mainly the time required for the control to
integrate off the limit. The engine is operating subcritically during
a>part of the transient, as seen on the diffuser-exit total-pressure
trace from point ¢ to d. A hysteresis effect on the diffuser is observ-
able in that the peak pressure occurring at point d is lower than that at
point c. The hysteresis may also be seen in the error-signal trace.

The transient is plotted in figure 22 with respect to the steady-
state characteristics for Mach numbers of 1.5 and 1.79. The transient
commences at the point marked O second and follows the path indicated

by the arrows. The period of subcritical operation previously observed
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from the pressure trace in the oscillogram lasts from time equal to 0.07
second at point ¢ until 0.26 second at point 4. During this period of
0.19 second the diffuser does not show any indication of the instability
or "buzz" normally occurring in subcritical operation. The overshoot of
the fuel flow beyond the value set by the limit (3475 lb/hr) is due to
the dynamics of the fuel system. :

The response times and percent overshoot for various magnitudes of
disturbances are shown in figure 23. The operating point was such that
a step up of greater than approximately 25 percent of the initial fuel
flow increased the fuel flow sufficiently to cause operation of the
fixed fuel-flow limit. For steps up of greater than 25 percent, the
response time and percent overshoot increase in nearly a linear manner,
since the control acts as a pure integrator; however, for steps down
the response characteristic is essentially independent of magnitude of
disturbance.

The operation of the shock-position limit is shown in the oscillo-
gram of figure.24 for a step disturbance of +4 volts in servo input
voltage, which is equivalent to a change of +1112 pounds per hour in fuel
flow. The sequence of action is as follows: At point a, a disturbance -
of +4 volts.1is imposed on the servo input voltage; 0.01 second later
(point b), the secondary-nozzle pressure drop responds; 0.025 second
later (point c), the diffuser-exit total pressure responds;. and the con-
trol commences corrective action at point d. The corrective action con-
tinues until point e, where the diffuser-exit total pressure has in-
creased to its peak value and the normal shock has moved forward to the
cowl 1lip causing operation of the limit signal (point f). The limit ac-
tion rapidly reduces the servo input voltage and the fuel flow to a min-
imum lean value of secondary flow of approximately 400 pounds per hour.
At point h the diffuser-exit total pressure has increased to its maximum
value on the return path, which is lower than at point e, indicating a
hysteresis effect in the diffuser pressure. At point i the shock moves
back inside the diffuser and the limit signal returns to zero. At this
time (point j), the diffuser-exit total pressure is very nearly at the
desired value; however, because of the engine dead time it is still re-
sponding to the fuel-flow conditions existing 0.025 second earlier and
therefore continues to decrease. This action causes the servo input
voltage to begin increasing in order to correct the downward trend; but,
because of the.dynamics of the fuel system at very low flow, the fuel
flow does not respond until point k. As a result, the duration of the
lean operafing portion of the transient is prolonged for a greater time
than the original disturbance into the rich operating region. The se-
verity of the 1imit action as seen here can be reduced by a more reason-
able setting of the gain in the limit loop.

The transient is shown with respect to the steady-state character-
istic in figure 25. It should be noted that the diffuser is suberitical

.
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from a time of 0.065 second until 0.10 second, corresponding to points
e and h on the oscillogram. During this time there was no evidence of
buzz, although the engine was subjected to violent buzzing when sub-
critically operated in steady state at this Mach number. These data in-
. dicate that, with sufficiently fast control action, short periods of
subcritical operation may be tolerated without intitiation of buzz.

The response times and percent overshoot for various magnitudes of
disturbance are shown in figure 26 for operation with the shock-position
limit. For the data shown in this figure, step disturbances up greater
than approximately 40 percent of the initial fuel flow were large enough
to cause operation of the limit. For step disturbances down of in-
creasing magnitude, the response time and overshoot increase slightly in
a nearly linear manner, primarily because of the fuel-system dynamics at
low flow. For steps up the response time and overshoot increase slightly
until the disturbance is large enough to operate the limit. The response
time then decreases to a lower value and remains essentially constant
thereafter at approximately 0.057 second. Since the limit reduced the
fuel flow to the same lean value whenever it operated, regardless of
the magnitude of disturbance, the percent overshoot decreases in a
nearly linear fashion as shown.

Exhaust-nozzle area change. - A transient in the exhaust-nozzle
srea is shown in the oscillogram of figure 27 for operation at a Mach
number of 1.99 on the 0.85 P}, schedule. The area was changed from

0.960 square foot to 0.765 square foot in approximately 0.15 second at

s maximum rate of change of 2.4 square feet per second. At constant
fuel flow this change of area would result in operation of the engine

at a pressure ratio of 6.20 ir the extreme subcritical region. With the
control action the maximum deviation of diffuser-exit total pressure from
the set value was 85 pounds per square foot, or approximately 3 percent.
At no time during the transient did the engine operate subcritically.

Since the area transient is relatively slow in starting, the engine
dead time cannot be indicated precisely. However, from the time the
area begins to change at approximately point a in figure 27 there is an
elapsed time of 0.02 to 0.03 second until diffuser-exit total pressure
responds at point b and servo input voltage begins corrective action at
point c. .

Angle-of-attack transient. - A transient in angle of attack is
shown in figures 28(a) and (b). The engine was initially operating on
the 0.85 Péc schedule at a Mach number of 1.99 and zero angle of attack.

The angle was then increased to 10° in approximately 2.3 seconds as
shown in the oscillogram. The control operating point was affected
during the transient by several factors, some of which are evident in
the transient record. The first of these factors appeared almost im-
mediately after the start of the transient at zero angle of attack and
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may be seen as the downward shift of the limit signal, which represents
an increase in the pressure indication. This caused the fuel fiow to
decrease slightly which reduced the diffuser-exit total pressure. The
next apparent factor is the decrease in the reference input signal,
which commenced at about 3°, which also tends to reduce the set value
of diffuser-exit total pressure. A third factor, not visible in the
traces, is the shift of the pressure profile in the diffuser which al-
ters the relation of Px,c to Px,av‘ The available data for this

operating condition indicate that the ratio of Px,c/PX,av was changed

from 0.965 at 0° to 0.993 at 10°. The over-all effect of these factors
resulted in stable operation up to 10° at pressure ratios approximately
2.5 percent higher than originally scheduled.

However, when the engine is operated near maximum pressure ratio
off control at an angle of attack of 10°, it is normally subject to
violent instability, which in previous tests frequently resulted in
combustion blow-out. This characteristic instability appears in the
operation on control just as the engine reaches an angle of attack of
10°. As shown in figure 28(b) the diffuser-exit total pressure suddenly
increases at point a, and at point b the shock moves past the cowl lip
and the limit operates. The system recovered from this disturbance and
operated for a short time (0.5 sec) in a normal manner. Then the
engine again attempted to operate subcritically and the limit functioned
at point c. This type of operation continued in a cyclic manner, with
the limit preventing continued subcritical operation and the subsequent
instablility normally encountered.

Improvement and Application.of Contrcl Technique

The results which are discussed in the preceding sections are
dependent to a great extent on the characteristics, both static and
dynamic, of the particular engine parameter selected for use in the
control. With the objective of possible improvement of the control,
two additional engine variasbles are discussed herein with regard to
their suitability as control parameters. In addition, since the ulti-
mate usefulness of the control technique presented in this report de-
pends on its ability to satisfy the requirements of a flight plan, a
possible application is presented.

Control parameters. - The performance maps for two other engine
variables, diffuser static pressure and diffuser-exit Mach number, are
shown in figures 29 and 30, respectively. The diffuser static-pressure
characteristic is similar to that of the total pressure and 1s amenable
to similar types of schedules and controls. It is also apparent that
control of static pressure requires the same precautions with respect
to subcritical operation. The diffuser-exit Mach number however, is an
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entirely different type of variable as shown in figure 30. The data
for all flight Mach numbers and angles of attack tested may be repre-
sented, within the accuracy of measurement, by a single general curve
as a function of engine total-temperature ratio. The actual range of
diffuser-exit Mach number is fairly limited (0.185 to 0.40) for the
entire operating range of engine temperature ratios.

As a comparison of the parameters, the variation of maximum pres-
sure ratio, both total and static, and the corresponding diffuser-exit
Mach number are shown in figure 31 as a function of flight Mach number
and angle of attack. As mentioned previously, the static-pressure
variation is similar to that of the total pressure for the range of
conditions shown. The diffuser-exit Mach number, however, 1s essentially
constant for this engine for operation at maximum pressure ratio over
the range of flight conditions as observed. This characteristic sug-
gests the possibility of a simple control schedule for operation at
mgximum pressure ratio by holding the diffuser-exit Mach number constant.

In addition to the types of schedules possible with various control
parameters, consideration must be given to the accuracy with which they
may be measured. The comparative accuracy of measurement -of the three
variables discussed is indicated in figure 32 for a series of data
points obtained during operation on 0.9 Péc schedule control. The indi--

cated values of Px c? 88 previously observed, are within 3.5 percent
2

of Px,av "with a total variation of less than 2 percent over the range

of flight Mach numbers shown. The indicated: values of Pyx,c are with-

in 0.4 percent of Py, av for the range of conditions. The values of

Mx,c) obtained from px,c/Px,c’ however, are only within 40 percent of
Mx,av: obtained from px,av/PX,an with a total variation of 22 percent.
The excessive variation in M, is indicative of the inherent difficulty

of measuring Mach number in this range (0.15 to 0.35) by use of the
ratio of static to total pressure. Any error in either pressure is
amplified approximstely 12.5 times in determining Mx by this method.

By use of the ratio (P - p)/p, the accuracy may be improved by roughly
a factor of three, but Mach number remains the most difficult of the
three variables to measure precisely.

Of the three variasbles mentloned, the static pressure asppears to
be the most desirable for use in a control for the following basic
reasons: (l) Measurements are generally more accurate because the pres-
sure profile is more uniform; (2) there is less noise in the static-
pressure signal than in the total, which contributes to better control
action; and (3) the better dynamic characteristics of the static pres-
sure, such as a shorter dead time, observed during the investigation,
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not only speed up control action directly by responding more rapidly to
changes but also tend to increase the frequency of instability by causing
less phase shift in the frequency response characteristics.

Application of control. - As an indication of a possible applica-
tion of the control technique discussed herein, a schedule for engine
operation to provide acceleration to cruise Mach number and operation
at fixed Mach number thereafter is presented. The thrust coefficient
of the engine tested as a function of flight Mach number for various
values of diffuser pressure ratio is shown in figure 33. Superimposed
on this set of characteristics is an assumed sirframe-drag-coefficient
curve, with the desired cruise speed at a Mach number of 2.0. The en-
tire. operation may be scheduled by setting a single value of pressure
ratio as the reference input and operating in conjunction with an ap-
propriate 1limit, such as the shock-position limit tested. The vehicle
would be accelerated by a booster to a Mach number of 1.7, at which p01nt
the controlled engine would take over and operate as follows. Since
the set pressure ratio of 6.0 cannot be realized by supercritical engine
. operation at a Mach number of 1.7, the engine would operate at the
limit. In addition, since the thrust obtained for critical operation at
this Mach number is greater than the drag, the vehicle will accelerate
and will continue to accelerate in this manner until reaching a Mach
number of 1.9. At this speed, the desired pressure ratio of 6.0 may be
obtained with supercritical operation; the engine therefore ceases oper-
ating at the 1limit and operates at the scheduled pressure ratio. - Since
the thrust is still larger than the drag, the vehicle continues to ac-
celerate until the desired cruise condition is reached. At this point,
the control is inherently stable with respect to flight Mach number,
since a further increase in speed results in less thrust than drag caus-
ing the vehicle to decelerate and a decrease in speed from the set value
results in more thrust than drag causing the vehicle to accelerate. Thus,
operation of the engine at constant pressure ratio provides a simple and
basically stable system to provide for operation at constant Mach number.

CONCLUSIONS

‘The following results and conclusions were obtained from a super-
sonic wind tunnel investigation of closed-loop control of a ram-jet
engine.

Control of ram-jet performance by direct control of diffuser pres-
sure appears to offer a practicable control technique capable of main-
taining desired performance in steady state and of minimizing departures
from desired performance due to transient disturbances.

The controlled variable was maintained precisely at the set value,
within the limits of measurement, over the range of free-stream Mach

ORI
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numbers from 1.5 to 1.99. The resultant engine performance was within
2 to 3 percent of the desired value. The principal limitation in ob-
taining the desired performance was the accuracy with which the con-
trolled diffuser pressure and the average diffuser pressure could be
related. .

The control system responded satisfactorily to all disturbances
imposed, including those which placed the engine well into the diffuser
buzz region. Minimum response times approaching the magnitude of the
system dead time of 0.035 second were obtained with controller settings
approaching the stability limits. Response times as low as 0.1 second
were obtained with less than 10 percent overshoot. The instability
point was accurately predicted from the experimental frequency response
characteristics of the engine and control-system components. With fast -
control response, brief excursions into the subcritical region were ob-
tained without initiation of diffuser buzz. : ! ‘ '

The control technique permits the use of any desired schedule of -
diffuser pressure which calls for operation in the supercritical region
and, if applied in conjunction with a limiting device, will also accom-
modate operation at maximum pressure ratio.

The diffuser static pressure appears to be the most desirable
parameter for use in the type of control presented herein, because of
the better measurement accuracy possible, a shorter dead time, and a
lower noise level. : ) -

Lewis Flight Propulsion Laboratory :
National Advisory Committee for Aeronautics
Cleveland, Ohio, April 20, 1955
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

CF-D coefficient of net propulsive thrust
K gain factor

M Mach number

P total pressure, lb/sq v

P static pressure, lb/sq ft

sfc specific fuel consumption, 1b fuel/hr/lb thrust - drag

\

S complex operator

T total temperature, °R

v voltage

Vi input voltage to fuel servo
W, fuel flow, lb/hr

@ angle of attagk, deg

ApL By, = Py 1limit-signal pressure

3 error signal

T integrator time constant
Subscripts:

a 1 in. behind cone tip

ac auxiliary cone

av average

b plane.of cowl lip

c control

max maximum
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T
ref reference

S ' secondary

T total

X diffuser exit

0 free stream

1 engine inlet

' Superscript:

! pressure behind normal shock

21
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APPENDIX B

INSTRUMENTATION
Engine Variables

For the measurement of engine variables during transient operation
of the engine, it was necessary to select instruments having fast re-
sponse in view of the short response times expected. For the measure-
ment of pressures within the engine, pressure transducers of the
variable-inductance type having high natural frequencies were selected.
Connecting tubing lengths were kept to a minimum, and wherever possible
static pressures were measured by transducers screwed dlrectly into the
static-pressure tap.

The response characteristics of the pressure transducers were ob-
tained from bench tests of the step-function response of each trans-
ducer and its associated tubing and from a limited number of sinusoidal
response tests of each type of transducer used with several tubing
combinations. The response characteristics for each variable are given
in the following table. Where reference is made to the frequency re-
sponse curves of figures 34 to 36, the data were taken for the specific
transducer and tubing used. Where the curve is indicated as approxi-
mate, comparison of tubing dimensions and the step-function responses
shows sufficient agreement to permit use of the indicated curves. The
accuracy of the step-function data given is limited to approximately
0.5 millisecond in measurement of response time and +5 percent in over-
shoot. The step data were recorded with a galvanometer having a natural
frequency of 500 cps, damped at 64 percent of critical, which gave a
flat response of +5 percent at frequencies to 300 cps. Since the gal-
vanometer response is of the same order of magnitude as the possible
error in the measurements, no correction has been made in the data for
the effect of the galvanometer.
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Variable | Transducer Frequency response Response to step
type “characteristic. -~ function
Figure Curve 63-Percent | Percent
_ point overshoot
P I 34(a)and (b) | ¢ 0.0011 60
P’ I 34(a) and (b) |c (approx.) 0.0012 60
P;c II 0.016 none
P, - I - |34(a) and (b) A : 0.0005 8.6
Py | II -~ {35(a) and (b) |A (approx.) | - 0.0009 1 25.1
APL : ' - .
“Pg ‘ ‘ , 0.014 none
b, I 34(a) and (b) A 0.0005 8.6
P, III 36(a) and (b) B . 0.0041 none

For steady-state performance -and ‘transducer calibration these pressures
were measured by manometers. : :

Angle of Attack and Area

For the measurement of angle of attack and exhaust-nozzle area
during transient, slide-wire potentiometers connected in a resistance
bridge circuit were used. The exit-area indication was obtained by
sensing the position of. the exit plug, which reduced the area linearly
as it was moved into the nozzle. In steady state these variables
were measured by counters. '

Fuel Variables

Fuel-nozzle pressure drop was measured by resistance strain-gage-
type differential pressure transducers connected approximately 8 inches
upstream of both the primary and secondary fuel nozzles and referenced
to the air pressure in the region of the nozzles. The response of the
fuel pressure side of theé transducers with tubing was found from bench
tests to be flat within +5 percent to frequencies of at least 150 cps
with no measurable phase shift. For steady-state measurements, fuel
pressures were sensed hy synchronous-type pressure transmitters, and
fuel flow was measured by rotameters.

L T,
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The input voltage to the fuel servo and the fuel-valve-position
signal was measured directly at the fuel-servo control panel and con-
nected to the recorder by means of isolating d-c smplifiers and matching
networks to provide the proper sensitivity and demping characteristics
for the gamlvanometers. The frequency response of the amplifiers was
flat within 15 percent to 200 cps. '

Transient Recording

All transient measurements were recorded on sensitized paper in a
galvanometric oscillograph with galvanometer elements having natural
frequencies of 210 to 500 cps, depending on the amount of filtering
desired. In addition, certain variables were monitored on a direct
inking oscillograph having a flat frequency response of 100 cps.
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Figure 11. - Front view of 16-inch ram-jet engine showing auxiliary cone.
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‘Coefficient of net
propulsive thrust, Cp_p

Diffuser pressure ratio, Py/pg

Specific fuel consumption, sfc,
1b fuel/hr/ib (thrust - drag)

NACA RM E55D15

.area, 0.960 square foot.

Flight Mach
number
A\ Mo ’
:(/ 1.98
I My
/,/’ ,j)] .90
// /]
! P :
5 /// 1.79
/ p.
7 //// | | 1.69 3
/ L
[
,/// | &pl.SQ
/ -y
| 1.50
3 ‘J///
P
: M,
_— 1.79\ Mo
-1.90| 1.98
;fj___/___——-——l.so
¢ A g
// /i
., 2 /I/
\ Schedule
o 0.9 P,
\ (] .85 Pl
——e Actual operation
\ \ ——— Scheduled operation
\\\\
1.50
L
\\ —
- 1.98
/ /
C\ 1.59 /%’1.79
Q —
4 1.69
1.9C
. I
1 2 3 4 5 6 7
Engine total-temperature ratio
Figure 12. - Control operating points on englne performance map. Exhaust—nozzl§
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Fuel-flow oscillation frequency, cps/sec

Fuel-flow oscillation amplitude, 1b/hr

NACA RM E55D15
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16 1{ I
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12 8 RS lation frequency -
at stability
I limit = 12 cps
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0 .4 .8 1.2 1.6 2.0
Loop gain
Figure 14. - Oscillation-amplitude and frequency characteristics of control

system for fixed integrator time constant 1/1 = 20 sec'l and variable
proportional loop gain. Flight Mach number, 1.5; zero angle of attack;

0.9 P! schedule.
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Calculated oscillation at
stability limit = 8 cps .\\
5 . \!
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Reciprocal integrator time constant, 1/1, sec‘1
Figure 17. - Oscillation-amplitude and frequency characteristics of control system for

fixed proportional loop gain of 0.339 and variable integrator time constant. Flight
Mach number, 1.5; zero angle of attack; 0.9 Péc schedule.
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Fuel-flow oscil-

Fuel-flow oscil-

Fuel-flow percent

Fuel-flow response time to

lation amplitude, lation frequency,
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' (a) Variable loop gain; 1A, 20 sec™l.
Figure 18. - System response characteristic to step disturbance in input voltage to
fuel servo of +2 volts (i.e., fuel-flow step, 556 1b/hr). Flight Mach number,
1.5; zero angle of attack; 0.9 Pa'o schedule.
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Flight Mach number, 1.7; zero angle of attack;

Figure 21. - Operation of fixed fuel-flow limit in controlled system.



NACA RM ES55D15

50

S110A $+ ‘adueqanisip dais

*anoy xad spunod ¢3¢ ‘39S 3TwIT MOTI-Tong fanoy aed spunod ZI11+ JIO
298 Qg “P\H fgge 0 ‘ursd dool {xoe33yB JO 918ur og92z ¢,.°1 ‘Isqumnu

‘

-

UyoeW JUSTId ‘dew souswIoIod I9sNIITP UO g SJnFTI JO uUSTSUBIY JO uoljrisodradng - 2z 9anItd
xqfar L3y oty teng
20Tx0% 8¢ 9¢ ¥ 2¢ o¢ 82 92
0'¢
\\
S'1 ] AR
SRR
4
e 5"
: 520" [
20 1 o
ST 92 D o998 ‘aug]
N.O./lo \U 14
\\\
6L°T \\\\\\‘\\\\\ g
¢ Iaqunu T~
—UoBN YUYITTA
¥°S

Od/xd €0194ea 2anssaad JesnJitd



NACA RM EG55D15
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Fuel-flow response time to;
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Magnitude of step disturbance,
percent of initial fuel flow
Figure 23. - Control-system respohse as function

of magnitude of disturbance with fixed maximum
fuel-flow limit. Flight Mach number, 1.7; zero
angle of attack; 0.9 P_.. schedule; loop gain,
0.337; 1/, 50 sec™l; initial fuel flow, 2793
pounds per hour.
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Fuel-flow percent overshoot

Fuel-flow response time

to 90-percent point, sec

T NACA RM E55D15
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A Y T
0
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1 . e—— z et ——
A'/’_‘V’ v
" K A
I
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Magnitude of step disturbance, percent of initial fuel flow

Figure 26. - Control-system response characteristic as a
function of magnitude of disturbance with shock-position
limit. Flight Mach number, 2.0; zero angle of attack;
0.85 P!. schedule; loop gain, 0.532; 1/T, 50 secl;

initial fuel flow, 3100 pounds per hour.
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Diffuser static-pressure ratio,
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Figure 29. - Variation of diffuser static-pressure ratio with engine total-

temperature ratio.
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Figure 30. - Variation of diffuser-exit Mach number with engine total-

temperature ratio.
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Single-tube value/average value
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Figure 32. - Ratio of single-tube values to average values of

control parameters during operation on 0.9 Pe'mc schedule.
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Amplitude ratio
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(a) Amplitude ratio.
Figure 35. - Frequency response characteristic for type II pressure

transducer.
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