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CHARACTERISTICS OF A Tt.EBOPROP ENGINE 

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

A turboprop  engine was investigated mer a range of Mach numbers 
* frm 0.15 to 0.5 at  altitudes of l5,ooO and 35,000 feet in order to  ob- 

tain a description  of  the  engine  dynamic-response  characteristics. Ap- 
proximate  step  disturbances in the -ut variables,  fuel f l o w  and  pro- 
peller  blade  angle, were utilized  to obtain the  desired  information. * 

Engine  response  time was found to be  affected  by  both  altitude 
and  Mach  number. The rise  ratios  of the other  v~lriables  considered, 
compressor-discharge  pressure and torque,  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  engfne power level. A line- 
arized  first-order  description of the  engine  response was found to  be 
acceptable for propeller-blade-angle  d€sturbances.  Engine  response for 
fuel-flow  disturbances  exhibited  higher than first-order  effects,  but 
the came8 of this  were  undetermined. 

Design  and  analysis of the  control  systems  for  gas-turbine  engines 
often can  be  simplified by use of analytical  techniques in ach part 
or all of the  system is replaced with its  mathematical  equivalent. A 
particularly  useful  application of this procedure  is to replace  the en- 
gine  with  its  aynamic  equivalent  thus  permitting  study of a cmplete 
controlled system without  necessitating  operation of a full-scale 
engine. 

The choice of a mathematical  representation of 89 engine  largely 
& w i l l  be  determined  by  the  modes of operation  considered. If only sta- 

bility and responae  to s m a l l  perturbations  are  considered, a linearized 
first-order  description  of  the  engine  can  be  useful. In  order to obtain 

LI 
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information  on  this  description  of a turboprop  engine, a m b e r  of ex- 
perimental  programs  previously  have  been  conducted, and the  status of 
infomtion available  at  the  initiation  of  the  investigation  reported 
herein may be  sllmmarized  as  follows: . . 

. .  

t 

L. 

. .. ” 

A turboprop  engine,  when  subjected  to a perturbation  in  either  fuel 
flow or propeller  blade  angle,  exhibits  first-order  linear  characteris- 
tics  up  to  at  least  10-percent  chELnges.in  speed,  and  the  time  constant 
can  be  closely  predicted by calculation f r o m  steady-state  characteris- 
tics  (refs. 1 to 3). A limited  frequency-response study of  an  englne 
over a range  of  altitudes  at  constant  Mach  number  indicates  that  the 
generalized  engine  time  constant  is  invariant  with  altitude  (ref. 1). 
The  effects  of  Mach  number on the  time constant have not been  detcrmincd 
experimentally.  Generalized  engine  gains such as speed  to  fbel f l o w  e); do not vary appreciably  with  dhanges in altitude,  but  Mach  num- 

ber  effects on these  gains have not  been  ascertained.  The  variations of 
torque- and carnpressor  pressure-rise  ratios with flight  conaition  also 
have  not  been  determined.  Same  differences  have  Been ntited between  the 
response of a turboprop  engine  to a f’uel-flow  disturbance  and a 
propeller-blade-angle  disturbance,  but  the  cause of these  differences is 
undetermined. 

V 

c 

An experimental  program was conducted in order  to  verify  the  ex- 
isting  information  and  to  investigate further the  dynamic  performance 
of turboprop  engines.  The  results of this program 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  variation  in  gen- 
eralized  time  constant  with  Mach  number. &e 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 f’rm 
fuel-flow  disturbances was considerably  larger.  The  response  times  for 
blade-angle  disturbances  were  predictable f’rm knowledge of the engine 
and  propeller  steady-state  characteristics,  but only the  general  trenda 
of the  fbel-flow  disturbance  results  could  be  predicted. 

The  objectives  of this report  are  to  present  methods  and informa- 
tion  sufficient  for a linearized  dynamic  description  of  the  significant 
dependent and independent  variables of a turboprop  engine.  The Fnde- 
pendent  variables,  fie1 flow and  propeller  blade angle, and  the  depend- 
ent  variables,  torque,  rotational speed, and  compressor-discharge  pres- 
sure, will be  considered.  Experimental  information  necessary  to uti- 
lize  the  mathematical  description is obtained  and  uhere  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 tht occur as different 
input  variables  are  perturbated. 

rl 

A turboprop  engine was installed in the  altitude wind tunnel of the 
w XACA Lewis laboratory, and the aynamic characteristics  were  investigated 
m over a range  of  lkch  numbers *am 0.15 to 0.5 at  altitudes of 15,000 and 
4 35,000 feet.  The  engine was subjected t o  perturbations in fuel flow and 
cn 

propeller  blade  angle  of  varied  size and direction, and inPomation suf-  
ficient for a dynamic-response  description of the  engine was obtained. 

AWGYSIS 

If the analysis of the dynamic performance  of a turboprqp engine is 
limited to stability  studies and to  the  response  to small disturbances, 

an engine  has but one  energy storage element,  the  propeller-engine  rotor 
assembly, it  can  be  considered a first-order system. This consideration, 
together  with  the  assmrption of quasistatic  operation during a transient, 
results in the  mathematical analysis presented in references 1 to 3. In 
these  references  it is shown that the  speed  response of a turboprop en- 
gine  when  disturbed  by  f'uel flow and propeller  blade angle I s  

-b a linearized  treatment  of  the  engine  characteristics may be  used.  Since 

(Symbols used are  defined  in  appendix A. 1 

z 
d pressure, and so forth, may be  expressed in the general form X: 

Other  dependent  variables such as torwe, campressor-discharge 
3 

The  same  time  constant T appears in all these  equations,  and  it 
may be  expressed Fn partial-derivative form as 
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All quantities are referred  to  the  engine shaft speed  by  appropri- 
ate  use of the reduction-gear  ratio. The quantities a and b in 
equation  (2) are rise  ratios  and  also cai be  expressed in partial- 
derivative form as 

a = l -  

and 

b * l -  

PC 
N 
u3 
M 

(5 1 
V 

A more  complete  derivation  of  these  equations i s  presented  in  ap- 
pendix B. Depending  on individual preference or convenience in a par- c 

ticular  application,  either  the  transfer-function or the  partial- 
derivative  presentation of these  equations  can  be  utilized.  One con- 
venient m y  of manging the  equations  is *the matrix  form  of  figure I.. 
Here  the  engine  inputs  are shown at the top of each  column.  Output var- 
iables are obtained  by  taking  the  input to each column, multiplying it 
by the  partial-derivative  coeffiaients,  and sugming these  products 
across  the rows. Each row describes  one  dependent  variable,  and  the 
first  two columns show the  direct  effect  of  each  independent  variable 
on each  dependent  variable and thus  are  the  gain  terms  of  equations (1) 
and (2). The  derivatives in column  three  are  related to the  rise ratias 
of  equation (2) by  the  expressions of equations (4) and (5). For a tur- 
boprop  engine all the  terms in figure 1 generally can be  evaluated  by 
taking  the  slopes of the  appropriate  curves from steady-state  perform- 
ance maps. The  extent t o  which  the engine holds to  quasistatic perfom- 
ace thus  can  be  determined by comparison  of  the  calculated  response to 
the  transient  experimental  results. 

The  turboprop  engine  utilized  for  the  experimental program had a 
19-stage d a l - f l o w  canpressor, an eigh*-caIi  caibustor,  and a four-stage 
turbine and was equipped  with a three-blade  l3-foot-diameter  propeller. 
A complete  description of the  engine  including  the  steady-state  perform- 
ance  maps  is  given in reference 5. The engine was wing-mounted  in  the 
20-foot-diameter  test  section of the NBW altitude wind tunnel  as shown 
in figure 2. 
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Lhfomnation on engine  transients  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  €bel  system  which  consisted of the folloKing: electrically  driven 
purqp,  hydraulically  actuated  metering  value, and a fast-acting  regulator 
maintaining a constant pressme drop across  the  metering  valve.  For 
blade-angle  disturbances  the servo portion of the  speed-pitch  control 
system  supplied with the  propeller was utilized  after modifications 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  condLtion.  Varied-size  disturbances were introduced in each  inde- 
pendent  variable  wh.ue  the  other  independent  variable was held  constant 
at a desired  value.  Transients  were run in yajrs up f h m  and down to a 
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 Wormation was obtained  by 
use of three  six-channel  direct-inlring  stripchart  oscillographs with 
associated  amplifiers for each  channel.  Table I gives  the  equipment 
used  for  both  steady-state and transient  measurement of each  variable 
considered.  Included in t h i s  bble are the dynamic characteristics  of 
the  transient  instrumentation. An engLne  cross  section showfng instru- 
mentation  statioqs  is shown in figure 3. 

RESULTS AM) DISCUSSION 

The  turboprop-engine  dynamic-response  description in the mtrix of 
figure 1 is a linear description of the  engine, and the  assumption  is 
made  that during a transient  the  engine will hold  to  quasistatic per- 
formance.  Certain  reservations on the  validlity of this  description  must 
be  made,  because  the  engine  dLscussed  herein is shorn in reference 4 to 
exhibit  differences i n  response characteristics that were  dependent 011 
which  input  variable, fuel f l o w  or blade angle, was disturbed.  After 
these resemtions are recognized, an exmahation of the  engine  consid- 
ered  as a quasistatic system is possible.  Information on the  correct- 
ness,  limitations, and uses  of the engine  description of figure 1 will 
be  presented  at  appropriate  points. - 

The presentation of results wfll be in this order: I) engine ex- 
perimental  transient  results for fuel-flow  disturbances, f 2) calculated . 
engine  response and comparison  with  exgerimental  results of fuel-flow 
and blade-angle  disturbances, (3) examination of miations between ex- 
perimental  and  calculated  results,  and (4) development of modifled  en- 
gine description  usable for this  engine. lh addition, an organization 
of engine information sufficient for a complete  description of engine 
dynamics  at the design  flight  condition is presented. 
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For convenience  in making canparison, all engine  Informatian  pre- 
sented will be in generalized form. For this  purpose standard RAGA gen- 
eralization  factors, 6 and 8, are  utilized. 

c 

kgine Experimental  Response to Fuel-Flow  Disturbances 

A typical  experimental  transient  recording of engine  response  to a 
step change in Fuel f l o w  is show in  figure 4.  The  variables are fuel 
flow, propeller  blade  angle,  torque, canpressor-discharge pressure, en- 
gine  rotationaL.speed, turbine-Met temperature, and tunnel dpamic 
pressure. The semilog method was used  to  determine time constants and 
rise ratios, and a 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 *am such plo ts  is given in  reference 
3. 4 

Time Constant _" - 
. .. . - .  . . . .  - 

." . .- - .. 
. - .  .=-. . - 

b- 

The  engine  response  times  determined by the  slopes of the semilog 
plots were obtabed for a number of flight conditions and are shown in 
figures 6 and 7. In figure 6 the effects of Mch number and power level 
on the  engine  responsc  time  are shown for two  altitudes. For both  alti- 
tudes and at a l l  power  levels  the  generalized  time  constant is seen to 
increase as the  Mach  number  decreases. The value at a k c h  number of 
0.15 is 60 percent  larger  than  the value at a 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 perfomce 
maps.  Power level does have an effect on time  constant,  particularly 
at  lower  Mach  numbers.  At a Mach number of 0.l5, the  generalized time 
constant is about 50 percent  greater  at low power levels than it is in 
the  range of high-power  operation. As Ught Mach nmber increases, 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 h i g h  puwer levels. 

In the  plot of figme 6, the data points shown were rmn at differ- 
ent values of  propeller blade angle and rotational  speed. A considera- 
ble  effort was made  to  determine  trends in the data scatter with each of 
these two  variables,  but  none  could be found. Varied-size fuel disturb- 
ances also were utilized to obtain the data in figure 6. The fuel dis-  
turbances were sufficient  to  cause fkanr 4- to  10-percent changes fn 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 enghe response the is 
illustrated in figure 7. &ch  number ie held constant in this plot ,  and Y 
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at  both Elach numbers  of 0.15 and 0.3 the  generalized  time  constant  is 

15,000 feet. This decrease  conflicts with information  obtained on 
previous  turboprop  and  turbojet  engines  (ref. 6 )  where  It was found 
that  the  generalized  time  constant was invariant  with  altitude. Fur- 
ther.  examination  therefore was made  of  the  engine  steady-state  perform- 
ance  characteristics. 

rl approximately 20 percent lower at an altitude of 35,000 feet  than  at 

0 4  EI equation (3) it  is  seen  that  engine  response  time is dependent 
m 
N on the  moments  of  inertia and two partial-derivative  torque  terms. One 
4 

tern is a propeller  characteristic  and  the  other (g)w is an en- 
gine  characteristic. As mentioned  previously,  the  engine  considered 
herein also is  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  performance  indicated  that  at a 

t 

given hbch number  the  gain would not vaxy appreciably  over 

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

partial  derivative ’Q fl requires  constant mel-now information 
at  the  desired Mach nmiber over a range  of  altitudes.  This  information 
is  not  available on the  particular  engine  considered  herein;  however, 
such  information  is  available from another 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-flowlines on generalized  torque- 
speed  maps  are 60 percent  steeper  at 35,000 feet  than  they  are  at 15,000 

feet.  This  increases aQ and, because  of  the  relative  size of 

the  two  torque  terms  involved, would decrease  the  generalized  time con- 
stant  appro-tely 20 percent. This is  very  close  to  the  difference 
in  the  response  times shown in figure 7. 

(XI, 6 

(x)* 6 

Previous  studies  (refs. 1 and 6) have  shorn  that  the  generalized 
speed  response  of a gas-turbine  engine  does not change qpreciably 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 m e  
flight  condition  to  predict, through generuzation, the  speed  response 
of 8.n engine  at mother flight  condition c&I1zLot be  considered  reliable. 

acteristics  of a speclfic  engine  at a desired  flight  condition. How- 
ever,  before  these  values  can  be  considered  to  be  reliable and accurate, 

the  particular  flight  condition  studied. 

- Generalization can be  utilized to obtain a rough prediction of the  char- 

- data  sufficient  for  at  least a few  point  checks must be  available from 
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Compressor-Discharge  Pressure 

The variations in compressor-discharge  pressure-rise  ratio  with 
power  level  are shown in  figures 8 and 9 for  variations  in  altitude  and 
Mach  nwnber,  respectively.  Figure 8 shows that  the  rise  ratio  increases 
wfth  increasing  power  with  about a 30-percent  increase  between l o w  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 15,030 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,  is  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  reasonable  to  expect  that  com- 
ponent  efficiency  changes  Kith  altitude  .that  affect the generalized  time 
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 possibility  that  they  would  be  unnoticed,  because  the experi- 
mental  determination  of all rise  ratios  inherently has a greater  degree 
of  uncertainty  than  the  time-constant  determination. 

In  figure 9 are  illustrated  the  effects  of changes in Mach number 
on  the  pressure-rise  ratio.  At an altltude of 15,000 feet  there  is a 
slight  increase  in  rise  ratio  for a change in Mach number f r o m  0.15 to 
0.3, while at 35,000 feet for the  same k c h  numbers  there is no  definite 
increase.  The  rise  ratio  at a Mach  number  of 0.45 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  somewtmt  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 fn rise  ratio 
with  increase  in kch number  does  eldst.  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 the 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  ratio  with  power  level  is shown in 
figures 10 and 11 for changes  in kch number  and  altitude,  respectively. 
Figure 10 illustrates  that  at a constant Mach nunber the rise  ratio  is 
essentially  independent of altitude  and  that  the  power  level  causes an 
increase  in  rise  ratio of approximately 10 percent as operation  pro- 
gresses from low to high power. The mngeneralization  of  engine 
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characteristics  (as  brought  forth  under  the  time-constant  discussion) 

mation,  but  none  is  observed. The degree of uncertainty  in  the  rise- 
ratio  results  as  discussed  previously  apparently masks agy such  result. 
Changes i n  k c h  number  also  have  little  or no effect on the  torque-rise 
ratio  (fig. ll). This nonvariancc can readily be  exglained  by  use of 
equation (4).  In this  equation  let a be  the  torque-rise  ratio and 
X be  the  torque. Even though  the  propeller  torque  characteristic 

w i l l  change  greatly  with  flight  speed  (ref. 41, its  appearance i n  both 
numerator and dencaninator will  minimize any effect  on the rise  ratio. 
Changes in ("") with Mach number  could  change  the  results  but  appar-. 

ently do not.  This  tern also is shown in  reference 4 t o  be  essentially 
invariant  with h c h  Lurmber  at a given  altitude. 

-1 also was expected  to  cause a change with altitude  in  the  torque  infor- 

@Ip 
B W  

t 

Semilog reduction  of  experimental  recordings  of  engine  response 
chmacteristics  to  fuel-flow  disturbances  thus  may  be  sumnarized  as 

ccqressor-discharge  pressure-rise  ratios  increase  samewhat  with in- 
creasing  power  level;  torque-  and  pressure-rise  ratios  are  essentially 
independent  of  altitude, a l e  torque-rise  ratio is essentially  inde- 
pendent  of  and  pressure  is slightly dependent on Mxh nuniber. 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  direction  notice- 
able  up  to  &lo-percent  changes  in  speed,  the maximum size  studied. 

i follows:  Time  constant  decreases  signtficantly  and  torque-  and 

Extent of Quasistatic  Performance 

The  engine  under  consideration  herein  is  shown  in  reference 4 to 
have  response  times  for  f'uel-flow  disturbances  that  were  considerably 
longer  than  the  response  times  that  resulted from blade-angle  disturb- 
ances. This performance  differs frm that  typical  of a linear  first- 
order  system;  therefore, =her investigation of the  performance  dif- 
ference is in  order 

A comparison of engine  time  constants  obtained'in  different ways 
is  made. T h e  constants f r o m  blade-angle  disturbances  are  obtained  by 
use  of  numerical  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  torque-speed  curves 
such  as  those  of  figure 12. The  slopes of these curves are obtained 
end then  substituted in equation (3). The  generalized  time  constant 
from fuel-flow  steps  is  obtained  by use of the semilog method  and  is 

-3 

I simply a transfer of the  Fnformation of f'igure 6. Calculated values 
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of  the  time  constant  at  various  blade  angles arrd rotational  speeds a r e  
compared  with  those  from  blade-angle  and  .fuel-flow  transient  data in 
figure W for  two  flight  conditions.  Blade-angle  transient  data  are 
available only  for an altitude  of 35,000 feet.  The  time  constants  ob- 
%ained *am blade-angle  transient  data  agree  very  closely  with  the &- 
culated  time  constants,  while  those f'ram fuel-flow transients are con- 
sistently 30 to 40 percent  larger  at  both  flight  conditions. Thus the 
response  to  blade-angle  disturbances may be  considered  to  be  quasistatic 
and  predictable  through  the  use  of  steady-state  performance  maps. 

Camparison  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  equation&  of 
the ANALYSIS section.  The  values  obtained  through  point-by-point  calcu- 
lation  are shown in figure 15, mere CsilcUted and experimental results 
are  compared  for  two  flight  conditions.  The  experimental  information 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 t he  
calculated  values  for each flight  condition.  Camparison of each  curve 
with  the  experimental  results shows that the  experimental  results  axe 
approximately 65 to 85 percent  of  the  calculated  results  at  both  flight 
conditions. 

c 

A similar  examination  of  the  torque-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  in  the  case of compressor  pressure,  the 
calculated  results  are  considerably  higher  than  the  experimental val- 
ues.  The  ratio  between  calculated and experimental d u e s  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 *om the  calculated,  or  what may be  considered 
quasistatic,  performance.  Further  examination  of  the  results  is  in  or- 
der. In figure 5 a typkal semilog 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 number 
of intersecting  straight lines with  the  line  of  fipite  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  plotted go to. zero is  there a deviation  of  the  experimental re- 
sults f'rom the  theoretical  values. This amount of deviation in itself r 
is  not  significant. Closer results  seldom can be  obtained  because of 
random  error6 in reading  and  recording.  The  significance, however, is 

" 
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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 

theoretical  lines as the  plotted  values  approached  zero.  This ins- 
cated  that  some  nonlinear  or  higher-order  effects  existed,  but  infor- 
mation  on  these  effects  could  not  be  determined from examination  of 
the  semilog  results. A number of fuel-step  records,  therefore,  were 
analyzed  by  use  of  the  numerical  harmollfc  method  previously  used  for 
blade-angle  disturbances. 

4 case  the  experimental  results  invariably  deviated  upward f r o m  the 

Typical  results of this  analysis  are shown in figure  17. Ln 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  amplitude  ratio..) This figure  does  not  show  any  unusual  as- 
pects,  and  the  theoretical  first-order  curve  agrees  closely  uith  the  ex- 
perimental  results. In addition,  the semilog and  the  harmonic-analysis 
methods  give  appron'tely  the  same  response  time  as  expressed by a tlme 
constant.  Significant  deviation from response  typical  of  first-order 
systems is evidenced  in  figure 17(b), however.  Here  the  phase  shift  of 

mental  results  show a phase shift in excess of the  theoretical  first- 
order  curve drawn. The  position  of  the  first-order  curve in f i v e  
17(b) was obtained  by  placing  its 45O phase-shift  point  at  the  same 
frequency  as  the  0.707  point  of  figure 17{a). 

t 

lil engine  speed  to  fuel  flow  is  plotted against frequency,  and  the  experi- 

2 
al 
P 
N 

w I u 

Examination  of  the  engine  experimental  temperature  response  also 
geve  evidence of unusual  characteristics.  The turbine-inlet-temgerature 
trace  in  figure 4 is typical of the  observed  engFne  response to fuel 
steps  and  is  sfgniffcantly  different  From  other  engines  considered  pre- 
viously.  Figure 4 illustrates  that  after a f'uel disturbance  the  tanper- 
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  temgerature  rise  above  the  final  steady-state  value. 
Generally  wben an engine  is  subjected  to a step  increase  in  fuel  flow, 
a sharp temperature  rise  immediately  is  expected  and  then  as  the  speed, 
and thus  the  air f l o w ,  increases  and  exponentially  approaches a steady- 
state  final  value,  the taperature drops  exponentially  to a final  value 
that  is  higher than the  initial  point.  The emerimental results  shown 
in  figure 4 obviously  do  not  agree with this expected  behavior.  The 
consistent  rise  in  temperature of the  experimental  response  indicated 
that sane long-term  variation in the  combustion  process, a change  in 
the  efficiency of some  component, or a change in the  engine  geometry 
was taking  place  with a change in fuel f l o w  and thus causing the dif- 
ferences in response  due  to  the  different  inputs. An obstacle  to fur- 
ther exmination encountered  here was that  both  the " m o n k  and semilog 
methods  tend  to  emphasize  the  zone in the  time  response  close to the 
basic  engine  time  constant. This emphasis  plus normal data  scatter (for 

I 
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a gas-turbine engine) makes  exceedingly  difficult  the  determination  of 
information  that Bas characteristic  times  which  dfffer from the  basic 
engine  time  constant  by  more than a factor of 2 or 3. 

The  nature  of  the  teqperature  trace  indicates  that a possible caue 
of the  unusual  engine  behavior was that  the  cambustion  efficiency  or  the 
combustion  zone  changed  during  the  transient,  and  this  resulted  in  less 
than  the  expected  amount  of enera being  available  at  the  turbine  to  ac- 
celerate  the  engine.  Temgerature  and fuel flow  are  closely  connected; 
therefore  it  seemed  reaeonable  to  operate on the mel-flow input  to  the 
engine  by  adding  what  could  be  considered  dynamic  combustion-efficiency 
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 figwe 18. Here 
the  input  to  the  engine  is  effective me1 flow,.and  the  .gathematical  ex- 
pression  relating  it  and  actual  f'uel  flow  is  considered 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  simulated or calculated  response is shown in 
figure 19(a), and  examination of the  temperature  trace  shows  it  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  1-second  time  constant 
of these  curves wa8 chosen  arbitrarily  during  the  process of obtaining 
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  1-second  engine to the  effective-mel-flow  input. They show 
in  the  frequency  domain  the  simulated  response  that was shown in the 
time domain in figure 19(a). Agreement  between  the  simulated  response 
to  effective f'uel 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  in  figure 
19(b).  (Response time is  considered  to  be  determined  by  the 0.707 
amplitude-ratio  point. ) The  effective  response  time of the  1-second 
engine  increases 35 percent  when  subjected  to  the  effective me1 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  dfffe-rence also is  the re- 
sult  that  would  be  obtained  by  different  inputs  to  the  matrix  engine 
description of figwe 18. Thus  the  addition of the  effective-fuel-flow 
dynamic  terns  (fig. 18) produces an engine  description that does  the 

I 



JXAW RM E55C23 c 13 

1 

following: (1) causes  the  experimental  and  simulated  temperature  traces 
to  be  very similar, (2) produces  sFmulated  speed  traces  that  match  ex- 

times to f'uel-flow  disturbances that are  considerably  longer than the 
response  times  to  blade-angle  disturbances. 

4 perimental  results, and (3) allows the  simulated  engine  to  have  response 

. 
w cn 
c\) 
4 

An adequate  description  of  the  rotational-speed  response  of  this 
engine  to  fuel-flow  disturbances thus requires  the  fir&-order  terms 
of the  basic  engine  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  terns  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  description of the  engine  response.  The dy- 
namic  relation of effective f'uel flow  to  actual  fuel  flow i 6 ~  from T figure 18 

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

L 

The  experimental  rise  ratios  were  determined by the semilog method. 
This procedure  inimtzes  the  effects  of m y  time  terms  that  are  short 
relative  to  the  engine  time  constant. The experimental  initial  rise 
in X upon a f'uel  disturbance  therefore  would be the  limit of equation 
(7) as  time  approached  zero  but  excluding  the  term (1 + 0.037$); that 
is, 

AX= (g)p (ac>AW 

The r i s e  ratio as calculated from equation (4) and the  steady-state  per- 
formance  maps  is  a. Thus, if the  effective-mel-flow  concept  is  rea- 
sonable,  the  experimental  transient  results w i l l  appear,  in  comparison 
with calculated  results, too  small by  the  amount of the  rise  ratio c 
of equation  (6)(again  with  the  exclusion of the  effects of the  term 
(1 f 0.03~~6)). The  rise-ratio  comparison  plots of figures 15 and 16 
show that all the  experimental  results  are  about 75 to 85 percent of 



the  calculated  results.  The  effective-fuel-flow  concept thus i6 sub- 
stantiated  by  the  torque- and pressure-rise-ratio  information as well 
as  by  the  speed  and  temperature  information  discussed  previously. 

Separate  examFnation of the  speed,  pressure, and torque  responses 
thus  consistently  indicates  that,  when fuel-flow disturbances  to  this 
engine  are  considered,  the  calculated or predicted  transient  response 
can  be  correlated  with  the  actual werimental results  by addition of 
dynamic terms such as  those of effective fuel flow in equation (6). 
Because of experimental  scatter; it was bnposslble f r o m  camparison 
with  the analog results  to  define  clearly  these  additional  dynamics, 
but  the form of equation (6) is a reasonable appromtian. The rise 
ratio c is  in the range of 0.75 to 0.85 and T~ is  about  five  times 
the  engine the constant.  Use of these  values for this engine will 
give  good apeement between  the  calculated  and  experimental results. 
This agreement will hold for time constants and rise ratios and for 
fie1  and  blade-angle illputs. 
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Correlation of the  results is  not a proof of the  effective-mel- 
flow  concept. It merely  illustrates  that, In the  fYequency  range  can- 
sidered,  agreement can be  obtained  between the experimental and calcu- 
lated  results  by  adding a number of dynamic terms  .to  the me1 input. 
The  description of these  teras as obtained  (ea. (6)) is  simple and only 
may be an. approximation  of  more  complex phenmeri6. Coniideration of 
the  dynamic  approximation of equation (6) does,  however,  provide  the 
controls-system  designer  for  this  particular  engine  with a mre accurate 
computational  method  than would be  available  with  the  engine  description 
of figure 1 alone. A more rigorous and exact  analysis of these addi- 
tional &ynmics would be  desirable,  but  more"con6isten.t  &ta  over the 
frequency  range already studied  and  data  usable over a wider frequency 
range than presently  available  would  be  necessary.  Such  data a l s o  might 
provide an insight  to %he. exact  cause.&. nature o f  the  phenomena. ". .. . 

The  preceding  analysis of adding aynamic terms  to  the  input of the 
system, while  reasonable,  is  not  the only possibility.  Effects similar 
to  those  accounted  for  by  equation ( 6 )  also may be  introduced by a 
change  in  the  engine  internal  geometry or a change in the  turbine  flow 
processes  as  the  temperature  level 5s. changed with.f'ue1 flow. Various 
details of engine  design  were  examined f o r  explanations,  and j u s t  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 velqcity) was determined far thFs and f o r  other engines 
previously  studied.  The engine discussed  herein  ccanparatively had less 
time  to  complete  the  combustion  process  within the chamber, and this m y  
have  been a contributing  factor  to  the unusual behavior  encountered. 
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In  equations (I) and (2),  which  describe an engine  transient  re- 

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 columns  of 
figures 1 and 18. It is of interest to determine how these  coefficients 
vary with  engine  operation  point and flight  condition.  Ccmglete  opera- 
tion  maps  are  available only  for an altitude of 15,000 feet  and a Mach 
number  of 0.3 and for an altitude of 35 ,OOO feet and a M&ch number  of 
0.45. From  these  maps  the slopes are  obtained and those  for  ccmpressor- 
ascharge pressure  are  shown  in  figure  20. Ln figures 20(a) and (b)  the 

aains (g)p@ are  shown  for  two flight conditions.  Variations  with 
power  level  and  propeller  blade  angle  readily can be seen. In "tion, 
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 

hch numbers.  In  figures 2O(c) and (d)  the gains rs)w $ are shown, 
and  these also show  decided  differences at the two flight  conditions. 
These  variations  are  typical of those  encountered  for all other vari- 
ables  considered, and therefore it can be concluded that  the generaUzed 
engine  gains vary significantly wlth  altitude and hkch nmber. Knowl- 
edge of the  change  in  propeller  characteristics  with Mmh number  makes  it 
seem  probable that most  of  the  differences  shown in figure  20 m e  due to 
Mach  number  rather  than  to  altitude  effects,  but data sufficient  for 
proof are  not  available. 

.c 

Presentation of the  speed  and  torque  gains  to  fuel f l o w  and  pro- 
peller  blade  angle will cmplete the  matrix  representation of the en- 
gine at 15,000 feet  and a h c h  number  of 0.3. These gains are  shown 
in  figures  21  and  22. As in  the  case  of  canpressor-discharge  pressure, 
both  the  speed and torque  gains  show  decided  variations  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  number of 
0.3,  which  is  the appromtely design point of the engine. 



16 - NACA RM E55C23 

It  also  is  helpful  to  present  the  rise-ratio  information  of figues 
15 and 16 in the  partial-derivative  form  that is directly  applicable to 
the  matrix of This  is  done in figure 23, where  the  gains 

(%),+? and * are  shown  plotted  against  generalized shaft 

horsepower. 

Use of figwes 13 and 20 to 23 thus  provides  information  sufffcient 
for a description  of  the aynamfc response of this turboprop  engine  over 
the entire  operation  range  at an altitude  af 15,000 feet and a Mach mnn- 
ber  of 0.3. Considerable  changes  must  be  exgected  in all quantities if 
the  flight  condition  is  changed. For convenience,  values  at  100-percent 
power at 15,000 feet  and a &ch  number of 0.3 are tabulated  in  table 11. 

S W Y  OF RESULTS 

A turbcrprop  engine was investigated o v q  a range of Mach numbers 
frm 0.15 to 0.5 at-altitudes  of 15,000 and 35,000 feet. A description . 
of the  engine  dynamic  response  is  presented  for an altitude of W,OOO 
feet  and a EaEbch number of 0.3. 

The  extent  that  the  generalized  time  constant  varied  with  bhch  num- 
ber was delineated.  The  generalized  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  generalized  time  constant also varied  with  altitude  and 
power level.  Values  at 35,000 feet  were  approximately 20 percent  lower 
than  those  at 15,000 feet. This variation was found  to  be  predictable 
by use of the  steady-state  performance  maps  at  eaob  flight  condition. 

Rise  ratios  of  torque  and  compressor-discharge  pressure  for  fuel- 
step  inputs  increased  slightly  with  increasing power level  but  did not 
change  appreciably as altitude  varied.  Torque-rise  ratio did not vary 
appreciably with h k c h  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 quasistatic and is predictable  through  the  use of the slopes 
of steady-state  performance mps. 

Engine  response  to  fuel-flow  disturbances was found t o  have higher 
than  first-order  effects. In camparison  with  calculated  quasistatic 
results,  experimental  results  were  slower in time  response  and  smaller 
for  each  rise  ratio.  Differences  in  response  were  mathematically  ap- 
proximated,  but  causes  of  these  differences  were not determined. POE- 
sible caues seemed to  be  changes in the combustion  process or changes 
in  engine  internal  geometry or flow  conditians  with  power level. 
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The  characteristics of the  engine  dynamic  response w e r e  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, Ohio, March 31, 1955 
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SYMBOLS 

The following symbols are used i n  this report: 

r i s e  ratios 

engine  rotor. p o w  moment of inertia referred t o  engine shaft 

propeller  polar moment of iner t ia   referred  to  engine shaft 

engine  rotational speed 

pres  sure 

shaft torque 

Laplace operator 

shaft horsepower 

f'uel flow 

effective  fuel f l o w  

general dependent variable 

partial   derivative of X with respect  to Fuel flow with  pro- 
peller blade  angle  constant 

propeller  blade  angle 

r a t io  of absolute  total   pressure  to NACA standard pressure  a t  
sea-level  static  conditions 

r a t i o  of absolute  total  temperature t o  NACA standard  temperature 
a t  sea-level  static  conditions 

time constant of engine-propeller combination 

time  constant  of  effective  fuel flow 

Subscripts : 

e engine 
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.. 
f final  value 

1 P propeller 

1 engine  inlet 

2 compressor  inlet 

3 compressor discharge 

4 turbine  inlet 

5 tail pipe 

19 
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DEEIVA!i!ION OF TRANSIENT-RESPONSF: EQUATIONS 

The  equations  governing  engine  transient  response  are  developed on 
the  basis of t h e  assmptions  that  the  engine is first  order,  that it can 
be  linearized  about an operating  point,  and  that a l l  performance  is 
quasistatic. 

F 

w i n e  torque is assumed to be a flmction of f'uel f l o w  and speed: !i 

For smal l  excursion6 mound a point, 

The  difference 
engine. Thus, 

between  engFne  torque and shaft torque  accelerates  the 

In a Similar manner,  propeller  torque is assumed to be a flrnction 
of blade  angle asd speed:. 

&p 3 Q(P,N) 
Propeller torque also can be  expanded fo r  excursions around a point. 

The  expanded  expressions can be  combined  and  the shaft torque e U -  
bated. Then  at  constant  blade  angle, 

This  expression can be rewritten  as 
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or i n  the form . 

If fue l  f l o w  is held constant,  the speed response t o  blade angle 
can be obtained a6 

or  in the form 

Speed response to both fuel-f low ana bla&-an@;le disturbances i s  

21 
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Any other  engine  variable X is assumed t o  be a f’mction of fuel 
flow and speed: 

X = X(W,N) 

A t  constant blade angle, substitution of the previously  obtained  value 
f o r  AN gives 

or 

This also can be written i n  the form 

where 

and 

If fuel flow is held constant and blade  angle i s  varied, the pre- 
vious  expression  for the expmsion of X becanes 

c 

cu 
In 
M 

Ax = - (g)w AN 

.. 
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Substituting for AN results  in - 

and 

The final expression f o r  the  variable X thus can be  written as 

f 
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I Blade angle 

Turbine-outlet 
teeperature 

pressure 

Engine air flow 

total preseure 

Steady-state  instmmemtation 

Rotameter 

Slide-vfre m propeller and 

cu l t   t o   g ive   i cd i ca t im  m 
connected In elestrical cir. 

aicr-ta 

Modified e lec t ronic   d ig i ta l  
ca\ntu wlth frequmcy- 
grnsratlng  tachmeter 

Celibrnted b r i d e  balance on 
s tra in  dymr 

Electroulc memmmement with 
reluctance pickup6 Of t W l S t  
in drive shaft betveen cm- 
pressor and gearbox. Indi- 
cation of twlst given ca 
calibrated  self-balancing 
potenticmeter 

S i x t e e n  IndividuQl therm- 
couples connected t o  self- 
balancing  recorder 

Water leanometers 

TrsDeient  ingtnment.tSw 
semsor mequ=cr - w e l  

op. 

Aneroid-type pressure eensor, 0 to 20 
vlth  s t ra in-gage  e lewnt ,  

drop across veriable  orifice i o  
connected to messure pressure 

fuel l i n e  

Elide-wire on propeller 0 to loo 

~~ 

Shaped frequency s i g n a l  f r c a  0 t o  55 
~~ 

counter i n t e m t e d  vith respect 
t o  tLM 

Strain  gage and l ink attached to 0 tu 50 
anglne m n t i n g  frruM I ."illlll;lX- t r a n s t a t  fndfcatim 

beroid-typa pressure smsor, DglpiIlg ratio of 0.5, and 
~~ 

with atrain-ga+!e element- damped natural irepuencg 
of 20 cp. a t  15,000 ft I 

HaPhragm-type mesoure sensop, IDamping r a t l o  of 0.5, mad 
with  atrain-gage element demped n a t u r a l  frequency 

biaphraes-type pressure sensor, 
of 20 cg. a t  15,- ft 

"I 

4 
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TABLE 11. l @ G I W E  COEFFICIENTS FOR MATRIX OF FIGURE 18 

eva lua ted  a t  100-percent  3 o m a  at 
a l t i t u d e  of 15,000 It and Mach n m b e r  of 0.3 1 

0.68 

2 -3 

-400 

0.644 

44.5 

-0.17 

0.42 

4.4 

-320 

0.97 

0.40 

3.4 

0.8 

%teady-s t a t e   eng ine   cond i t ions  at 1W-percent  power are: 
p ,  42.0°; W/S*, 1640 lb/hr; shp/S-, 2520 hp; N / q ,  
14,200 rpn .  
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Figure<l.  - Matrix form used in linear first-order descr ip t ion  
of dynamic-respnse characteristics of turboprop.engine. 
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Figure 3.- C ~ E E  section of engine showing component6 and instrumentation statim. 
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(b) Ropller blade angle. 
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0 2 4 6 8 10 12 
Time, sec 

Figure 5. .-.Semilog plot of engine.  response.  fuel-flow disturbance. 
Altitude, 35,000 feeti Mach number, 0.45. 
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(a) Altitude, 15,000 feet. 
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(a) Mach number, 0.15. 

Generalized shaft horsepower, ahp/S@ 

(b) Mach number, 0.3. 

Flgure 7. - Varistion of generalized time coastant with alt i tude and generalized shaft homepower 
at two Mach numbers. 
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CE-5 
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(a) Mach number, 0.1s. 

(b) Mach number, 0.3. 

Figure 8. - Variation of compressor-discharge  pressure-rise  ratio wlth altitude and generalized shaft horse- 
power at twu Mach nlmrbera. 
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(a) Mach number, 0.15. 

.e 

. 4  

0 400 1200 1.600 2000 2400 2000. 3200 3600 
Generalized shaft horsepower, shp/8@ 

(b) Mach number, 0 .3 .  

Figme 10. - Variation of torclue-rlae ratio  vlth  altitude and generalized ahaft horsepower at two Mach 
numbers. 
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Mach number I 

0 1200 lboo 2ooo 2400 3200 3600 
Gerieralleed shaft horeepower, ehp/B@ 

(b) Altitude, 35,ooO feet .  

Figure 11. - Vmlarion of torque-rise ra t io  vith Mach number snd generalized e m  brecpover a t  tm aititudes. 
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Figure 12. - Vexlation of generalized  torque with generalized  engine  rotational speed. 
Altitude, 15,000 feet; Mach number, 0.3. 
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(a) Altitude, l5,ooO feet; Hacb number, 0.3. 
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(a) Altitude, L5,OOO feeti Mach number, 0.3. 

0 400 800 1200 1m 2000 2400 2800 
Generalized shaft horsepower, shp/Sq 

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

Figure 15. - Comparison of calculated compressor-discharge  pressure-rise  ratio  with  values abtair;,-d 
fmm fuel-flow steps. 
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3527 , 

(a) Altitude, l5,ooO feeti Mach number, 0.3. 

.2 
0 400 800 17.00 lEOO 2000 24CO 2800 3%00 

Generalized shaft horsepover, s h p / 6 g  

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

Figure 16. - Compriaon of calculated  torque-rise  ratio vith values obtained f r o m  fuel-flow atepi. & 
P 
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" . 
.02 .03 -04 .OK -08 .I .2 .3 . 4  .6. .8 1 . 2 3 4  6 

Frequency, u), radians/sec 
(b) Phase shift. 

Figure 17. - E-nic analyeis of reeponse of engine apeed to fuel-flow step. Altitude, 35,000 feetj 
Mach number, 0.451 chenge in rotational speed, 6 percent. 
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Figure 18. - Matrix form used i n  description of experimental 
response of  turboprop  engine having dynamic relation between 
fuel  input and effective  fuel  input.  
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Turbine-Inlet temperature 

Effective  fuel flow 

Fuel flow 

(a) m o g  eimdation. (c~mpter set aa i n  fig. 18.) 

Figure 19. - Comparison of simulated and experimental engine responae to fuel-flow etep. 
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0 
.la 

k 
(a) Altitude, l5,ooO feat3 Mach number, 0.3. 

(a) Altitude, 35,OO feetf Mach number, 0.45. 

Figure 20. - Comparieon of generalized &aim of compreesor-discharge pressure to fuel flow and 
propeller blade angle at several flight conbitions. 
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Generalized ahaft  horsepower, s h p / 8 4  

Hgure 21. - Variation of gencrallzed gains of a p e d  to gropller blade M a e  and fuel 
f low vlth generalieed shaft horsepaver. Altitude, 15,000 feet; &h number, O.S. 
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Generalized shaft korsepover, shp/B@ 

Figure 22. - Variation of generalized  gains of torque to propeller blade 
angle and fuel flow wlth generazed shaft horsepower. Altitude, 15,OOO 
feet; Mach number, 0.3. 
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