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ANATYTTCAT. AND EXPERIMENTAT, STUDY OF TRANSIENT-RESPONSE
CHARACTERISTICS OF A TURBOPROP ENGINE

By R. T. Cralg, S. Nakanishi, and D. B. Wile

SUMMARY

A turboprop engine was Investigated over a range of Mach mumbers
fram 0.15 to 0.5 abt altitudes of 15,000 and 35,000 feet in order to ob-
tain a description of the engine dynamic-response characteristics. Ap-
proximate step disturbances in the input variables, fuel flow and pro-
peller blade angle, were utilized to obtain the desired information.

Engine response time was found to be affected by both aelvitude
and Mach number. The rise ratios of the other variaebles considered,
compressor-discharge pressure and torgque, were only in part dependent
on Mach number and were essentially unaffected by changes in altitude.
Generalized engine gains also were dependent on flight conditions, and
all dynamic characteristics changed with engine power level. A line-
arized first-order description of the engine response was found to be
acceptable for propeller-blade-angle disturbances. Engine response for
fuel-flow disturbances exhibited higher than first-order effects, butb
the causes of this were undetermined. S

INTRODUCTION

Design and analysis of the control systems for gas-turbine engines
often can be simplified by use of analytical techniques in which part
or 811 of the system is replaced with its mathemstical egulvalent. A
particulariy useful application of this procedure is to replace the en-~
gine with its dynamic equivalent thus permitting study of a camplete
controlled system without necessitaiting operation of a full-scale
engine.

The choice of a mathematical representation of an engine largely
will be determined by the modes of operation considered. If only sta-
bility and response to small perturbations are considered, & linearized
first-order description of the engine can be useful. In oxrder to obtain
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information on this description of a turboprop engine, a number of ex-
perimental programs previously have been conducted, and the status of .
information avallable at the initiation of the investigation reported

herein may be summsrized as follows:

A turboprop engine, when subjected to a perturbation in either fuel
flow or propeller blade angle, exhibits first-order linear characteris-
tice up to at least 1lO0-percent changes in speed, and the time constant
can be closely predicted by calculation from steady-state characteris-
tics (refs. 1 to 3). A limlted freguency-response study of an engine
over a range of altitudes at constant Mach number indicates that the
generalized engline time constant is invariant with altitude (ref. 1).
The effects of Mach number on the time constant bave not been determined
experimentally. Generallzed engine gains such as speed to fuel flow

%g)BB do not vary appreclably with changes 1in altitude, but Mach num-
ber effects on these gains have not been ascertained. The variastions of
torque-~ and compressor pressure-rise ratios with flight condition also
have not been determined. Some differences bave been noted between the
response of a turboprop engine to a fuel-flow disturbance and a
propeller-blade-angle disturbance, but the cause of these differences is
undetermined.
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An experimental program was conducted in order to verify the ex-
isting imformation and to investigate further the dynamic performance
of turboprop engines. The results of this progrem are presented in
two reports - reference 4 and this report. The information presented
in reference 4 may be summarized as follows:

Examination of engine rotational speed response at a 35,000-foot
altitude over a range of Mach numbers showed a large varistion in gen-
eralized time constant with Mach number. The time constants obtained
from both fuel-flow and propeller-blade-angle disturbances showed simi-
lar trends with Mach number; however, the magnitude of the results from
fuel-flow disturbances was considerably larger. The response times for
blade-angle disturbances were predictaeble from knowledge of the engine
and propeller steady-state characteristics, but only the general trends
of the fuel-flow disturbance results could be predicted.

The obJjectives of this report are to present methods and informs-
tion sufficient for & linearized dynamic description of the significant
dependent and independent variables of a turboprop engine. The inde-
pendent variables, fuel flow and propeller blsde angle, and the depend-
ent varisbles, torque, rotatiomal speed, and compressor-discharge pres-
sure, will be consldered. Experimental information necessary to uti-
lize the mathematical description is obtained and where possible is
compared with results of previous investigations. Variations in engine -
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response with flight conditions are delineated as is the extent to which
engine dynamic performance can be predicted by use of steady-state char-
acteristics. Attention is paid to limitations of the first-order engine
representation, and an effort is made to obtain a mathematical descrip-
tion of the differences in transient response that occur as different
input variables are perturbated.

A turboprop engine was installed in the sltitude wind tunnel of the
NACA Lewis laboratory, and the dynsmic characteristics were investigated
over a range of Mach numbers from 0.15 to 0.5 at altitudes of 15,000 and
35,000 feet. The engine was subjected to perturbations in fuel flow and
propeller blade angle of varied size and direction, and information suf-
ficient for a dynsmic-response description of the engine was cobtained.

ANALYSTS

If the analysis of the dynamic performance of a turboprop engine is
limited to stabllity studies and to the response to small disturbances,
8 linearized treatment of the engine characteristics may be used. Since
an engine has but one energy storage element, the propeller-engine rotor
assembly, it can be consldered a first-order system. This consideration,
together with the assumption of guasistatic operation during a transilent,
results in the mathematical analysis presented in references 1 to 3. In
these references i1t is shown that the speed response of a turboprop en-
gine when disturbed by fuel flow and propeller blade angle is

- @), (=) (@), (=) @)

(Symbols used are defined in appendix A.)

Other dependent varisbles such as torque, compressor-discharge
pressure, and so forth, may be expressed in the genersl form X:

o), ()o@, (el o

The same time constant < eappears in all these equations, and it
may be expressed in partial-derivative form as

e etI s)

) (%%)5+(§)w
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All quantities are referred to the engine shaft speed by appropri-
ate use of the reduction-gear ratio. The quantities & and b in
equation (2) are rise ratios and also can be expressed in partial-

derivative form as
N) (ax)
Swjg \ON, W,

g =1 - (4)
1 (%)ﬁ 4

and
b=1- @%)WB(%)W’B ()

(%)

A more complete derivation of these equations is presented in ap-
pendix B. Depending on individusl preference or canvenience in & par-
ticular application, either the transfer-function or the partial-
derivative presentation of these equations can be utilized. One con-
venient way of arranging the equations is-the matrix form of figure 1.
Here the engine inputs are shown at the top of each columm. Output var-
isbles are obtained by taking the input to each column, multiplying it
by the partial-derivative coefficients, and summing these products
across the rows. BEach row describes one dependent variable, and the
first two columns show the direct effect of each independent variable
on each dependent varisble and thus are the gain terms of equations (l)
and (2). The derivatives in column three are related to the rise ratiocs
of equation (2) by the expressions of equations (4) and (5). For a tur-
boprop engine all the terms in Tigure 1 generally can be evaluated by
taking the slopes of the eppropriate curves from steady-state perform-
ance maps. The extent to which the engine holds to quasistatic perform-
ance thus can be determined by comparison of the calculated response to
the transient experimental results.

APPARATUS AND PROCEDURE

The turboprop engine utilized for the experimental program had a
19-stage axial-flow compressor, an elght-can cambustor, and a four-stage
turbine and was equipped with a three-blade 13-foot-diameter propeller.
A camplete description of the engine including the steady-state perform-
ance maps is glven in reference 5. The engine was wing-mounted in the
20-foot-diameter test section of the NACA altitude wind tumnel as shown
in figure 2.

3527
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Information on engine transient: behavior was obtained through a
program that consisted of approximate step changes in either fuel flow
or propeller blade angle. Fuel-flow steps were obtained by an independ-~
ent fuel system which consisted of the following: electrically driven
pump, hydrasuiically actuated metering value, and a fast-acting regulator
maintaining a constant pressure drop across the metering valve. TFor
blade-angle disturbances the servo portion of the speed-~pitch control
system supplied with the propeller was utillzed after modiflcations were
made to obtain faster response. For each transient the engine and tun-
nel were allowed to reach equilibrium at a desired operating point, the
disturbance was introduced, and the engine accelerated to a new equilib-
rium condition. Varied-size disturbances were introduced in each inde-~
pendent varieble while the other independent varisble was held constant
at a desired value. Transients were run in pairs up from and down to &
given point, and steady-state points were taken at the beginning and end
of each transient.

Steady~state instrumentation was the standard wind-tunnel installa-
tion as described in reference 5. Transient information was obtained by
use of three six-channel direct-inking strip-chart oscillographs with
associated amplifiers for each channel. Table I glves the eqguipment
used. for both steady-stete and transient measurement of each varilable
considered. Included in this table are the dynamic charscteristics of
the transient instrumentation. An engline cross section showing instru-
mentation statlons is shown in figure 3.

RESULTS AND DISCUSSION

The turboprop-engine dynamic-response description in the matrix of
figure 1 is a linear description of the engine, and the assumption is
made that dquring a transient the engine will hold to quesistatic per-
formance. Certain reservations on the velidity of this description must
be made, because the engine discussed herein is shown in reference 4 to
exhibit differences in response characteristics that were dependent on
which input variable, fuel flow or blade angle, was disturbed. After
these reservations are recognized, an exsmination of the engine consid-
ered as & quasistatic system is possible. Informatlon on the correct-
ness, limitations, and uses of the engine description of figure 1 will
be presented at eppropriate points. .

The presentation of results will be in this order: El) engine ex-
perimental trensient results for fuel-flow dlsturbsnces, (2) calculated
engine response and camparlison with experimental resulits of fuel-flow
and blade-angle disturbances, (3) exaningtion of variastions bebtween ex-
perimental and calculated results, and (4) development of modified en-
gine description usgble for this engine. In addition, an organization
of engine information sufficient for a complete description of engine
dynamics at the design flight conditlion is presented.
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For convenience in msking cdmparison, all engine information pre-
sented will be in generalized form. For this purpose standard NACA gen-
eralization fectors, 8 and 6, are utilized.

Engine Experimental Response to Fuel-Flow Disturbances

A typilcal experimental transient recording of engine response to a
step change in fuel flow is shown in figure 4. The variables are fuel
flow, propeller blade angle, torque, campressor-discharge pressure, en-
gine rotationsl speed, turbine-inlet tempersture, and tunnel dynamic
pressure. The semilog method was used to determine time constants and
rise ratios, and s typical response plot is shown in figure 5. Here the
absolute value of each parameter in final steady state minus its value
during the transient is plotted against time. The technique for obtain-
ing time constants and rise ratios from such plots is given in reference
3.

Time Constant

The engine response times determined by the slopes of the semilog
plots were obtained for a number of flight conditions and are shown in
figures 6 and 7. In figure 6 the effects of Mach number and power level
on the englne response tlme are shown for two altitudes. For both alti-
tudes and at sll power levels the generslized time constant is seen to
increase as the Mach number decreases. The value at a Mach number of
0.15 is 60 percent lasrger than the value at & Mach number of 0.45. This
change with Mach number, as developed in reference 4, can be predicted
at a given altitude by the use of the propeller steady-state performance
maps. Power level does have an effect on time constant, particularly
at lower Mach numbers. At a Mach number of 0.15, the generalized time
constant is about 50 percent greater at low power levels than it is 1in
the range of high-power operation. As flight Mach number incresses, the
power-level effect lessens in significance; and at a Mach number of
0.45, the time constant at low power levels is only 20 percent greater
than that at high power levels. .

In the plot of figure 6, the dats points shown were run at differ-
ent values of propeller blade angle and rotational speed. A considera-
ble effort wes made to determine trends in the data scatter with each of
these two variables, but none could be found. Varled-size fuel disturb-~
ances also were utilized to obtain the date in figure 6. The fuel dis-
turbances were sufficient to cause fram 4- to lO-percent changes in ro-
tational speed, but in this range of inputs no trends with input dis-
turbance size or direction could be discerned in the data scatter.

The effect of a change in altitude on the engine response time 1s
illustrated in figure 7. Mach number ig held constant in this plot, and

3527
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at both Mach numbers of 0.15 and 0.3 the generalized time constant is
approximately 20 percent lower at an altitude of 35,000 feet than at
15,000 feet. This decrease conflicts with informstion obtained on
previous turboprop and turbojet engines (ref. 6) where it was found
that the generalized time constent was lnvariant with altitude. Fur-
ther examination therefore was made of the engine steady-state perform-~
ance characteristics.

In equation (3) it is seen that engine response time is dependent
on the moments of inertia and two partial-derivative torque terms. One

) : (aq)
term (Sﬁ 8 is a propeller characteristlic and the other S W is an en-

gine characteristic. As mentioned previously, the engine considered
herein also ls the subject of reference 4, and in that report the pro-
peller performance was shown to be predictable by use of the propeller-
characteristic curves. The predicted performence indicated that at a

given Mach number the gain (g%) 3£§ would not vary appreciably over
B

a range of altitudes. Examination of the effects of gearbox losses on
the derivatives as altitude changed showed that changes 1n the losses
had negligible effect on the response time. Examination of the other

N
at the desired Mach number over a range of gltitudes. This information
is not available on the particular engine considered herein; however,
such information is available from ancther of the same model that was
the subject of reference 5. This report indicates that at a Mach num-
ber of 0.3 the slopes of constant-fuel-flow lines on generalized torque-
speed maps are 60 percent steeper at 35,000 feet than they are at 15,000

feet. This increases (g%) J%g and, because of the relative size of
W

the two torque terms Involved, would decrease the generalized time con-

stant approximately 20 percent. This is very close to the difference

in the response times shown in figure 7.

partial derivetive (%ga 2%& requires constant fuel-flow information
W

Previous studies (refs. 1 and 6) have shown that the generslized
speed response of a gas-turbine engine does not change appreciably with
changes in altitude. The information presented herein, however, illus-
trates that at least one engine departs considerably from this expected
performance. Therefore, it must be concluded that use of data from one
flight condition to prediect, through generalization, the speed response
of an engine at another flight condition camnot be considered relisble.
Generslization can be utilized to obtain a rough prediction of the char-
acteristics of a specific engine at a desired flight condition. How-
ever, before these values can be considered to be reliable and accurate,
data sufficient for at least a few point checks must be available from
the particular fiight condition studied.
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Compressor-Discharge Pressure

The varistions 1n compressor-discharge pressure-rise ratic with
power level are shown in figures 8 and 9 for variations in altitude and
Mach number, respectively. Figure 8 shows that the rise ratio increases
with increasing power with about a 30-percent increase between low and
high power. The variations in rise ratio with altitude are seen to be
essentially negligible except at the low-power region at a Mach number
of 0.15 (fig. 8(a)). Only one curve is drawn, but the data for an al-
titude of 15,000 feet have a tendency to be lower. This performance
differs from the time-constant results where changes with altitude were
noted. The speed response, and thus the time constant, 1s determined
directly by relatively small differences in the large torques absorbed
by the propeller and compressor and generated by the turbine. The
compressor-discharge pressure-rise ratio is directly affected only by
the combustion efficiency. Thus it is reascnable to expect that com- .
ponent efficiency changes with altitude thst affect the generalized time K4
constant will not necessarily affect the compressor-discharge pressure-
rise ratio to a similar degree. If any such effects do appear, however,
there is a possibllity that they would be unnoticed, because the experi-
mental determination of all rise ratios inherently has a greater degree
of uncertainty then the time-constant determination.

3527

In figure 9 are illustrated the effects of changes in Mach number
on the prespure-rise ratio. At an alititude of 15,000 feet there is a
slight increase in rise ratic for a change in Mach number from 0.15 to
0.3, while at 35,000 feet for the same Mach numbers there is no definite
increase. The rise ratic at & Mach number of (C.45 and at 35,000 feet is
higher than that at Mach numbers of 0.15 and 0.3, but at a Mach number
of 0.5 the rise ratio tends toward the middle of the data. Because of
these somewhat inconsistent effects of Mach number, single curves are
drawn In figure 9. While it is not possible to specify the change in
rise ratio with Mach number, a general trend of Increase in rise ratio
with increase in Mach number does exist. The order of magnitude of
this observed increase is-10 to 30 percent over the range of Mach num-
bers tested. As in the case of the generalized time constant, no trends
in the data scatter with the size or direction of the input disturbance
could be determined.

Torque

The variation in torque-rise ratlio with power level is shown in
Tigures 10 and 11 for changes in Mach number and altitude, respectively. _
Figure 10 illustrates that at & constant Mach number the rise ratio is -
essentially independent of altltude and that the power lewvel causes an
increase in rise ratio of approximstely 10 percent as operation pro-
gresses from low to high power. The nongeneralization of engine
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characteristics (as brought forth under the time-constant discussion)
also was expected to cause a change with altitude in the torque infor-
mation, but none is observed. The degree of uncertalnty in the rise-
ratio results as discussed previously apparently masks any such result.
Changes in Mach number also have li{tle or no effect on the torgue-rise
ratio (fig. 11). This nonvariance can readily be explained by use of
equation (4). In this equation let =a be the torque-rise ratio and

X %be the torque. EHven though the propeller torque characteristic (g%)

will change greatly with flight speed (ref. 4), i1ts appearance in both

numerator and denominstor will minimize any effect on the rise ratio.

Changes in (g%) with Mach number could change the results but appar-,
W

ently do not. This term also is shown in reference 4 to be essentially

invariant with Mach mmber al a given altitude.

Semilog reduction of experimental recordings of engine response
characteristics to fuel-flow disturbances thus may be sumarized as
follows: Time constant decreases significantly and torque- and
compressor-discharge pressure~rise ratios lncresse somewhst with in-
creasing power level; torque- and pressure-rise ratios are essentially
independent of altitude, while torque-rise ratio is essentially inde-
pendent of and pressure is slightly dependent on Mach number. Time
constant is affected significantly by both altitude and Mach number,
and such trends are predictable by use of steady-state performance
maps. In no case were any effects of input size and directlon notice-
gble up to #10-percent changes in speed, the maximum size studied.

Extent of Quasistatic Performance

The engline under consideration herein is shown in reference 4 +to
have response times for fuel-flow disturbances that were considerably
longer than the response times that resulted from blade-angle disturb-
ances. This performance differs from that typical of a linesr first-
order system; therefore, further investigation of the performance dif-
ference is in order

A comparison of engine time constants obtained in different ways
is made. Time constants from blade-angle disturbances are obtained by
use of numericel harmonic analysis (ref. 7), which was necessitated by
the experimental blade inputs being too far from step form. Calculated
time-constant values are obtained through use of torgue-speed curves
such as those of figure 12. The slopes of these curves are obtained
and then substituted in equation (3). The generalized time constant
from fuel-flow steps 1s obtained by use of the semilog method and is
simply a transfer of the Information of figure 6. Calculated values
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of the time constant at various blade angles and rotational speeds are
compared with those from blade-angle and fuel-flow transient date in
figure 13 for two flight conditions. Blade-angle transient data are
available only for an altitude of 35,000 feet. The time constants ob-
tained from blade-angle transient data agree very closely with the cal-
culated time constants, while those from fuel-flow transients are con-
sistently 30 to 40 percent larger at both flight conditions. Thus the
response to blade-angle disturbances msy be considered to be quasistatic
and predictable through the use of steady-state performance maps.

Comparison of compressor-discharge pressure-rise ratios requires
steady-state maps such as that of figure 14. The slopes of the required
curves are obtained and then substituted in the appropriate equatione of
the ANALYSIS section. The values obtained through point-by-point calcu-
lation are shown in figure 15, whebe Zalculated and experimental results
are compared for two flight conditions. The experimental informetion is
transferred from figures 8 and 9. A definite trend was noticeable in
the calculated results with higher blade angles giving lower rise ra-
tios. No similar trend took place in any of the transient experimental
results. Therefore, in figure 15 a single curve is drawn through the
calculated values for each flight condition. Compsrison of each curve
with the experimental results shows that the experimental results are
approximately 65 to 85 percent of the calculated results at both flight
conditions.

A similar examination of the torgue-rise ratio is made in figure
16. Fuel-step data are obtained from figures 10 and 11, and calculated
values are made with the use of steady-state maps such as that of fig-
ure 12. For this variable, as 1n the case of compressor pressure, the
calculated results are considerably higher than the experimental val-
ues. The ratio between calculated and experimental values seems to
remain fairly constant for both compressor-discharge pressure and torque
and for both flight conditions.

Results of analysis of the fuel-step disturbances therefore are
significantly different from the calculated, or what may be considered
quasistatic, performence. Further examination of the results is in or-
der. In figure 5 a typical semllog plot of speed, compressor-discharge
pressure, and torque against time is shown. In such a plot each vari-
able of a first-order linear system theoretically results in a numbexr
of intersecting straight lines with the line of finite slope determining
the system time constant. In figure 5 the experimental results adhere
closely to these lines over most of the plot, and only as the absolute
values plcoctted go to zero is there a deviation of the experimental re-
sults from the theoretical values. This amount of deviation in itself
is not significant. Closer results seldom can be obtained because of
random errors in reading and recording. The significance, however, is

3527,
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that experimental results obtained on other engines produced a random
variation above and below the theoretical line, while in the present
case the experimental results invariably deviated upward from the
theoretical lines as the plotted values approached zero. This indi-
cated that some nonlinear or higher-order effects existed, but infor-
mation on these effects could not be determined from examlnation of
the semilog results. A number of fuel-step records, therefore, were
analyzed by use of the numerical harmonic method previously used for
blade-angle disturbances.

Typical results of this analysis are shown in figure 17. In figure
17(a) the amplitude ratio of speed to fuel flow is plotted against fre-
quency. (All the amplitude ratios shown are divided by the zero-
frequency smplitude ratio.) This figure does not show any unusual as-
pects, and the theoretical first-order curve agrees closely with the ex-
perimental results. In addition, the semilog and the harmonic-analysis
methods give approximately the same response time as expressed by a time
constant. Significant deviation from response typical of first-order
systems is evidenced in figure 17(b), however. Here the phase shift of
engine speed to fuel flow is plotted against frequency, and the experi-
mental results show a phase shift in excess of the theoretical first-
order curve drawn. The position of the first-order curve in figure
l7(b) was obtained by placing its 45° phase-shift point at the same
frequency as the 0.707 polnt of figure l7(a).

Exemination of the engine experimental tempersture response also
geve evidence of unusual characteristics. The turbine-inlet-temperature
trace in figure 4 is typical of the observed engine response to fuel
steps and is slignificantly different from other engines considered pre-
viously. Figure 4 lllustrates that after a fuel disturbance the temper-
ature rose, decreased slightly, and then gradually increased to the
final steady-state value. At no time during the initial portion of the
transient does the tempersture rise above the Tinal steady-state value.
Generelly when an engine is subjected to a step increase in fuel flow,

& sharp temperature rise immediately 1s expected and then as the speed,
and thus the air flow, increases and exponentially spproaches a steady-
state final value, the temperature Grops exponentially to a final value
that is higher than the initisl point. The experimental results shown
in figure 4 obviously do not agree with this expected behavior. The
consistent rise in temperature of the experimental response indicated
that some long-term varistion in the combusiion process, a change in
the efficiency of some camponent, or a change in the engine geometry

was taking place with & change in fuel flow and thus causing the d4if-
ferences in response due to the different inputs. An cbstacle to fur-
ther examination encountered here was that both the harmonic and semilog
methods tend to emphasize the zone in the time response close to the
basic engine time constent. This emphasis plus normal data scatter (for
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a ges-turbine engine) makes exceedingly difficult the determinastion of
information that has characteristic times which differ from the basic
engine time constant by more than a factor of 2 or 3.

The nature of the temperature trace indicates that a possible cause
of the unusual engine behavior was that the combustion efficiency or the
combustion zone changed during the transient, and this resulted in less
than the expected amount of energy being avallable at the turbine to ac-
celerate the engine. Temperature and fuel flow are closely connected;
therefore it seemed reasonable to operate on the fuel-flow input to the
engine by adding what could be considered dynamic combustion-effilciency
terms. .

An effort was made to find what dynamic terms could be added to the
engine description of figure 1 to result in closer agreement between
calculated and experimental results. For this an analog computer was
used, and the results are shown by the block diagram of figure 18. Here
the input to the engine is effective fuel flow, and the mathematical ex-
pression relating it and actual fuel flow is consldered an efficiency
representation. The form of this mathematical expression was obtained
by matching as closely as possible the simulated and experimental tem-
perature traces. A typical simulsated or calculated response 1s shown in
figure 19(a), and exsmination of the temperature trace shows 1t to be
very similar to the experimental recording of figure 4. Comparison of
the experimental and simulated speed traces by use of harmonic analysis
is made in figures 19(b) and (c). The data points are the fuel-step
data of figure 17. In both figures the solid lines are the response of
a first-order system to a true step input. The l-second time constant
of these curves was chosen arbitrarily during the process of obtalnlng
the best possible match between the experimental and simulated tempera-
tures. The dashed lines in figures 19(b) and (c) are the response of
the same l-second engine to the effective-fuel-flow input. They show
in the frequency domaln the simulated response that was shown in the
time domain in figure 19(a). Agreement between the simulated response
to effective fuel flow and the experimental response to actual flow is
good both in amplitude ratio and phase shift.

Since the simulated and experimental responses match, it is of in-
terest to note the differences in effective response times 1n figure
19(b). (Response time is considered to be determined by the 0.707
amplitude-ratio point.) The effective response time of the l-second
engine Iincreases 35 percent when subjected to the effective fuel input
rather than to a true step input. This percentage difference is essen-
tially the same magnitude as that shown between fuel-flow and blade-
angle results in figure 13. This percentage difference also is the re-
sult that would be obtained by different inpute to the matrix engine
description of figure 18. Thus the addition of the effective-fuel-flow
dynamic terms (fig. 18) produces an engine description that does the

3527
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following: (1) causes the experimental and simulated temperature traces
to be very similar, (2) produces simulated speed traces that match ex-
perimental results, and (3) allows the simulated engine to have response
times to fuel-flow disturbances that are considersbly longer than the
response times to blade-angle disturbances.

An adequate description of the rotational-speed response of this
engine to fuel-flow disturbances thus requires the first-order terms
of the basic engline plus additional dynamic terms such as those intro-
duced through the effective-fuel-flow concept. An adequate description
of the engine response of propeller-blade-angle disturbances requires
only the first-order terms of the basic engine.

For the other variables such as torque and pressure that have rise
ratios in their transient descriptions, the dynamics of effective fuel
flow also will affect the descriptlion of the engine response. The dy-
namic relation of effective fuel flow to actual fuel flow is, from
figure 18,

1+ cTWs

i (T + Tys) (T + 0.037Tys)

AW (6)

Hence the experimental transient recording of a response to a fuel-step
disturbance would not be that of equation (2) but would be

1 1+ CTys
X = (EW)B El ::3) [(1 F e (T F o.osq:ws)]AW (7)

The experimental rise ratios were determined by the semilog method.
This procedure minimizes the effects of any time terms that are short
relstive to the engine time constant. The experimental initial rise

in X wupon a fuel disturbance therefore would be the limit of equatlion

(7) as time approached zero but excluding the term (1 + 0.03Tys); that
is,

AX = (g—g) 5 (ac)AW

The rise ratio as calculated from equation (4) and the steady-state per-
formance meps is a. Thus, 1f the effective-fuel-flow concept is rea-
sonable, the experimental transient results will eppear, in comparison
with calculated results, too small by the amount of the rise ratio e
of equation (6)(again with the exclusion of the effects of the term

(l + 0.0STWS)). The rise-ratio comparison plots of figures 15 and 16
show that all the experimental results are about 75 to 85 percent of
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the calculated results. The effective-fuel-flow concept thus is sub-
stantiated by the torque- and pressure-rise-ratlio information as well
as by the speed and tempereture informstion discussed previously.

Separate examination of the speed, pressure, and torque responses
thus consistently indicates that, when fuel-flow disturbances to this
engine are consldered, the calculated or predicted transient response
can be correlated with the actual experimental results by addition of
dynamlc terms such as those of effective fuel flow in equation (6).
Because of experimental scatter, 1t was impossible from comparison
with the analog resulis to define clearly these additional dynamics,
but the form of equation (6) is & reasonable approximation. The rise
ratio c¢ 1is in the range of 0.75 to 0.85 and 7y 1s about five times

the engine time constant. Use of these values for this engine will
glve good agreement between the calculated and experimental results.
This asgreement will hold for time constants and rise ratios and for
fuel and blade-angle inputs.

Correlation of the results is not a proof of the effective-fuel-
flow concept. It merely illustrates that, in the frequency range con-
sidered, agreement can be obtalned between the experimental and calcu-
lated results by adding a number of dynsmic terms to the fuel input.

The description of these terms as obtained (eq. (6)) is simple and only
may be an approximation of more complex phencmenon. Consilderation of
the dynamic approximation of equation (6) does, however, provide the
controls-system designer for this particular engine with a more accurate
computational method than would be available with the engine degcription
of figure 1l alone. A more rigorous and exact analysis of these addi-
tional dynemics would be desirmble, but more consistent data over the
frequency range already studied and date usable over & wider frequency
range than presently availeble would be necessary. Such data also might
provide an insight to the exasct cause and nature of the phenomena. o

The preceding analysis of adding dynamilc terms to the input of the
system, while reasonable, 1s not the only possibility. Effects similar
to those accounted for by equation (6) also may be introduced by a
change in the engine intermal geometry or a change in the turbine flow
procesgses as the temperature level is changed with fuel flow. Various
detalls of engine design were examined for explanations, and Just one
seemed significant. The transport time of a gas particle through the
combustion chamber (obtained by dividing the length of the chamber by
the average gas velocity) was determined for this and for other engilnes
previously studied. The engine discussed herein comparatively had less
time to camplete the combustion process within the chember, and this may
have been & contributing factor to the unusuasl behavior encountered.

3521
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Engine Gain Terms

In equations (1) and (2), which describe an engine transient re-

X X d oN
sponse, the terms (EW)B’ (5E)W’ <6%)B’ and (SE)W' are frequency or time

independent quantities and are usually termed gains. As such they are
the portion of the engine characteristic that would enter into the over-
all gain of a control loop, and they appear in the first two columms of
figures 1 and 18. It is of lnterest to determine how these coefficients
vary with engine operation point and flight condition. Complete opere-
tion maps are avallable only for an altitude of 15,000 feet and a Mach

" number of 0.3 and for an altitude of 35,000 feet and a Mach number of

0.45. From these maps the slopes asre obtained and those for compressor-
discharge pressure are shown in figure 20. In figures 20(a) and (b) the

oP
zains Ewé 1[5 are shown for two flight conditions. Variations with
B

power level and propeller blade engle readily caen be seen. In addition,
the generalized gains at 35,000 feet are considerably lower than those

at 15,000 feet. The variations with propeller blade angle at 35,000

feet also are more pronounced, although this may be due to the larger
blade angles and the larger rotational-speed changes that occur at higher

Mach numbers. In figures 20(c) and (d) the gains 56 ) 5 are shown,
W

and these also show decided differences at the two flight conditlons.
These varistions are typical of those encountered for all other vari-
ables considered, and therefore it can be concluded that the generalized
engline gains vary significantly with altitude and Mach nmumber. Knowl-
edge of the change in propeller characteristics with Mach number mskes it
seem probable that most of the differences shown in figure 20 are due to
Mach number rather than to sltitude effects, but data sufficient for
proof are not available.

Presentation of the speed and torque gains to fuel flow and pro-
peller blade angle will complete the matrix representation of the en-
gine at 15,000 feet and a Mach numbexr of 0.3. These gains are shown
in figures 21 and 22. As in the case of compressor-discharge pressure,
both the speed and torque gains show decided varlations with power level
and blade angle.

Since the generalized gains vary with flight condition as do the
time constants and some rise ratios, the engine description will be
completed only for an altitude of 15,000 feet and a Mach nmumber of
0.3, which is the approximately design point of the engine.
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It also is helpful to present the rise-ratio information of figures
15 and 16 in the partial-derivative form that is directly applicable to -
the matrix of figure 18. This is done in figure 23, where the galns

aQ) o Ll Ps\ 4@
(3ﬁ WS and 3 Ju are shown plotted against generalized shaft

horsepower.

Use of figures 13 and 20 to 23 thus provides information sufficient
for a description of the dynamic response of this turboprop engine over
the entlre operation range at an altitude of 15,000 feet and a Mach mum-
ber of 0.3. C(Considerable changes must be expected in all quantities if
the flight condition is changed. For convenience, values at 100-percent
power at 15,000 feet and a Mach number of 0.3 are tabulated in table IT.

3527

SUMMARY OF RESULTS v

A turboprop engine was investigated over a range of Mach numbers _
from 0.15 to 0.5 at-altitudes of 15,000 and 35,000 feet. A description -
of the engine dynemic response 1s presented for an altitude of 15,000
feet and a Mach numbexr of 0.3.

The extent that the generalized time constant varied with Mach num-
ber was delineated. The generslized time constant at a Mach number of
0.15 was found to be 60 percent larger than the value at a Mach number
of 0.45. The generslized time constant also varied with altitude and
power level. Values at 35,000 feet were spproximately 20 percent lower
than those gt 15,000 feet. Thils variation was found to be predictable
by use of the steady-state performesnce maps at each flight condition.

Rise retios of torque and compressor-discharge pressure for fuel-
step inputs increased slightly with lncreasing power level but did not
change appreciably as altitude varied. Torque-rise ratio did not vary
appreciably with Mach number, but compressor-discharge pressure-rise
ratio did increase slightly with increasing Mach number.

Engine response to blade-angle disturbances was found to be first
order and quasistetic and is predictable through the use of the slopes
of steady-state performsnce maps.

Engine response to fuel-flow disturbances was found to have higher
than first-order effects. In comparison with celculated quasistatic
results, experimental results were slower in time response and smaller
for each rise ratic. Differences in response were mathemstically ap- -
proximeted, but causes of these differences were not determined. Pos-
sible causes seemed to be changes in the combustion process or changes
in engine internal geometry or flow conditions with power level. -
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The characteristics of the engine dynamic response were found to be
unaffected by the size or direction of the input disturbance. Disturb-
ances causing 4- to 10-percent changes in rotational speed were utilized.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Chio, March 31, 1955
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APPENDIX A

SYMBOLS
The following symbols are used in this report:

a,b,c rise ratios

I engine rotor polar moment of inertia referred to engine shaft Eé
IP propeller polar mament of 1lnertia referred to engine shaft "
N engine rotational speed
P pressure 5
Q shaft torque
8 Laplace operator -
shp shaft horsepower
W fuel flow
Wer effective fuel flow
X general dependent variable
(%§)B partial derivative of X with respect to fuel flow with pro-

peller blade angle constant
B propeller blade angle -
5] ratio of absolute total pressure to NACA standard pressure at

sea-level static conditions
e ratio of absolute totel temperature to NACA standsrd temperature

at sea-level static conditions
T time constant of englne-propeller combination
TW time constant of effective fuel flow
Subscriptse: '_
e engine -
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F final value

D propeller

1 engine inlet

2 compressor inlet

3 campressor discharge
4 turbine inlet

S tail pipe
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APPENDIX B

DERIVATION OF TRANSIENT-RESPONSE EQUATIONS
The equations governing engine transient response are developed on
the basis of the assumptions that the engine 1s first order, that 1t can
be linearized about an operating point, and that all performance is
quasistatic.
Engine torgue is assumed to be & function of fuel flow and speed:
Q»e = Q(W)N)

For small excursions around a point,

AQe = (%%)N AW + (g—l%)w AN

The difference between engline torque and shaft torgue accelerates the
engine. Thus,

AQ, - AQ = I ANs

In a similay manner, propeller torgue 1ls assumed to be a function
of blade angle and speed: ST ’

Q, = a(B,N)
Propeller torque also can be expanded for excursions around & polnt.

The expanded expressions can be combined and the shaft torque elim-~
inated. Then at constant blade angle,

@fl_e)N A =EIP #Igds + (‘?Tﬁe)w + (%)JAN

This expression can be rewrltten as
(5"’ )N

(%)B= Q) 0 + + I
(3—3‘)W (5%)3 (Tp + T}

3527
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or in the form

&), - (3), =)

where

(5,
eReE)

If fuel flow is held constant, the speed response to blade angle

can be obtsined as
(g) - (%?)N
AB/yw (:S_;;';€=)W+(§%)B+(Ip+1e)s

(%), - & (=)

%g _ (:%)N
il R

Speed response to both fuel-flow and blade-angle disturbances is

- (), () o+ (), (s

or ln the form

where
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Any other engine variable X 1is assumed to be a function of fuel
flow and speed:

X = X(W,N)

o - (@) o - (3),

At constant bhlade angle, substitution of the previously obtained value

for AN gives )
_[3X (X aN) 1 )A
AKX = (EW)N oW (sﬁ)w Swla (m u

or

) - B3, @) (), -

AW v 1L+ T8

This also can be written in the form

(&), - (&), (bee)

where
(%), - &), - (&), &),
and
_ (8
X
3w/

If fuel flow is held constant and blade angle is varied, the pre-~
vious expression for the expansion of X becomes

X
AX = - Bﬁ)w AN

3527
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Substituting for AN results in

(), - 3, (3, (=)

8- (&) (&),

The Tinel expression for the variable X +thus can be wrltten as
ax) l+a.'rs) ax) ( 1 )
AX-(BTJB T+ ) P\l \Tv =/
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TABLE I. - TNSTRUMENTATION

NACA RM E55C23

Measured quantity

Steady-state instrumentation

Transient instrumentation

Sensor Fregquency range,
ops
Fuel flow Rotameter Aneroid-type pressure sensor, 0 to 20
with strain-gage element,
connected to measure pressure
drop ecross variable orifice ino
fuel line
Blade angle Slide-wire on praopeller and 81ide-wire on propeller O to 100
connected in electrical cir-
cuit to give indication on
mlcroexmeter
Engive speed Modified electronic digitel Shaped frequency signal from 0 to 35
counter with frequency-~ counter integrated with respect
generating tachameter to time
Thrust Calibrated bridge balance on Strain gage end link attached to {0 tv 5C
strain analyzer engine mounting frare .
Torque Blectronic measurement with Torquemeter modified to give 0 to 80

reluctance pickups of twist
in drive shaft between com-
pressor and gearbox. Indi-
cation of twist given on
calibreted self-balencing
potentiometer

transient Indiceation

Turbine-inlet
temperature

Xine individual thermocouples
connected to gself-balancing
recorder

Four paralleled 20-gege chromel-
alumel thermocouples and
electric network to campensate
for thermocouple lag

0 to 25 at sen level wheb
ugsed wilth properly
sdjuated compensator

Turbine-cutlet
texperature

8ixteen individuhl thermo-
couples connected to self-
balsncing recorder

Elght parslleled 20-gage chromel-
alumel thermocouples and
electric network to compensate
for thermocouple lag

G to 15 st ses level vwhen
used with properly
adjusted cowpensator

Tunnel dynamic
pressure

Water manometers

Anerocid-type rressure sensor,
with strain-gage element—

Demping ratic of 0.5, and
damped paturael freqQuency
of 20 cps at 15,000 ft

Engine air flow

Water menometers

Diaphragm-type pressure sensor,
with atrain-gage element

Comoressor-inlet
total pressure

Water menaometers

Diaphragm-type Pressure senacT,
with str_ain-me element

Compressor-outlet
total pressure

Mercury mancmeters

Aneroid~type pressure sensa,
with strain-gsge element

Daxping ratio of 0.5, and
damped natural freqguency
of 20 cps &t 15,000 ft

125¢
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TABLE IT. - ENGINE COEFFICIENTS FOR MATRIX OF FIGURE 18

Coefficients evaluated &t lOO—percenﬁ_pQEgra at
altitude of 15,000 £t and Mach number of 0.3

Torque-rise ratio

3P
(WS)B /€, (1v/sq £t}/(1b/nr)

B

AP
(3. 2L, v/es t4)/erm

dP
(a_é)w %, (1b/sq £t)/deg

Compressor-discharge pressure-rise ratio
Ty = 518/+/6, sec

(o4

0.68
2.3

-400

0.644

-320

0.97

0.40
3.4

0.8

83teady-state engine conditions at 100-percent

power are:

B, 42.0°; W/8+/8, 1640 1b/hr; shp/5~/6, 2520 hp; N/~/6,

14,200 rpm.

25
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Figure .1.

- Matrix form used in linear first-order descripticn

of dynamlc-response characteristies of turboprop engine.



Flgure 2.~ Installation of turboprop engine In sltitude wind tmmsel.
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- Figure 4. - Bxperimental transient recording of engine resjanse to fuel-flow step disturbance.
Altitude, 35,000 feet; Mach mmber, Q.45.
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Absolute magnitude of final steady-state value of each variable minus its value during transient
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Figure 5..-.Semilog plot of engine response to fuel-flow disturbance.

Altitude, 35,000 feet; Mach number, 0.45.
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Generalized torque, Q/8, lb-ft
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Generalized compressor-dischargs pressure, P./5, 1b/sq ft
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Figure 14. - Variation of gsneralized compressor-discharge pressure with generalized sngine rotatlonal mpesed. Altitude,

15,000 feet; Mech number, 0,3,
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Compressor-discherge pressure-rise ratic
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Generslized shaft horsepower, shp/5-/6

(b) Altitude, 35,000 feet; Mach number, 0.45.

Figure 15. - Comparison of calculated compressor-discharge pressure-rise ratio with values obtairzd

from fuel-flow steps.
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Torcue-rise ratio
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Figure 16. - Comparison of calculated torque-rise ratio with values obtained from fuel-flow steps.
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Amplitvde ratio, (N/W)/(aw/ow) o

Phase shift of speed to fuel flow, deg

=g NACA RM ES5C23

1 PP O ~ o
= .
8 o]
b
3] TN
-4 Theoretical first-order responsey
(best possible curve through bx
.3 experimental data)—— ‘9\
.2
Q
'1 [ —
(a} Amplitude ratio.
° O—to—g
—
o-rU' ¥ T~
()
(o]
-20 9] 3
O \
Qg V\
40 SEAN
- ] .
Ogieoretical first-order response
h M
-60 7o) \
\\
(o] \
-80
[
©lo
~100
A
~120 ‘

.02 .03 .04 .06. .08 .1 .2 5 .4 6 .8 1 2 3 4 8
Frequency, ®, radisns/sec

(b) Fhase shift.

Figure 17. - Harmonic snslysis of response of engine speed to fuel-flow step. Altitude, 35,000 feet;
Mach number, 0.45; change in rotational speed, 6 percent.
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Figure 19. - Comperison of simulated and experimental engine response to fuel-flow step.
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Figure 20. - Comparison of generslized gains of compressor-discharge pressure to fuel flow and
propeller blade angle at several flight conditions.
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