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NATIONAL ADVISORY COMMITTEZ FOR AERONAUTICS 

WITH SHOCK-POSITIONSNG LIMIT ON 28-INCH RAM-JET ENGINE 

By William R. Dunbar, Carl B. Wentmrth, and Robert J. Crow1 

The performance of a diffuser static-pressure-ratio  control w i t h  a 

gine  installed in an a l t i t ude  free-jet f a c i l i t y .  The investigation was 
conducted a t  free-stream Mach numbers  of 2.35 and 2-50,  altitudes of 
50,000, 60,000, and 65,000 feet, and angles of attack of 0 and &7O. 

r: normal s h o c k - p o s i t i o n i n g . l i t  was investigated on a 28-inch ram-jet en- 

I The basic  pressure-ratio  control set the   r a t io  of  a d i f fuse r   s t a t i c  
pressure  to a diffuser   cme-surface  s ta t ic   pressure  a t  any desired  level 
within  the  engine  operatiqg  range. By. using this pressure  ratio,  the 
operat ion of the control was independent. of a l t i tude  . The cone surface, 
or  reference  pressure,  pravided compensation, t o  a limited extent,   for 
variations in  Mach number. The shock-positioning limit loop u t i l i zed  
the s ta t ic   pressure on the  diffuser innerbody in the plane of the cowl 
l i p   t o  permit  operation  near maximum diffuser recovery and to  protect  
against blowout at angle of attack. 

d 

The resu l t s  obtained indicate that the control was capable of sue- 
cessful  operation  over the r a g e  of  engFne and flight canditions  tested. 
M i n i m u m  response times approaching the system dead time were obtained 
with small amomts of overshoot, and the control  successfully  recovered 
fram disturbaxices which placed  the  engine w e l l  beyond the  steady-state 
blowout limits. The basic  pressure-ratio  control was primarily  affected 
by variations Fn engine  gain which prevented opt- performnce at all 
conditions w i t h  fixed  control settings. 

.I 

c 
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Most of the work at the NACA L e w i s  laboratory on ram-jet e n g ~ e  
-.. 

controls  (refs. 1 t o  6 )  has dealt w i t h  control  techniques  designed t o  
maintain a particular mode of engine qerat im.  These techniqges in- 
clude  such  controls as optimslizer and shock-positimjng systems  designed 
t o  maintain p-k p e r f q m c e , .  asd ~&&r~~-rn.ch .@@-.diffuser _ _  
pressure-ratio and n o m 1  shock-positioning  systems,  designed t o  maintain 
a specific  level .of  operation at some value less than peak. 

-. 

- .. - ..” 

The emphasis mst of these  previous  control  investigations has E 
been on the a b i l i t y  of the  control   to  meet the requirements of a n o m -  
neuvering, strategic type of missile. That I s ,  the accuracy w i t h  which 
the desired operation may be maintained and the proximity t o  peak per- 
formance which could be achieved were of prime considerat  ion. 

0 4  

Contrasted w i t h  the requirements of the s t ra tegic  missile are those 
of an interceptor-ty-pe missile or  piloted  vehicle in which any thrust  
level  within  the engine capabili t ies may be desired. I n  addition, the 
control system must be expected to-perfom sa t i s fac tor i ly  over a range 
of a l t i tudes and Mach numbers and in the presence of maneuvers result ing 
in large variations in angle of attack and yaw.  

One of the control  techniques previouslly mentioned, that of diffuser 
pressure-rat io control, is adaptable t o  variable  thrust-  applicaMons, \. 

providing a suitable limit is incorporated t o  prevent  continued  subcrit- 
ical  operat  ion. 

In  order t o  provide b ? o m t i o n  on such . a  control ..system, an hven- . . . - 
. .. . 

tigat ion was undertaken of a diff’ueer pressure-rat20 control w i t h  a 
shock-positioning limit. The objectives of t h i s  investigation were (1) 
t o  determine optimum control constants f o r  the basic pressure-ratio con- 
t ro l ;  ( 2 )  to investigate the problems associated w i t h  Fncorporating the 
shock-positioning limit and its effect  on system  performance; and (3) to 
investigate  the effects on system performance of changee in engine qer- 
ating  point and flight conditions, - in  par t icular  the problems  connected 
with angle-of-attack  _operation. 

This report  includes a description of the  characteristics,  both 
s t a t i c  and dynamic,  of all compofients of the two control loops of the 
control system; the response and s tabi l i ty   character ie t fcs  of the con- 
t r o l  system as a function of control  constants, engine opera thg  condi- 
t ions, and flight conditions; and a discussion of control  limitations 
and possible improvement 6. 

The apparatus agd. instrumentation used in this investigation COIL- 

sisted of- a. 26-inch ram- jet engine . l~stal led in an altitude free- jet 
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fac i l i t y ,  an electrohydraulic  fuel servo system, steady-state and traa- 

recorders on which the  transient data were recorded, and an  electronic 
analog computer which provided  the  necessary  control  functions. 

J sient  instrumentation f o r  measurement of engine pressurea,  oscillograph 

Engine  and Fac i l i ty  

m 
4 w 

The a l t i t ude  free- jet f a c i l i t y  w i t h  the engine installed is shown 
in figure 1. The engine inlet is submerged in an air jet   issuing from 
the  supersonic  nozzle. Two interchangeable nozzles  provided free-stream 
Mach numbers of 2.35  aud 2.50. The nozzles  could  be  rotated  about a 
horizontal  pivot t o  provide  simulation of angles of attack from +7O t o  
-7O. The in l e t  air was heated t o  appropriate temperatures by gas-f ired . 
heat  exchangers. The pressure in the ccrmpartment containing  the  engine 
was  low enough t o  ensure choked flow in the exhaust  nozzle a t  a l l  &i s 

P conditions . 
u are defined in appendix A.)  The conibustion-chamber diameter at its 
c;' The engine is shown in greater detail in figure 2. (All symbols 

largest  section w&8 28 inches. The actual  internal-flow-area  variation 
throughout the engine is shown in figure 3. The grid, located  a t  sta- 
t ion  57, is designed t o  improve the .air flow profi le   pr ior  t o  indection 
of fuel a t   s t a t ion  60. The exhaust  nozzle had a minimum area of 0.70 
times the conibustion-chamber area. The diffuser inlet had a single-shock 
250 half-angle,  conical  spike and was designed t o  have the conical shock 
wave at the cowl l i p  at Mach 2.50. 

" 

I 

The engine fuel-injection system w a s  comprised of t w o  independent 
fue l  manifolds  equipped  with  spring-loaded, variable-area nozzles. One 
manifold,  designated the inner ring, was  supplied wlth fuel  equivalent 
t o  an over-all fue l -a i r   ra t io  of 0.037 throughout the  investigation. 
The other manifold,  designated  the  outer  ring, was used in the  control 
system t o  supply the desired  fuel flow in excess of the lean-limit level 
set with  the inner ring. 

In general, the response of diffuser  static  pressures downstream  of 
the normal shock t o   f u e l  flow WU be similar t o  the frequency-response 
characterist ics shown 3n figure 4. The  dynamic characterist ics of the 
engine are reported in detai l  i n  reference 7. 

Fuel System 

The fue l  system  used in  the control  consisted of the  outer-ring 
manifold  and  nozzles of the engine, an electrohydraulic  fuel  servo  sys- 
tem, and the  associated  piping. 
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The-  fuel  control  contained an electrohydraulic-  servo  system which 
pasitigned a throttle. in e, specWlly designed .M-meter;lng valve in & 

response  to an input-voltage- signal. The fuel-metering  valve  Fncorpor- 
ated a differential  relief  valve,  which  maintained a cons.t;ant  pressure 
drop  across  the  metering  orifice.  Since the metering area was a linear 
function of throttle  position,  the  fuel  flow  at  the  valve was also a 
linear  function of throttle posit.im aJld of input  voltage to the  fuel 
servo.  This  type of t~ottle-plus-reducing-valve, differential-pressure 
regulator  system  is  described in detail in reference 8 .  

The  actual flow from the  fuel-Injection nozzles could n o t  be read-. 
ily  measured  dynamically.  However, a theoretical"aiaiysis  with experi- 
mental  verification  indicated  that  the  manifold  pressure drop + was 
indicative of actual. nozzle  fuel  flow vlthiri  percent  to  approximately 
40 cps  wlth  appraximately 30° error in phase at 40 cps. Therefore, fo r  
the  frequencles  of principal interest  in  the  controls  investigation ( lese  
than 20 cps),  the  manifold  pressure drop Po may  be  considered -ami- 
cally the same as  the  nozzle  fuel  flow w 

f , o '  

The frequei~cy-response. charscterfstfcs of the complete fuel system 
are  shown in figure 5. The peak in the  mnplitude  characteristic at 25 x 

cps is due tcr a resonant-e of the  manifold and corJnected  piping. 

The  manifold  pressure drop was measured with differential-preseure b 

transducers  connected  to  the fuel manifold and referenced to the static 
engine  pressure -in the region of the .manifalds. The frequency  response.. 
of  the  pickups and caqnected  tubing was e s s e n t i a l l y  flat to at least 100 
cps  with  less  than &LOo phase shift. . .  -. 

The fuel control-pand"-and a6sochted. equipment a% shown fn rack 1 
of  figure 6. Steady-state  fuel flow Wizs -inetii;ured'  wlth tuibine-type  flow- 
meters. 

" -  

.. . .. . . . . . . . . - . .. . " 

Instrumentation 

Engine gas pressures. - For transient measurement of engine pres- 
sures,  reluctance-type  pressure  transduc.ers d e  used. The frequency- 
response  charact&istics of the-  pickups W d  associated  tubing  are s&m- 
in figure 7. addition  to  using  the  transducers fo r  transient  measure- 
ment of pressures,  the  static  engine  characteristics  were  obtained  by 
plotting  engine  pressures  directly as a function of fuel f l o w  on an X-Y 
recorder, shown in rack 2 of  figure 6. 

. ." 

Manometers were used  for normal. steady-state  pressure measurents 
L 

and  calibration of transient  pickups. . .  . . .  

. 
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Angle of attack. - Angle of attack was determined  by means of cal- 

Recording  equipment. - All transients were recorded on sensitized 
ibrated  physical  stops on the  supersonic-nozzle  actuator mechanism. 

paper  with  oscillographs  us.ing galvanometers with  natural  frequencies of 
200 t o  500 cps. The recording  apparatus, including the carrier-type 
amplifiers and recorders,  are shown -in rack 3 of figure 6. k addition, 
certain  variables of particular interest w e r e  a l so  recorded on a &irect-  
inking oscillograph  with a frequency  reeponse of 100 cps. This oscil lo- 
graph may be seen Fn rack 5, f igure 6 .  

computer 

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

DESCRIPTION OF COIWAOL 

Control Action 

The control system investigated  consisted of a 
and a limit loop. The basic loop held  the rat io  of 

basic  control  loop 
a d i f fuse r   s t a t i c  

pressure t o  a reference  pressure at asy desired  value, which provides 
operat  ion independent of a l t i tude  . This rat io  is maintained in  the con- 
t r o l b y  holding  the  control  pressyre  equal to"e reference  pressure 
times the desired  pressure  ratio. The advantage of this method is that 
it d e s  it unnecessary t o  divide the two pressure signals in the  control. 

A simplified  block diagram of th i s  basic  control system is shown 
in f igure  8(a>.  The basic  control and the  reference  pressures are con- 
verted t o  equivalent  voltages by means of the sensors and q l i f i e r s .  
The reference-pressure signal is then  multiplied by the  desired pressure 
r a t io  and  becomes the  reference irrput, which is equal t o   t h e  set value 
of the  basic  control  pressure. The difference between the  reference in- 
put and the  actual  value of the  basic  control signal is the  control  error 
signal, which -goes to  the  control  containing proportional-plus-fnte@;ral 
control  action: The control  output  actuates the f u e l  servo and varies 
the outer-ring fuel f low as required t o  bring  the  error s i g n a l  t o  zero. 

By varying the desired pressure  ratio, the basic  control may be 
used t o  vaxy the engine thrust  over the  allowable  range. The minimum 
level  in this eystem was determined by the fuel-air  ratio. set with the 
inner-ring fie1 flow; The maXimum l eve l  of operation is determined by 
the  diffuser static-pressure-ratio  characteristic, which, in general, 
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increases t o  a peak value corresponding to  cri5ical   dlffuser  operation 
and then  decreases  for  subcritical  operation. Obviously, i f  a desired 
pressure r a t i o  greater than t& peak value is called for, the control 
w i l l  continuously  increase the fuel flow and drive  the engine further 
and further subcrit ical  until the blowout limit is reached. In addition, 
attempting t o  set -exactly the peak pressure  ratio is inherently  unstable, 
since any disturbance which causes even temporary subcritical  operati& 
w i l l  result i n  a lower actual  pressure ratio than the set  value and w i l l  
cause the control  to  increase  fuel flow, result ing in blowout, as de8- 
cribed  before. .. . .  . 

In actual  practice there w i l l  be a range of supercritical  preesure 
rat io6 , just  below peak, that are not safe t o  s e h i t h  the control, as 
just  described,  since momentary subcritical  operation can result   in  the 
same or  lower premure  ratios and the subsequent instability  described. 
Therefore, in order t o  allow operation as close -bo peak as possible, it 
is necessary t o  u t i l i z e  BORE form of limit t o  prevent  continued subcrit- 
ical operation. 

The limit used senses the position of the norm1 Bhock by m e m u r e -  
ment of the static-pressure rise on the innerbody in the plane of the 
cowl l i p  as the shock is expelled. This limit pressure i s  converted t o  - 
an equivalent voltage by m a s  of a sensor and WlifLer, as shown In 
figure 8(b) , and then goes into the limit control, which provides a b las  
t o  reduce the limit signal t o  zero for  supercritical  operation and also 
provides a variable  gain. The resulting limit signal is  then combinedl 
with the basic  control at the s m t d q  point. For a balanced  condition, 
the error signal must be zero and, therefore, the reference si@” minus 
the bas ic-control 6 ignal mFnw the limit signal mu6 t equal  zero. Thue, 
an increase i n  limit signal will tend t o  reduce the required  value of 
basic control  signal and with proper  choice of limit gain can  prevent 
continued subcritical  operat ion. 

I 

Control  Parameters 

Basic  control pressure. - The basic control  pressure  selected w88 
a diffuser  static  pressure pG0 which varies essentially  l inearly with 
diffuser recovery for  the  conditions 8 h m  figure 9(a). A s t a t i c  
pressure was selected  since, in  general, the static  pressure is more 
noise-free, may be measured mre accurately, and tends t o  have be t te r  
dynamic characterist ics than the total  pressure. The location of the 
pressure  tap was based on several  factors: the pressures  upstream of 
the diffuser grid do not vary lbearly w i t h  diffltser recovely due t o  
choking of the grid at low recoveries; the further d-tream toward the - 
combustion zone, the  shorter the dead time f o r  response of pressure t o  
fuel flow changes; and, finally, it was fe l t  desirable to remain upstream 
of the fuel-inJectian zone t o  avoid any possible  complications -pres- 
~ u r e  measurement resulting from the presence of fuel  spray. 

. .  - 

.. 
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Limit  pressure. - The limit signal used was the sum of two s t a t i c  
pressures located on the   diffuser  innerbody on the vertical   centerline 
in the  plane of the cowl l ip .  . The taps were positioned on the tap and 
bottom, 180° apart, w h i c h  provided a usable limit signal f o r  both  posi- 
t ive and negative  angles of attack. Other arrangements of two or mre 
taps could be used to include  effects of both angle of at tack and yaw. 
The variation of the limit pressure with diffuser  recovery is 
shown in figure 9(b . The variation of p=, t+b/pc, as shown in f Qure 

9(b), makes it part icular ly   sui ted  for  a limit signal,  since it is con- 
stant over almost the  entire  operating range and then  increases s h a r p l y  
as maximum recovery is approached. Limft ing at lower recovery  could be 
obtained by use of pressure  taps  farther downstream. The f igure  a lso 
shows why a shock-positioning  control using a single  pressure-tap  loca- 
t ion  cannot be  used as the complete control if it is necessary t o  cover 
more than a very limited range of engine operation.  For -le, the 
shock-positioning  pressure  varies over its entire range at  Mach 2.50 f o r  
R change in recovery of 0.004. 

'12, t+b 

Reference  pressure. - The reference  pressure was a cone-surface 
static  pressure  located 2 inches back from the tip of the cone. The 
cone-surface  pressure  provides a limited amount of Mach number cowen- 
sat  ion. In addition,  since  the  tap was located nomtnally on the  hori- 
zontal centerline,  the  pressure should tend t o  drop fo r  either posit ive 
o r  negative  angle of attack and provide  additional  protection  for  such 
operat  ion. . .  

It should  be emphasized that the various  control parameters used 
hereFn are  not necessarily  intended to be optimum choices  but are rep- 
resentative of pressures which could  be  applied in this control.  technique. 
The ultimate selection of optimrmi variables would necessarily be based on 
an extensive  consideration of the performance characterist ics of a spe- 
c i f i c  engine and its intended  application  requirements, which was beyond 
the scope of this imrestigat  ion. 

Pressure - fuel flow  characteristics. - The variations of the con- 
t rol   pressures  as a function of f u e l  flow are required t o  determine the  
engine g a i n s  necessaq in the  control  calculations. In order to  obtain 
these data i n  a more precise manner than is normally possible from curves 
plotted from discreet  points, a contFnuous curve was obtained by plot t ing 
pressure as a function of fue l  flow  directly on an X-Y recorder, as shown 
in figure l0. The c w e s  _were obtained by varying the f u e l  f low in a 
l inear  manner from minimum to maximum and back t o  mininnnn by means of a 
periodic triangular input to t he   fue l  servo with a period of 100 secTds.  

traces, and also the  noise  level  apparent even though both the pressure 
and fue l  flow signals have been f i l t e r e d  w i t h  a f irst-order f i l t e r  hav- 

A . Note the  hysteresis  effect  which appears, par t icular ly  in the l imi t  

* ing a time constant of 0.1 second. Pressure - f u e l  flow character is t ics  
. .  



8 - NACA RM 356FZ6 

obtained from similar X-Y recards f o r  the flight conditions tested are 
shown iaf  igure ll. The table inserted G I igure 11( a> gives .the per- 
t inent  informat  ion f o r  each flight condition-. The pressures shown in 
f i v e  11 are plot ted  for  convenience as t he   r a t io  of the  s ta t ic   pres-  
sure. to  the  free-stream static. pressure. Throughout the remainder of 
the report, the engine operating-  point is .r.eferred t o  in .terms o f -  t h i s  
same pressure  ratio. . . .  . . - . . . . . . . . . . . . . . . 

Block Diagram and Tranefer  Function 

Block diagram. - The complete block.diagraq of the control ~ystem 
as it was Fnvestigated is shown in figure 12. The basic loop previously 
discussed i s  shown  by the heavy lines connecting  blocks GI, Gz, G3, €I1, 
and H4 and the  reference R1, obtained from pc, A, and A1. The re- 

mahing  blocks connecked by th in  lines coqose  the limit loop. Since  the 
limit signal  consists of plZ,t+b, tkbe two variables are taken  separately 

and converted t o  equivalent  voltages and then ccaribined at the lower sum- 
ming point w i t h  R2. This -1ue of R i  . is  .the limit bias previously men- 
timed, which is obt-ained as a function of pc aqd is set so that the 
limit sipal LI is. zelb for the range of diffuser  recoveries shown in  

iwe 9(b ) > where P12,t+b /p 2.04. For higher recoveries, L2 is 
1 

some negative  value depending on and the gain set in block I$ and 

acts t o  override  the  basic  control and lower the final operating pow€. 
L1 

Transfer  function. - Each o F  the elements of the  block diagram rep- 
resents a transfer  function of the output-to-input c b r a c t e r i s t i c s  of 
the part icular  component.  Each of these transfer  functions may be des- 
cribed in terms of a frequency independent factor  K and a frequency 
dependent factor  expressed  operationally, as in the  case of the  control 
1 + 1/76 or, where based on experimental data, may be shown as a nor- 
malized frequency-response characterist ic,  such as that shown f o r  

+dm0 in figure 4. 

Each of the  control-system c0IKponerrL-s is shown in  this m&nner in 
table I with  reference  to  pertinent figures. in .the report where experi- 
mental data are available  for  the frequency-dependent factor.  Note in 
t ab le  I, for the components A, 5, HZ, and H3, the  dynamic effects  of 

sensors and amplifiers play be neglect@ for .. t-krange...of- frequenc.ies. of ._ . . -  .. - 

concern t o  the control. For the .components Z1 and Z2, whfch relate the  

limit pressures  to the basic  control  pressure, c q l e t e  .dynamic infor- 
mation i s  not available. However, for t h e  conditions under which the 
limit operates, that is, w i t h  the normal shock a t  o r  very near the cowl 

. -  

- 
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l ip ,   the  dynamics may be approximated by a -dead time of 0.01 second. 
This  approximat  ion  appears just if ied on the basis of dead-time data pre- 
sented Fri reference 7 and on careful  observation of the limit pressures 
during sinusoidal  frequency-response tests which included  operation in 
the subcriticaL  region,  also  reported in reference 7 ;  

The open-loop transfer  function of the system is derived in appendFx 
B f o r  conditions  with the loop opened a t  E and w i t h  pc, U, and w 
held constant. The expression  obtained is: f, i 

where 

KO = KCKfE=eKSK4 

The only factor  involved i n  the loop gain 

under normal circumstances is the engine gain 
KO wkich is not constant 

Ke. The variation of t h i s  

tern is shown as a function of diffuser pressure  ratio pso/p0 for var- 
ious  flight conditi-ons in figure 13. The m e 6  shown were obtained di- 
rect ly  from X-Y records and represent the major variations Fn gain. The 
minor variations were removed by fa i r ing  in an average curve through the 
noise  level of the records. 

The limit gain % may be obtained  for the variouE  conditions di- 

rect ly  from the slope of the curves of lhit pressure  ratio as a function 
of diffuser  pressure  ratios as shown In figure 1.4. This gain term 

is obviously  zero  over most of the operating  range  but becomes a rela- 
tively  large  value in the  region of limit operat  ion. 

The limit gain factor  9 bas more significance than just  that of  
a factor in the  limit gain. It represents  the  relative magnitude  of the 
limit signal which is combined w i t h  the basic  control  signal  to  give a 
resultant  control signal. 
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. 
Procedure 

In  order  to  . investigate.the  effects of control  constant8 on system 
response and s tab i l i ty ,  and t o  determine the  effects  of various  engine 
and flight conditions OR performance, the fo.Uowing tests. were conducted. 
A t  a single engine  operating  point, at f wed flight conditions, and with 
the limit gain set at zero, the loop gain was varied from a m i n l r m u n  t o  a 
maximum value  for .mious values of integrator time conetante. At each 
set t ing of KO and T, step  disturbances in fuel  servo  input  voltage w 

were  imposed. Response data obtained far these disturbances are also 
applicable t o  the response of the error si& to..cbanges in the s e t  
pressure ratio. With selected  values of: J$, and T from the  preceding 
procedure,  the  limit  gain 2' was varied from minimum t o  maximum with 
step  disturbances as before at each conditim. 

E 

With selected  constants of KO, T, and 9 from the preceding  testa, 

t he  e n g i n e  was operated over a range of engine and flight conditions with 
step  disturbances i n  the  fuel servo input voltage at each  condition. The 
entire  preceding  procedure was repeated .&".. a second Mach_ number. .. . ." ". . .. ~ 

Range of Var iab les  

The range of flight conditions  included operat ion at Mach 2.35 and 
2.50, altitudes of 50,000, 60,000, and 65,000 feet ,  and anglee of attack 
of 0 and 33'. The controlled  engjne was operated from $ts  lean. limit 
( fuel-air   ra t io  of 0.037), set by the  inner-ring fuel flow, t o  a r ich  
limit, se t  by the  shock-posit  ioning limit, which allowed  operation at 
nearly maximum diffuser recovery. 

RESULTS AND DISCUSSION 

The resul ts  of the  control  investigatiop are presented in  a discus- 
sion of various figures showing the   e f fec ts  of control  conatants,  agFne 
operating  condition, and flight condition on system performance; and a 
discussion of contrQl limitations and p-ossible improvements. 

Effects. of Control  Constants 

The transient perfonnance of the control system is evaluated in 
terms of the response t o  a step  disturbance in  f u e l  servo input voltage. 
Typical system responses t o  a step- increase -and decrease in fuel servo 
Input  voltage a re  shown in figures 15(a) and (b) , respectively. In the 
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oscillogram of figure =(a), the  step  disturbance is imposed a t  point A 
on the  fuel-servo-input-voltage  trace. After a dead tfme of approximately 
0.01 second, the  fuel  f low responds,  followed  by an additional dead time 
of approximately 0.02 second until   the  control  pressure responds at point 
B. This t o t a l  system dead time of approximately 0.03 second from A t o  B 
also  appears in the  V t race  frag A t o  C, at which point  the  corrective 
action of the  control has comenced. The time required after polnt C t o  

t r o l  constants. However, regarrdless of the speed of the  control, the sys- 
tem response must always include  the t o t a l  system dead time, in t h i s  case 
approximately 0.03 second. 

i 

, correct  for  the  disturbance is p r b r i l y  a function of the  various con- 
m s 

A typical  response f o r  a step  decrease in Vi result ing in overshoot 
is shown in figure l5(b).  The quantit ies measured from the  response  are 
response time and percent  overshoot of the f u e l  servo  input  voltage. 
Response t h e  is defined  herein as the time from in i t i a t ion  of the  dis-  
turbance at   point  A until. the  control has f i rs t   corrected f o r  90 percent 
of the initial error  as shown by  point D ( f ig .  15(a) ) . Percent  overshoot 
is defined as (amplitude of the first overshoot/anq?litude of the  step) x 
100, as shown ~ figure  15(b). 

Basic-loop constants. - The effects  of varyag the  basic-loop con- 
s tants  on response time and percent  overshoot  are shown in figure 16 f o r  
operat  ion a t  Mach 2.35, a l t i tude  of 60, OOO f ee t  , and zero  angle of at- 
tack. The limit gain  factor 9 is set equal  to  zero  (by  setting K7 
equal t o   ze ro ) .  The response characterist ics are shown for  operation 
with loop gains from 0.18 t o  1 .2  with  integrator.t5me  constants  ranging 
from 0.01 t o  0.10 second. M5nimum response time of 0.04 t o  0.05 second 
with  negligible overshoot may be obtained  for  decreasing  fuel  steps  with 
a loop  gain of approximately 0.6 and ‘I; of 0.033 t o  0.05 second. For 
increasing fuel steps, because of the nonlinearity of the  pressure - fuel 
flow  characteristics, comparable responses  require a loop gain of appmx- 
imately 0.7 wfth the  same ‘t. 

For the  step  decreases  (fig. 16(b)) the  loop  gains were increased 
t o  the point where ins tab i l i ty  was reached  following  the  disturbance, 
although  the system was stable  prior  to  the  disturbance. In each  case, 
the  instabil i ty,  a6 manifested by a divergent  oscillation,  resulted in 
r i ch  blowout. A typical   r ich blowout resul t ing frm unstable  operation 
initiated by a step  decrease in f u e l  f low is shown in figure 17. 

Data f o r  the same response a t  Mach 2.50 me-shown in  figure 18. As 
before, for  step  decreases in fuel flow,  response times of 0.05 t o  0.06 
second with  negligible  overshoot may be  obtained  for loop gains of ap- 
proximately 0.6 asd T of 0.033 t o  0.05 cecond. For  step  increases, 
similar responses  require a loop sin at approximately 0.8. 
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The behavior of .the system st maximum l o q .  mins f o r   t h e  tes t  con- 
ditions at hkch 2.50 differed markedly fr6ni t* performance at Mach 2.35. 
Instead of result ing i n  engine  blowout, as shown i n  figure 16, operation 
at maximum loop gams. resulted. in sugtained  oscillations of limited amp- 
divergent  but.merely  increased in magnitude as the loop gain was in- 
creased.  This type of ins tab i l i ty  is shown 3g the oscillo@;ram o f f i g u r e  
20. The osci l la t ion amplitude  and  rrequency were measured on the control 
pressure  trace pG0. The amplitude p lo t ted .& figure 19 i s  the  peak-to- 
peak value shown as- 198 pounds per square -foot. . i n  figure .20. 8 

k 

tude, as shown in figure 19. The- oscillakion-.G@Etuae did not become ” 

!& 
w 

The s t ab i l i t y  limits of t he  system were calculated from the eqer l -  
mental open-loop frequency-response characterietics-on th;3 basis of l inear  
stabil i ty  theory.  Experimental  frequency-response  data for   the response 
of the  control signal t o  the fuel servo input voltage V, are ‘p60 - 

shown in figure 2 1  f o r  test conditions  ciosely matching those  for which 
s t ab i l i t y  data have been presented at Mach 2.35 and 2.50. The control 
characterist ic 1 + ~ / T s  . is shown separately in order ta a l l o w  deter- 
mination of the   s tab i l i ty  limits f o r  each. of the .integrator rates tested. 
The i n t e r s e c t f u r o p t h e  curve Boll -(180* +..dj:.in figure Zl(b)  with  those 
of various z indicates  the  frequency of i n s t ab i l i t y   fo r  the particular 
se t  of conditions. The  gain at which the.  system will become. uns;table is 
determined f ram figure Z I ( a )  and is  the factor  whir& is required t o  make 
the  product of (AV /AVi) times the control amplitude  equal t o  one a t  

the  frequency  Fndicated f r o m  the phase characterist ics.  For example, at 
Mach 2.35 for z = 0.05, the frequency of ins tab i l i ty  is approximately 
16.4 cps ( f i z .  21(h)); the amplitudes of AV /AVi and 1 + 1 1 ~ 6  at  

16.4 cp6 (frm f i g ,  2l(a) ) are:0.69 and 1.05,..re6pectiVely;  the stabil- 
j.ty limit-loop gain is, therefore, 1/(1.05 x 0.69) = 1.385. 

P6Q 

p60 

The ca l cuh ted   l imi t s  are summarized and compared with  the  experi- 
mental  limits Fn figure 22. There is reasonable agreement Fn frequency 
f o r  a l l  the data and also In  the  data for loop  gain at Mach 2.50. How- 
ever,  the  experimental data for loop gain -at Mach 2.35 are consistently 
lower than calculated.. The gain is. lower at this Mach  number because it 
was not- -the  gain required t o  give  . instabil i ty in steady state, but  re- 
sulted in ins tab i l i ty  only a f t e r  a step decrease which effectively in- 
creased  the  engine .ga-ln and also the loq. .gain. In contrast,  the maxfimrm 

steady-state  operat ion unt.il ins tab i l i ty  was reached w i t b u t  any d i s t u b -  
ance except. $he normal system noise. 

loop gains at. Wch..K.S- were .obt_a_ined by increasmg the h o p  aain..dWinp; . . _ _  

Limit-loop constants. - The effect  of the 1jmi.t loop on the transient 
response is .shown b_-. three-os;cillb”.of- figures  -23[a),-(b), and (c )  
f o r  limit gains 9 of 0, 0.357,.-and 0.663, respectively. A s  Y is in- 
creased, the response- time is decreased (figs. 23(a) and (b) ) and even- 
tua l ly   resu l t s   in  a large amaunt of-avershaot ( f ig .  23(c)). However, for 
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the particular  operating  conditions shown, the  limit  operation does not 
change the  length of time the engine remains s d c r i t i c a l ,  as shown by 
the  duration of the  pulse in the  l imit-signal  trace.  This condition is  
a resul t  of operation at low supercr i t ical  diffuser pressure  recovery 
and the   fac t  that the  basic  control  response is f a i r l y  fast. As a re- 
sult, before the limit signal may become effective (due t o  the system 
dead time), the  corrective  action of the bask control  has  returned  the 
engine t o  the supercritical  region.  For  operat  ion a t  higher  recovery, 
where the engine is aperating  subcritically  during most of the  transient,  
the limit action  significantly reduces the  subcri t ical  operating time, 
as shown in figure 24. The period of subcritical  operation,  correspond- 
ing t o  .the  duration of llmit-signal  pulse shown in figure 24, is rduced  
from 0.22 second with limit gain equal to zero t o  a minimum of approxi- 
mately 0.062  second with  larger  values of l imit  gain. 

The effects  on system response of varyin@; the limit gain f o r  oper- 
a t ion   a t  Mach 2.35 and 2.50 me shown in figures 25(a) and (b),  respec- 
t lvely.  When the  ini t ia l   operat ing point was set just below the level: 
of limit operation  (fig.  25(a) ), increasing  the limit gain  resulted in  
sustained  oscil lations  at  10.2 cpe at a gain of 0.625. For a Mher 
supercritical  operating  point (fig. 25(b)),  the Umit gain w&s safely 
raised t o  over 1.0. In bath sets of data,  the  trends are the  same as 
the  gain is increased, that is, a rapid  reduction in response t5me f o r  
step  increases in  f u e l  flow until a minimum value is reached of approx- 
imately 0.04 t o  0.055 skond,  followed by ag increase in the  overshoot. 

- 

The difference in optimum 9’ settings- (0.125 in f i g .  25(a) and 
0.35 in f i g .  25(b) ) is mainly due to   the  different operating  levels. 
That is, for  conditions shown in figure  25(a),  the  control tras set a t  
a high  diffuser  pressure lei.el, where limit operation was effect ive dur- 
ing most of the  transient; and, at conditions shown Fn figure 25(b), the 
control was se t   fo r  a much lower relative  value, where the limit oper- 
ated f o r  a coQarat ively short time Wing the transient. The lower 
value of 9 is more significant  since the limit operation w 5 l l  be most 
c r i t i ca l   for   opera t ion  at near lrraxirmn diffuser  pressure ratios, in 
particular at pressure  ratios $hat result i n  the  average  value of the 
limit signal being greater  than  zero (referred to as continuous l imit  
operat  ion) . A s  will be shown subsequently, for  -those  conditions re- 
quiring continuous limit operation,  the  restrictions on maximum gain are 
even more severe. 

Effects of Disturbance Size and Operating Point 

Disturbance s ize .  - The e f fec t  of increasing  the  size of the f u e l  
f l o w  disturbance is shown in figure 26 f o r  opera5ion  with  constant con- 
t r o l  set t ings.  The general  effect of increasing  the  disturbance  size 
was to  gradually  increase  the  response time aid -reduce the percent 
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overshoot. This is due t o  the nonlinearity of the engine characteristics, 
which results  in  nearly a conatant maximum available  error sfgnal regard- 
l e s s  of disturbance s i z e  fo r  a l l  disturbances  resulting in operation at, 
or beyond, peak recovery. In sp i te  of the previously mentioned effecte, 
the  control was able t o  recover from disturbances which placed  the en- 
gine  temporarily  well beyond the steady-state blowout limits. For ex- 
ample, a t  Mach 2.35 (fig.  26(a) >, the steady-state  engine blowout; limits 
correspond m a n  increase of approx'imately  0.52 pound per second and yet, 
as shown, it required an increase of 0.73 pound per second or   larger   to  
blow out- on control. At -  Mach 2.50 ( f ig  . 26(b) ), the steady-state lim1-k 8 
correspond to an increase of 1.09 pounds per second, and the  control re- 
covered from disturbances up t o  2.62 pounds per second. 

e 

* 
CA 

Operating  point. - The performance of the system with  constant con- 
t ro l   s e t t i ngs  Over the raage of diffuser .pressgre  ra t ios-at   constmt Mach 
nuniber varied  considerably  because of variations in the engine gain and 
the   effects  of limit  operation. As shown in figure 27, the  control con- 
stants  selected  provided minimwn response tjme.at.h small overshoot at. 
pressure  rst ios  sl ightly below the  level  of conthwua limit operation. 
With these same cantrol  sett ings  the response time remained essentially 
constant at nearly the  minimum value  over  the  range of pressure  ratios 
shown.  The percent  overshoot, however, tended t o  increase  because of 
the  increase in  engine  gain a t  the lower  pressure  ratios and the limit 
act ion at higher ratios . 

. .. 

" 

- 
Although the  control  operated  over  the  range of conditions shown in  

figure 27 and provided fast response at a l l  conditions,  the  operation was 
accompanied by a considerable degree of inetabil i ty,  as indicated by the 
wide v m ~ t i o n  in percent  overshoot.  Actually, much of the operation was 
accomplished in the presence of sustained  oscillations of limited ampli- 
tude  resulting from the *creases in  engine ~ a i n ~  the. effects of limit 
operation, and also from the normal variation of engine and fuel-system 
noise  level, which, at particular conditions,  appeared t o  be strongly 
resonant at discreet  frequencies . 

" 

These vaxiations in osci l la t ian amplitude and frequency are shown 
in figure 28. (The engine  noise  level with .the. control .off ia shown at 
several  conditions by the  square symbols. 1 The predominant  frequency 
observed at each cohaition does not necessarily correspond to that which 
may be expected from the   s tab i l i ty  data previously shown. Instead, there 
appear t o  be at- least three  principal bands of frequency, any one- of 
which may be the dominant one; ar, as shown in figure 28(a>, at psdpa 

of 8.26 two bands ma;y  be  observed a t  the same condition. An example of 
t h i s  s i tuat ion may be seen in the. oscillogram shown in  f igure 29. In 
t h i s  oscillogram  the  system has an initial frequency of osci l la t ion of 
approximately 12.2 cps, and following a step  disturbance has a frequency 
of osci l la t ion of approximately 34.7 cps. .. . 
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The effect  of continuous limit operation on the  system s t a b i l i t y  is 

readily  apparent from the frequency-response  curves ( f ig .  30). The re- 
sponse characterist ics of the system without the limit indicate  the  sys- 
tem would be stable. That is, the amplitude is less than 1 .O at a phase 
shift of 180° (14.7 cps) . However, with the  limit included, the qli- 
tude is 2.0 at the 180° phase-shift  point (10.7 cps) . In addition,  the 
amplitude is  s t i l l  greater than 1.0 a t  the 540° phase-shfft point (32.5 
cps), which corresponds to the second frequency  observed. The th i rd   f r e -  
quency  band observed in t he   t e s t s  (100 t o  105 cps)  corresponds t o  8 res- 
onant peak observed j g t h e  engFne response but fo r  which no precise data 
could  be obtained as t o  anrplitude o r  phase s h i f t .  

Effects of Flight  Conditions 

Altitude and Mach number. - The m c  performance of the system 
at various  altitudes and Mach-numbers m s  primarily a function of the en- 
gine and limit-gain  characteristics, which a re  shown in  f igures  13 and 
14 and varied  with  both  altitude and Mach nmiber. Variations in  engine 
dynamics were observed a t  different  f l ight  conditions;  however, no def- 
ini te   t rend could be established  for these changes. In any case,  the 
changes observed-were, in general,  sufficiently minor so that the  engine 
and l imi t  gains remained the  principal  variables t o  be considered in de- 
termining  response and s tabi l i ty   character is t ics .  

Angle of attack. - Operation of the w i n e  at various  angles of at- 
tack  presented  several problems  such 86 variation in reference  pressure, 
changes in   s ta t ic   charac te r i s t ics  of control and limit pressures, and 
conflicting  requiremects on the gain of the limit Loop. These factors  
are  discussed in  detail in the  following  section. 

In sp i te  of the problems  mentioned, successful  operation of the  con- 
t r o l  (with  respect to preventing blowout at angle of attack) uas achieved 
for  all conditions  tested. An example of control  operation  during a %ran- 
s ien t   for  a = 0 t o  +7O is shown in f i  e 31. A t  the initial conditions 
a t  a = 0, the  control was holding p s o  at 9.68, the  reference pres- 

sure was pc/po = 2.82, and the limit signal was .zero. As the transient  
progressed,  the  reference  pressure  decreased and the limit became effec- 
t ive .  A t  a = +7O, the reduced reference  pressure would have resulted 
in set t ing  psdpo = 9.2, which exceeds the  steady-state.  limits a t  
a = +7O of  ps,/pa = 9.1. Thus, the  effectiveness of the limit is ob- 

served in the  reduction of p d p o  held to 8.86, safely below the  
allowable limits. 
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Control  Limitations and Possible Improvements - 
Reference pressure. - Althou& the  referencepr<ssee provfded  par- .... .. 

tial compensation fo r  Mach number, . irt WBS not  entirely  satisfactory for 
operation at angle of attack. Due t o  the .fact  that  the..  reference  tap. 
was located  slightly  off  the  horizontal  centerline, operat ion at posF- 
tive angles of attack resulted in a desirable reduction of the  reference 
pressure;  but  negakive  angles of attack resulted in an increase, which 
required  greater lhit- action  than would have g o m l l y  been necessary. 

" 

8 
It is possible that a co&ination of s t a t i c  or t o t a l  cone pressures Ip w 

such as used in  reference 4 could  be selected t o  provide the desired var- 
ia t ion of reference  pressure  with Mach nmiber and angle-.of attack. 

Basic control  pressure. - The particular  control  pressure used ap- 
pears  to be as suitable as any diff'user  pressure  available in the engine 
tested. A comparison of the  m c  characterist ics of sweral. diffuser 
static pressures, as reported in reference 7, reveals n0 major differ-  
ences,  although, in .general, the farther downstream in the diffuser the 
tap is located,  the shorter the  dead time. For t h i s  engine, at  least, 
the variation is not sufficient to cause any marked change in control 
performance.  For example, the pressure at station 36 was also tested in 
the control and the resulting  control  responses, &en plotted as a func- 
t ion of loop gain and integrator time constant, fa% w i t - h i n  the  experi- 
mental  scatter of dab- f o r  the control  responses  obtahea with the static 
pressure at stat ion. 60. 

" 

- 

The main Wference between the various  stations appeared to be in 
the  re la t ive  l inear i ty  and consequent variations encountered in engine gain. Ln this respect the X-Y recorder  tecbnigue emgloyed to obtain 
steady-state  pressure - fue l  flow characterist ics proved a desirable 
method for  -evaluating the potent ia l i t ies  of various  pressures as control 
parameters. For exangle,  the static  pressure at ,.?$at ion. 36, which wa8 
tested in the control and found to have minor dynamic differences wid-" 
respect to the pressure a t  s ta t ion 60, w h e n  plotted on the X-Y recorder 
was found to have numerous nonlFneEtrities which made it almost imgoesible 
to obtain  precise values of engine g a b .  

. -. - . -. 

Limi t  pressure. - The d i f f i cu l t i e s  encountered  with the limit signal 
used are principally  related tg operation at angle of attack.  Character- 
ist ics of the d i f fuser   a t  Mach 2.50 and a.n ait itude of 60,000 feet are 
shown in figure 32- for 0 and &7O angles of. attsck.. me difference in  the 
curves f o r  st7O are a t t r i b u t e d t o  the nonsymmetry  of th&diffuser resuit- 
ing f r o m  a main engine support. strut. The max- available limit signal. 
at angle .of attack  .(fig.  32(a) 1 d e s  i t aecessa ry   t o  s&t the l i m i t g a i n  
factor s large enough t o  &e. %(Q,,,~+~ ) = ~ p ~ ~ ,  assuming a constanb 
reference  pressure. 
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For example, in f iguze 32 if p6dpo set at a = 0 is 9.6, then 

/p is 5.7. A t  a = +7O, maximum p60/po is 9 .I a d  ma~imum . 
/p is 7.6. Then, A(p6dpo) is  9.6 - 9.1 o r  0.5 and maximum 
/p ) i s  7.6 - 5.7 o r  1.9.  Therefore, 3 u t  be a t  l e a s t  

'12, t+b 0 

'l2,t+b 0 

A(P12 , t+b 0 
0.5/1.9 o r  0.263 t o  provide  sufficient limit s igna l   t o  prevent blowout. 
However, fo r   t he  data shown in figure 29 , the system would be  unstable 
fo r  operat ion a t  a = 0 with  continuous limit action f o r  9' greater 
than ap roximately 0.09, That is, III&ximum 9 approximately  equals 
0.1785fi = 0.089, $here 0.1785 is 9 from figure 30 and 2 is the 8m- 
pl i tude   a t   the  frequency of ins tab i l i ty  (10.8 cps 1. This value of max- 
imum 9' i s  only approximate, but it is indicative of the  discrepancy 
between a suitable limit gain for  stable  operation  with  continuous limit 
action and a suf'f icient limit gain t o  permit operat ion a t  angle of 
attack. 

A possible  solution  to  the problem would be to allow  the  control t o  
be unstable for continuous limit operation and provide  the  necessary gain 
for protection durFng angle-of -attack  operation. This might be  feasible 
under some circumstances,  Since even with the system in a sustained os- 
c i l la t ion  the  control  was capable of recovering from other  disturbances, 
as shown in  figure 27. 

Another possibi l i ty  would be  to  provide  for stable limit operation 
a t  high  recovery and t o  provide  angle-of-attack  protection by  approp- 
riate choice of a  rderence  pressure which varies with angle of a t tack 
in the  required mer. 

A third  possible  solution is t o  slow down the lhit loop so a s  t o  
s t ab i l i ze  it f o r  normal operat  ion at hi& recovery  but s t i l l  permit the 
use of a loop gain high enough for  effective  action at angle of attack. 
For t h i s  engine, at l ea s t ,   t h i s  m i g h t  be the most desirable solution, 
since during a  transient  the  limit  casnot  prevent momentary subcri t ical  
operation  nor even reduce the maximum deviation encountered during the 
f i r s t   p a r t  of the  trans  tent.  This s i tuat ion  ar ises  because the aynamics 
of the engine other  than dead time are minor as compared with the t o t a l  
system dead time. This means essent ia l ly   tha t  f o r  any step  disturbance 
the engine has time t o  sh5f-t t o  a new operating  point  corresponding t o  
the  disturbance  before any corrective  action frm. the  control has an 
opportunity to become effectfve. 

The slowing down of the limit loop without  impairing the  response 
of the  control system may be  accomplished as shown in   f igure 33. The 
upper  curve in figure 33(s) shows the  characterist ics of the complete 
system with a value of  3' of 0.268, which is adequate t o  provide the 
necessary limit action at a = +To, as previously shown. The lower 
curve is the sane system w i t h  the  addition of a f i rs t -order  lag in the  



18 MACA RM E56F26 

limit loop with ‘c of 0.062 second. This gives the limiting  case i n  
which at 180° phase shift-(7 cps ) the amplitude has been reduced to 
just  under 1 .O . Thus, for  the c a d i t  ions ~hown, “c of 0.062 second 

o r  larger would s tab i l ize  the limit loop at zero  mgle of attack and 
allow the use of sufficient  gain  for  mgle-of-attack  protection. 

1@; 

k3 

The addition of the  lag would lower the effectiveness of the limlt 
t o  reduc-e the  period of subcritical  operation for disturbances at high 
recovery, as shown in figure 24. However, the higher allowable limit 
gains would tend t o  comgensate f o r  this reduced effectlveness, and it 
is possible that the net effect would not  seriously *air the response 
characterist ics at high recovery. 

Results have been presented from an investigation of a diffuser 
static-pressure-ratio  control  with a normal shock-positioning limit for 
a range  af  engine, flight, and control  conditions. B a s e d  on the resul!s 
presented,  the  following remarks may be made. 

The dynamics of the engine were such that the control was unable t o  
limit the magnitude of the ini t la l   deviat ion of the control  pressure re- 
sult ing from a s h p  disturbance Fn fuel flow. However, it l e  aignif  icant 
t o  note that short  periods of operation  during a transient beyond the 
steady-state blowout limits does not  necessarily result in immediate en- 
gine blowout. It appears that a f i n i t e  period of time is requlred  to 
result in blowout, as evidenced by the fact that successful  recovery wae 
made, with the control system tested, fram disturbances which placed the 
engine w e l l  beyond the steady-etate blowout limits. 

- 

The operat ion of the basic c a a t r o l  was affected primarily by the 
variations of engine gain encountered over the range of test conditions 
which precluded optimum response characterist ics at a l l  conditions with 
fixed  control settings. W i t h  optimum control  constants,  response times 
of 0.04 t o  0.06 second were obtained w i t h  small mmt6 of overshoot at 
a single  condition. Camparable response times were obtained  over a brmd 
range of test  conditions; however, the overshoot varied widely f o r  the 
range of test  conditions. 

It appears that, i f t h e  degree of ins tab i l i ty  encountered cazl be 
tolerated, the basic  control may be operated  successfully  over a broad 
range of conditions with fixed constants  to  provide minirrmm response 
times or, conversely, more stable operation over the same range of con- 
dit ions may be obtained by allowing somewhat slower response times. The 
alternative is t o  vary  the  control  constants as a function of engine 
and flight conditions, which adds obvious complexity t o  the eystem. 
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The shock-positionbg limit was effective in reducing  the  control 
response time for  disturbances which placed  the  engine  in  the  subcrit- 
ical  region. For operation a t  high  recovery,  the lbit effectively 
reduced the  duration  of  subcritical  operation  for such disturbances. A t  
lower recovery,  slthough s t i l l  contributing  effectively  to lower response 
time,  the limit had negligible  effect  on the  duration of subcri t ical  
operation. 

In order t o  ensure safe limiting action at angle of  attack, it was 
necessary t o  set the limit gain at a relatively high value, which re- 
sulted in sustained  oscillations during contFnuous limit  operation. How- 
ever, it appeared possible t o  stabil ize the  limit loop, without seriously 
impairing its normal operation, by the addition of a sui table   f i rs t -order  
lag, which w i l l  allow  stable  continuous limit operation with gains suf- 
f ic ient ly   large t o  enswe safe limit act  ion at angle of attack. 

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, July 25, 1956 



20 NACA RM E56F26 

APPEND= A 

A 

B 

E 

G 

n 
h 

K 

KO 
L 

P 

M 

P 

P 
0 

P 

R 

T 

U 

V 

SYMBOZS 

reference input element in control system 

basic  control-loop feedback signal 

control  actuating  error signal 

control-system element in forward direction 

feedback element in control system 

al-bitude, ft 

gain  factor, independent of frequency 

loop gain as derived i n  aTgendFX B 

limit-loop feedback signal 

limit-loop  gain  factor 

Mach number 

total pressure,  lb/sq f t  abs 

pressure drop across  outer-ring fuel nozzle, 

static pressure, lb/sq ft abs 

reference input ta   control  

Laplace  operator 

i n l e t - a i r   t o t d  temperature, OF 

step-function input t o  control. . . .  .. 

voltage, v 

fuel-valve-position  voltage, v 

fue l  servo input voltage, v 

- .  

contra1  output-  voltage, v . . . . . . . . . . .  - 

Ib/sq in. 

". . - . . . . . .  
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W a air flow, lb/sec 

f 

f , i  

W t o t a l   f u e l  flow, lb/sec 

W f u e l  flow, b e r - r i n g  manifold, Ib/sec 

W 
f 1 0  

fuel flow, outer-ring manifold, lb/sec 

Z 
M 

8 a 

indirectly  controlled system element 

angle of attack,  deg 

8 angle of phase shirt,  deg 

T integrator time constant,  sec 

z lg 
time constant of lag,  sec 

Subscripts : 

b bottom 

C cone surface, 2 in. downstream of cowl lip 

0 free stream 

1 engine inlet 

2 dirfuser exit 

21 

engine stations,  inches downstream of t i p  of cone 
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CONTROL-SYSTEM 'pRp;NGFER FUNCTION 

The open-loop transfer f'unction for the.contro1 system opened at 
E (fig. lZ} and w i t h .  pc, U, and w ~ , ~  constant may be written as 
follows : 

and 

Adding equt ions  (1) and (Z} and factoring yield 
r 1 

or, rewriting, 
r 1 

From table I it may be  seen that 

Ap12,b - - ap12,t - " np12 
*'SO *'SO 

From these  relations and by substituting .the agpropriate terms f r o m  
table I in  equation (4), 
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or, by rewriting, 

Let 

KcKfKeKsK4 = KO 
Then, 

1. Boksenborn, Aaron S., and Rovik, David: Control Requirements and Con- 
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Experimental  Investigation of Ram- Jet Controls and Engine Dynamics. 
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4.  Dunbar, William R., Vasu, George, and Eurrell, H e r b e r t  G. : Experi- 
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5 .  E a r e l l ,  Herbert G., Vasu, George, and Dunbar, William R . : Experi- 
mental  Study of Shock-Positioning Method of Ram-Jet-Engine Control. 
NACA RM E55F21, 1955. 



24 - NACA RM E56F26 

6. Vasu, George, Hart, C l i n t  E., asd Dunbar, William R. : PrelimillElry 
Report on Ekperhentd  Investigation of Engine Dynamice and Con- 
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. .. .. . . . .. . .  

8. Otto, Edward W., Gold, Earold, and EjJ"er;-XTrby W.: Design and 
Performance of Throttle-Type  Fuel  Control0 for Engine Dynamics 
Studies. W A  TN 3445, 1955. 
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TABLE I. - SUMMAKY OF CON'IXOL-SYS" COMw1owT8 

!transfer 
function 

Remarks 

(2) q- ('"PC) = 1 for frequencies of interest in control stuw ( f ig .  7) 

KA, 1 

KA, 2 

+ 1/2S) 

(AV /Apm) 1 f o r  frequencies o f  interest ( f ig .  7) %(AVp&pPSO) 

I: 0.520 (lb/sec)/v, Awf,o/AVi ( f ig .  5) ICp(AWf, o / q  1 

Kc  and T variable as desired ( f ig .  21) 

Ke(Ap60/Awf ,o) 
K, variable ( f ig .  u), A P ~ / A W ~ , ~  (fig.  4) 

p60 

Ks(AVQ2,b/Ap12,b) 

(AVp12,t/Ap12, t) = 1 for  frequencies of interest (flg. 7) KB(AVPl2, t/A~12, t) 

(AVp12,b/Ap12,b) = 1 f o r  frequencies o f  interest (f lg. 7) 

Kq 

%. 

(ARl2,t/AP60) = e KL,t(APlZ,t/AP€Q) 

5 
KS = K1 Kg 

KS = Kz 

-0. Ole 

%,b(AP12,b/APm) (AP12,b/AP~) e-o*ols 

Note: AU terms in parenthesis  are dimensionless functions of frequency. 
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(b) Phase shift. 

Figure 4. - Concluded. Typical frequency-response characterirtice o f  dl-er sta*,ic pressurea to fuel flov. 
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(b) Phase 8hifL 

Figure 5. - Concluded. Typical frequency-reagonee c h  aristice of fuel syatea, 

I 

. . ... . 

EPOS 
.. . . . . . . . . . . . . ." 



.. . . .. - . . .  . . .  . . . . . . . CQ-5' 5043 
I 6 I 

P 
F 

1 

. .. . . .  . 

I 

8 

. .. 



34 NACA RM E56F26 

10 20 40 60 80 100 200 400 600 

Frequency, CPS 

(a) Amplitude ra t io .  

Figure 7. - Frequency-response  characteristics of engfne preseure transducers. P f c h p ,  
9 inches of 0.040-inch-inside-diameter tubing. 
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Reference  input (equal 
to set  value of basic 
control  signal) 1 
Reference - 
pressure 

Desired 
pressure 
ratla 

UI 

t' 
B 

(a) Basic pressure-ratio  control loop dthout limit loop. 
Seneor 
and - 

amplifier  Basic  control  pressure 
Basic  control signal 
( E C W  

L i m i t  hiss 

(b) Basic  pressure-ratio control loop wlth W t l o o p .  

Figure 8. - Gimpllfied block diagram of control syatum. 



. 

37 

3.8 

5.4 

3.0 

2.6 

2.2 

1.8 

Wch nlrmber, pressure 

(a) u i c  control pressure ratio.  

Diffuser pressure recwery, P2/P0 

(b) L i m i t  pressure ratio. 

Figure 9 .  - Ratio of baaic control and limit pressure to reference pressure aa func- 
t fon  of d i f fuser  recoverv at zero a m e  of attack. 
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Flgure 12. - Block diagram of pressure-rat io   controlvi th  ehock-posttiodng limit. 
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Figure 13. - Variation of englue gain fllfh diff'user static-pressure ratio at several flight conditions. 
Zero angle of attack. 

I I 

. . . . . . . . . - . . .  . . . Ems. 



. .. . . . . . . -. . . . . . .. . . .. .. . 

I 

8.8 9.9 9.6 10.0 



44 R I'?A.cA RM E56F26 

. .. . . .  

.. .. 

-q fc 0.04 s e c  . .  . 

Time "c 

fa) step increase. 
Figure 15. - Uscillogrm of basic loop resgonse to step dieturbenca in fuel flou. 

. 
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Time "t 

(b) Step decrease .  

Figure 15. - Concluded.  Oscillogram of basic loop response to step 
disturbme in fuel flow. 
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160 

80 

0 
(a) step increase. 

.4 
A 

0 1  

\ 
0 

.2 

0 .2 .4 .6 .0 1.0 1.2 1.4 

Low @in, % 
(b) Step decrease. 

Figure 18. - RespOnSe of baaic loop to step disturbance in fuel flow at Mach 2.50. Zero I 

pm/po, 8.33; fuel. f l o w  step size, j9.291 pound per  second. 
limit gain] a l t i tude ,  60,oOO feet; zero angle of attack; con t ro l  pressure ratio 

E 
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Time- 

F'igura 20. - Oscillogram of sustained oec i lh t ion  at Mach 2.50. - gaia, 1.10; 
intagrator  time conetent, 0.02 second. 

. 
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Figure 21. - @en-loop frequency-rssgonse chamctaristics of bcrsic contml loop. Zem angle of atteak; altitude, 60,oOO 
feet. 
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(b) Frequency of oscillation at instabFlity. 

Figure 22. - S t a b i l i t y  liaits of control system 88 function of integrator time constant. 
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CQ-8 5043 1 4 

U 

0 .1 .2 .3 .4 .5 .6 

Limit gain, 9 

Figure 24. - Duration of limit-signal pulse during system response to step 
disturbance in fuel f low far operation at  97 percent of maximum diffuser 
recovery. h b  number, 2.35;altitude, 60,000 feet; zero mangle of attack. 
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. 

. ." . 

Limit gain, 5( 

(a) Mach number, 2.35; loop gain, 0.503; fuel  flow step size, M.26 pound 
per second; control pressure ratio p60/po, 8.21. 

Figure 25. - System reaponee to step disturbance in fuel flar. Altitude, 
60,000 feetj zero angle of attack; Integrator tlme constant, 0.04 second. 
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V .2 
- 

.4 .6 .8 1.0 1.2 
Limit gain, P 

(b) Mach number, 2.50; loop gain, 0.848; fuel fluw step size, 21.165 pounds per 
second j control  pressure ratio peo/p0, 8.19 

Figure 25. - Concluded.  System  response to step  disturbance in fuel f l o w .  Altitude, 
60,ooO feet; zero angle of attack3 intemtor time constant, 0.04 second. 

IHrection of 
disturbance 

0 lncrease 
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a V 
m 

DFrmtion of L i m i t  win, 

0 Increase 0 A785 
Decrease .1?a5 

step disturbance a 
80 

. 0 Increase .lo7 
V Decrease . l o 7  

40 
Blowout 

0 

Figure 26. - System response to various sizes of fuel flow step diaturbanceg. 
Altitude, 60,000 feetj zero  angle of attack; integrator t h e  constant, 
0.04 second. 
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3 n 

240 

-P 
Decrease 1.125 

160 

k 
z 
t J 8 0  
g 

.. 
.P 
0 

n 

Disturbance size, lb fuel/sec 

(b) Mach number, 2.50; control  pressure ratio pso/p0, 8.32 

Figure 26. - Concluded. Bystem responae to various s izes  of fuel f l o w  s t e p  disturbanceB. 
Altitude, 60,000 feet; zera angle of attack; integrator time constant, 0.08, second. 
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0 
0 

Direction of 
step  disturbance 

Increase 
Decrease 

Solid  symbols  indi- 
cate  continuous 
limit operation 

Static-pressure  ratio,  pso/po 

(a) Mach number, 2.35; loop gain, 0.00201 times 
engine  gain; fie1  flow step  size, s . 2 6  pound per 
second. 

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

&lid symbols indi- 
cate continuous 

Static-pressure  ratio, pm/po 

(b) Mach number, 2.503 loop gain, 0.00295 times engine gain; fuel f l o w  step  sizeJ 
4.2915 pound per second. 

Figure 27. - Concluded. System reapnee at various diffueer pressrrre ratios.  Altitude 
60,000 feet;  zero angle of attack; limit gain, 0.1785; integrator  time constant, 0.04 
second. 
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Static-preasure ratio, peo/p0 

(a) Mach number, 2.35. 
Figure 28. - System atability at varlous pressure ratlcp. 
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Static-pressure ratio, p&p0 

(b) Mach nunber, 2.50. 

Figure  28. - Concluded. System stability at various pressure ratios. 
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. 

Tima-b 

Figure 31. - Oscillogram of tre.n8icnt in angle of attack fKrm zero to +7O. 
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(a) Limit p r e s a m .  

m e 1  flow, wf, lb/aec 

(b) Basic control pressure. 

Figure 32. - Angle.-of-attack effecta on control 
pressures. bkch number, 2 S O  j sltitude, 60,oO 
feet . 
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