
NACA 

RESEARCH MEMORANDUM 

SOME DYNAMIC CHARACTERISTICS OF A TURBOJET ENGINE 

FOR LARGE ACCELERATIONS 

By Herbert Heppler, David Novik, and Marcel Dandois 

Lewis Flight Propulsion Laboratory 
Cleveland, Ohio 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 

August 18 , 1952 
Declassified March 19, 1957 

https://ntrs.nasa.gov/search.jsp?R=19930087547 2020-06-17T09:26:41+00:00Z



- - - - - - - ~ 

IX NACA RM E52H04 

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MEMORANDUM 

SOME DYNAMIC CRARAaI'ERISTICS OF A TURBOJET ENGINE 

FOR LARGE A~CELERATIONS 

By Herbert Heppler, David Novik, and Marcel Dandois 

SUMMARY 

Acceleration characteristics of an axial-flow turbojet engine with 
a fixed-area exhaust nozzle were obtained from transients induced by 
large steps in fuel flow under sea-level static conditio~s. In the low
speed range, initial increases in thrust were found to be negligible, 
regardless of the size of the fuel step, so that the rate of change of 
thrust was almost directly proportional to the rate of change of speed. 
Accel erations through surge were successful. For a given fuel flow, 
acceleration was a function of engine speed regardless of t he size of 
the transient; above an optimum fuel flow at each speed, acceleration 
was limited. Maximum acceleration and thrust appeared obtainable through 
the use of a proposed fuel schedule that required only small initial 
steps in fuel flow. 

The apparent linearity of the engine (constant response time) was 
found to extend over a range of transients up to 15 percent of rated 
speed. 

INTRODUCTION 

In research and development associated with control systems for 
gas-turbine engines, it has become virtually standard practice to obtain 
the engine dynamics as a prereqUisite to both control synthesis and 
experimental evaluation of specific control systems. The dynamics of 
gas-turbine engines are currently obtained by several methods, among 
which are included the response of the engine to step inputs, the response 
to sinusoidal inputs, and harmonic analysis of the response to arbitrary 
inputs (reference 1). The engine dynamics thus obtained have indicated 
that, for limited excursions from equilibrium (approximately 5 percent 
of maximum engine speed), the gas-turbine engine approaches a first-
order linear system (references 1 to 4). Assumption of a first-order 
linear engine facilitates analytical control synthesis. It is also 
useful for determination of the characteristics of any specific 
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experimental control (providing the test program is limited to small 
transients ) a nd results in resonably good correlation between analytical 
and experimental studies of controlled engine instability (reference 4). 

Because small transients permit the assumption of a first-order 
linear engine, much of the investiga tion of gas- turbine dynamics has 
been restricted to limited a ccelera tions and decelerations. However, 
a realistic concept of gas- turbine engine dynamics would be incompl ete 
without knowledge of engine response during l arge, as well as small, 
transient s. Engine r esponse during large transients has practical sig
nificance inasmuch as large transients may occur during combat maneuvers 
and wave-off conditions . 

In order to determine ga s - turbi ne engine dynamics during large 
transients, several series of accelerat i ons were made on a turbojet 
engine under sea-level static conditions by means of large step inputs 
of fuel flow at the NACA Lewis laboratory. By making successively 
l arger t ransients to the same final speed, it was possible to de t ermine 
the effect of the transient size on engine response time; and b y making 
successively larger transients starting from the same initial speed, 
it was possible to determine the maximum potential of the engine with 
reference to acceleration and rate of change of thrust. These data and 
the acceleration characteristics of the engine derived theref'rom are 
presented and discussed in this report. 

APPARATUS 

Engine 

The turbojet engine used in this investigation had an eleven-stage 
axial -flow compressor, a single -annulus combustion chamber, and a two
stage turbine with a fixed-area exhaust nozzle. The rated engine speed 
of this engine is 12,500 rpm. The fuel pump was separatel y driven by 
an electric motor rather than from the conventional accessory pad 
drive so that the fuel pressure would be independent of engine speed. 

Control System 

Desired speed settings and changes in engine speed were accomplished 
by suitable regulation of the fuel flow in an open loop system (no feed
back of engine speed). A voltage scheduler with a switching mechanism 
t o give step cha nges supplied a direct- current signa l to a power ampli
fier that actuated a motor - operated fuel valve (fig . 1). 
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Instrumentation 

Recorder. - All transient data were recorded on a multichannel 
recording oscillograph. The oscillograph elements had a sensitivity 
of l-inch deflection per 0.43 millivolt and were damped to an effective 
time constant of approximately 0.005 second (time constant = time to 
reach 63 percent of final value, following a step input) . 

Engine speed. - Transients in engine speed were measured by record
ing the output of a small tachometer generator on the recording oscillo
graph. The high-frequency ripple from the generator was filtered out 
of the speed-measuring circuit with an RC (resistance-capacitance) cir
cuit filter having a time constant of about 0.07 second. 

Pressures. - Transients in compressor-discharge and fuel pressure 
were measured with a bridge-type strain-gage pickup energized by a 
3000-cycle carrier system. The apparent time constant of the measuring 
circuit was 0.02 second. 

Thrust. - A thrust link coupled to a strain-gage pickup was used 
for transient-thrust measurements. The engine mount and the thrust
link system were underdamped, but the data indicated thrust measurements 
with approximately the same response time as the pressure measurements. 

Temperature. - Tail-pipe temperature was measured by six 24-gage 
chromel-constantan thermocouples connected in series and the output 
voltages were measured on the recording oscillograph. The thermocouples 
had time constants of approximately 0.5 second. 

Test Procedure and Data 

The experimental program consisted of large transients in speed 
over the operative speed range of a turbojet engine. Changes in speed 
were made by a step in fuel flow which varied slightly from its ana
lytical form because of a lag in the fuel system (time constant ~ 0.11 
sec). 

The first phase of experimental data consisted of accelerations 
from various initial speeds to the same steady-state final speed of 
92 percent rated speed. Typical data of engine speed and fuel pressure 
recorded on the oscillograph are shown for s everal of the speed tran
sients in figure 2. 

Experimental data for successively larger speed changes from idle 
engine speed (taken as 38 percent rated speed) to various steady-state 
f~nal engine speeds are shown on oscillograph traces of fuel flow, 
engine speed, compressor-discharge pressure, and thrust in figure 3. 
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The fuel flow is mea sured for these da t a (fig.3) from the pressure drop 
across the fuel nozzle, which a ccounts for the slight decrease in the 
fuel flow a s compressor- discharge pressure increases. The transient 
temperature was recorded for only the smaller speed transients because 
the high initial temperatures a ssociated with the larger fuel steps 
resulted in destruction of the thermocouples. Oscillations of the 
thrust tra ce were due to an underdamped engi ne mounting system. There 
fore, mean values were used for plotting thrust values. 

RESULTS AND DISCUSSION 

Linearity 

For small s teps i n fuel flow, the engine response can be represented 
by the t ime requir ed for the engine speed to reach 63 percent of i ts final 
value . For l arger and larger transients, all ending at the same final 
speed (fig . 2) , the 53-percent points will be the same in the linear range 
A plot of these 53- percent points is sho,Vll in figure 4 as a function of 
the change of speed incurred duri ng the successive accelerations. A lin
ear range (constant response time) of approximately 15 percent rated 
engine speed i s i ndicated i n fi gure 4 ; for larger transients the response 
t ime i ncreas ed rapidly . 

If slopes are taken of the engine- speed traces in figures 2 and 3, 
curves of engine acceleration can be obtained for each of the engine 
transients initiated by the different steps in fuel flow. These accel
eration data are plotted in figure 5 for the accelerations to the same 
final speed (fig . 2) and in figure 6 for the accelerations from idle to 
different final speeds (fig . 3). Examination of figures 5 and 6 indi
cates that the linear region of operation, as charac terized by the 
straight- l ine variation between acceleration and engine speed, extends 
over a speed range of approxima tely 15 percent rated speed for transients 
initiated anywhere within the engine operati ng range. 

The comparatively large region of engine linearity encompasses 
many of the transients that might be expected during combat maneuvers 
and from initiation of tail -pipe burning, and is therefore significant 
in that the engine response to such disturbanc es may be predicted from 
straightforwar d linear analysis . 

Maximum Acceleration and Thrust 

Maximum a ccelera tion. - The acceleration data plotted in figure 5 
for success ively larger fuel - flow steps from idle speed indicate that 
the initial a cceleration is insensitive to the amount of fuel flow added. 
For example , on fi gure 6 it can be seen that at 40 percent rated speed 
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the values of acceleration all coincide despite the existence of differ
ent fuel flows at the same speed. The fact that no increase in acceler
ation was obtained from increasingly larger fuel steps implies that the 
physical limitations of the engine wdth respect to acceleration have 
been reached. This limited acceleration may be the result of poor com
bustion efficiencies incurred at the over-rich fuel-air ratios or the 
result of reduced turbine and compressor efficienci~s attributable to 
the large deviations from equilibrium operation or both. 

As shown in figure 6, an envelope of all the acceleration curves 
may be drawn that represents the line of maximum acceleration for the 

engine. Acce lerations resulting from the l argest fuel -flow steps do not 
coincide wdth this maximum accelerat ion envelope because violent surge 
in these transients resulted in a loss of acceleration (see compressor
discharge-pressure traces, figs. 3(d) and 3(e)). This successful 
acceleration through surge, accompanied by only small losses, is not 
necessarily characteristic of other turbojet engines. 

The mean curve of figure 5 is shown in figure 6 in order to help 
fill out the contour of the maximum acceleration envelope. It is impor
tant to note, however, that figure 5 contributes evidence to support the 
assumption that the maximum acceleration line of figure 6 is unique 
(for this engine) and not dependent upon how the fuel flow was added or 
at which initial speed the transient was incurred. The four largest 
transients of figure 5 show that the same final value of fuel flow 
resulted in approximately the same values of acceleration, although the 
change in fuel flow and the initial speed were different in each case. 

Maximum thrust. - From the data of figure 3, a curve of thrust 
against engine speed can be obtained for each of the fuel-flow steps, 
as shown in figure 7. These curves exhibit thrust characteristics simi
l ar to the a cceleration characteristics. The initial jump in thrust is 
independent of the size of the fuel step, and the values of thrust during 
the largest transients are adversely affected by the existence of surge. 
The small increase in thrust for a step change in fuel flow from idle 
speed and also from any other speed in the low-speed range (equivalent 
to the spread in the thrust curves along a line of constant speed) indi
cates that, for sudden demands upon the engine at low speeds, appreciable 
increases in thrust can be realized quickly only as a result of rapid 
increases in the speed level of the eng~_ne. 

The relation between thrust and acceleration can be obtained from 
a cross plot of figures 6 and 7, and is shown in figure 8 for lines of 
constant speed. From figure 8 i t can be seen that maximum thrust corre 
sponds very closely to maximum acceleration for a given speed. In gen
eral, the flatness of the constant-speed lines indicates t hat the possi 
ble increase in thrust resulting from a step in fuel flow at constant 
speed is relatively small compared with the available increase in 
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acceleration . Engi ne a ccelerat i on along the contour of maximum accel
erati on would therefor e r esult i n a ppr oxima tely maximum thrust as well 
as maximum a ccelera tion . 

Fuel-Flow Schedule 

The accelera tion curves of figure 6 are lines of constant fuel flow) 
and the points of t angency wi th the maximum acceleration envelope there
fore desi gnate the minimum fuel flows associated with maximum acceler 
ation for t rans i ents initia ted f rom each equilibrium speed . If the fuel 
flow and speed for each point of t a ngency are plotted) a schedule of 
fuel fl ow f or a ccelera t i on i s thereby descr ibed that should result in 
ma ximum a ccelera tion and thrust . This fuel - flow schedule for acceler
ation is shown in f i gur e 9 together with the equilibrium operating line 
of the engine . A step in fuel flow f r om the equilibrium line to the 
fuel schedule line would result i n ma xi mum initial a cceleration and 
thrust . Optimum conditi ons would then be maintained by permitting t he 
fuel f low to i ncr ea se with speed a cc or ding to the fuel schedule until 
the desir ed value of s peed is a t tained , at which point the fuel flow 
would be reduced by a step down to the equi librium value . I nasmuch as 
the fuel schedule ca lls for only small initial steps in fuel flow) i ts 
use would result in a minimum tempera ture overshoot consi s t ent with 
maximum a cceleration and mi ght conceivab ly reduce the possibility of 
surge and blowout . 

The adva ntage of the f uel schedule with respect to t i me of response 
may be seen f r om f i gure 10) which compares the speed- time da ta of f i g
ur e 3 with a hypothetical a ccelerat i on obtainable with the fuel sched
ule . Speed- time da t a f or the fuel schedul~ were obtained by integration 
of t he max i mum acceleration envelope ( fig . 6) such that 

N 

t _ to = ('N( t ) 

JNO 
dN -. 

where 

t time ) sec 

to t ime a t start of trans i ent 

NO speed a t start of transient ) rpm 

N(t) speed a t time t J rpm 

N speed, rpm 

N a ccelera tion dN/dt 

J 
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The curve shown for acceleration with the fuel schedule assumes that 
the use of a smaller fuel step would eliminate surge so that the value 
of acceleration at any given time would correspond to a point on the 
maximum accelerat ion envelope . 

SUMMARY OF RESULTS 

7 

Large fuel steps ) resulting in transients over virtually the entire 
operating range) were utilized to provide information relative to the 
dynamics of an axial-flow turbojet engine with a fixed-area exhaust 
nozzle operating under sea- level static conditi ons . The results of 
t his experimental investigation are summarized as follows: 

1 . The t urbo jet engine util ized for this investigation accelerated 
successful l y through surge . 

2 . In the low- speed range ) thrust was almos t entirely a function 
of engine speed . For l arge t rans i ents ini t iated at low values of 
engine speed) the immediate increase in thrus t resulting from a step 
in fuel flow was negligible) and rapid and appreciable changes in thrust 
were attainable only from rapid i ncreases in engine speed. 

3 . From various - size fuel steps) all ending a t the same fuel flow) 
a single rel ation between acceleration (or torque) and engine speed was 
obtained f or a given final fuel flow) r egardless of the size of the 
transient. 

4. Acceleration resulting from a step in fuel f low was limited to 
a maximum value a t each engine s peed) r egardless of further increases 
in the size of the fuel step above an optimum value . A curve indicating 
the maximum a ccelera t i on a ttainable a t ea ch engine speed was obtained 
f r om t he envelope of a c celera tion- speed data for different- size fuel 
steps. 

5. A fuel schedule was obt ained from the da t a tha t would result in 
maximum a cceleration and thrust with mini mum fuel flow for any desired 
change in operating level . Thi s fuel schedule required relatively small 
steps in fuel flow and is therefor e considered advantageous because of 
lower initial tempera tures a nd possible elimina t i on of surge and blowout. 

6 . The engine appeared to be essentially linear for transients in 
speed up to 15 percent rated engine speed) in tha t a constant response 
time and a straight- l i ne variation between a ccelera tion and speed were 
obtained for thi s speed range . 

Lewis Flight Propuls i on Laboratory 
National Advisory Co~nittee for Aeronautics 

Cleveland) Ohio 
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nglne speed 

Tbese ~races no~ ~tili? ,d 

(a ) Initial engine speed, 79 per cent rated; change in engine speed, 13 percent rated . 

:.------ .Engine speed 

(b) Initial engine speed, 76 per cent rated; change in engine speed, 16 percent rated . 

~ Jgine speed 

(c ) Initial engine speed, 71 percent rated; change in engine speed, 21 percent rated . 
-- - -----------------

F:.lo_ ,I\; SS..Il __ ,·_-----------------------

o 1 2 3 4 5 6 7 9 
Time, sec -

(d ) Initial engine speed, 68 percent rated; change in engine speed, 24 percent rated . 

Figure 2 . - Response of engine to step change in fuel flow f r om var ious initial engine 
speeds to 92 per cent r ated . 
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cd 

(e) Initial engine speed, 63 percent rated; change in engine speed,29 percent rated . 

preasur· 

(f) Initial engine speed , 58 per cent rated; change in engine speed , 34 percent rated . 

-

o 1 2 3 4 5 6 7 8 9 10 11 

Time, sec ---
(g) Initial engine speed, 52 percent rated; change in engine speed, 40 percent rated. 

Figure 2. - Concluded. Response of engine to step change in fuel flow from various in! tial 
engine speeds to 92 percent rated . 
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(c) Final engine speed , 81 per cent rated; change in engine speed , 43 per cent rated . 

F igure 3 . - Response of engine t o s tep cha~~e in f~3 1 f l ow f rom idle speed . 
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Figure 9 . - Fuel-flow schedule for maximum acceleration. 
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