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A 28-INCH-DIAMGIIER RAt4-m ENGINE 

By C a r l  B. Wentworth, W i l l i a m  R. Dunbar, and Robert J. Crow1 

SUMMARY 

The dynamic response of a 28-i~ch-dis~eter rzm-,jet e-x~tne Was de- 
termined f o r  f l i g h t  Mach numbers of 2.35 and 2.50 and a l t i tudes  of 
50,000, 60,000, and 65,000 f e e t .  It w a s  found tha t  the  response of 
engine pressures t o  fue l  flow disturbances can be described by the  
l i nea r  transfer function 

where td is dead time, s i s  the Laplace operator, a' i s  the r i s e  
r a t io ,  and 7 and T~ are  time constants. 1 

Values of t d  ranged from 0.005 t o  0.035 second, and u had 
was  values from 0.67 

encountered only when the range of fuel  flow osci l la t ions extended in to  
the subcr i t ica l  regime of diffuser  operation. 

(-3.5 db) t o  1.0 (0 db). The lag fac tor  1 
1 + T2S 

INTRODUCTION 

The f e a s i b i l i t y  of closed-loop control of ram-jet-engine th rus t  i s  
demonstrated i n  references 1 and 2. 
r e l i e s  upon the  re la t ion  between engine thrus t  and a pressure measured 
i n  the subsonic portion of the  i n l e t  diffuser.  

In each case the  control system 

The design of the closed-loop control equipment is  greatly expe- 

Present l i t e r a tu re  does not provide suff ic ient  
di ted i f  the dynamic character is t ics  of the  engine t o  be controlled 
a re  adequately known. 
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information to allow estimation of the dynamic response of all ram-jet 
engines. Accordingly, each engine for which a control is desired must 
be evaluated dynamically by experimental means. 

The dynamic behavior of a 28-inch-diameter ram-jet engine designed 
to operate in the Mach number range of 2.35 to 2.70 is evaluated herein. 
The investigation was conducted with a heavy-duty water-jacketed engine 
operated in an altitude free-jet facility. 
50,000, 60,000, and 65,000 feet at jet Mach numbers of 2.35 and 2.50 
were used. The dynamic response was obtained at angles of attack of 
zero and &7 . 

Simulated altitudes of 

0 

The frequency response of engine pressures to sinusoidal variations 
of fuel flow was found for frequencies from 0.1 to 50 cps. 
time of engine pressures to fuel flow was found by making step disturb- 
ances in fuel flow. 

The dead 
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SYMBOLS 

The following symbols are used in this report: 

ratio of fuel flow amplitude to its amplitude at low frequency 
(f < 0.1) 

(f < 0.1) 
ratio of pressure amplitude to its amplitude at low frequency 

frequency, cps 

engine fuel-air ratio 

linear transfer function relating 
disturbances 

total pressure at engine diffuser 

static pressure in jet (simulated 
lb/sq ft 

Laplace operator 

pressure response to fuel flow 

outlet, Ib/sq ft 

altitude static pressure), 

dead time (time lapse between fuel disturbance and its effect on 
engine pri-essiii=e), ser  

rise ratio of transfer function G 

4 
0 
UI 
0) 
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t i m e  constant of lead-lag par t  of transfer function G, sec 

t i m e  constant of lag part  of transfer function G, sec 

T1 

zz 

APPARATUS AND PROCEDURE 

Faci l i ty  

The a l t i t ude  free-jet f a c i l i t y  with the  engine ins ta l led  is  shown 
i n  f igure  1. The engine in le t  is  submerged i n  an a i r  j e t  issuing from 
the supersonic nozzle. Two interchangeable nozzles provided t e s t  Mach 
numbers of 2.35 and 2.50 and could be rotated about a horizontal pivot 
perpendicular t o  the  plane of t he  sketch t o  provide simulation of angles 
of a t tack  from +7O t o  -7O. I n l e t  air w a s  heated t o  appropriate tempera- 
+..ne" hvy gas-fire2 heat exchanqprs. m m  &-I nTpq=t17- in the rnqa-*ment, 
containing the  engine was always low enough t o  ensure choked flow i n  
the engine exhaust nozzle. 

Engine 

The engine tes ted  is  shown i n  greater d e t a i l  i n  f igure 2. The 
combustion-chamber diameter at i t s  largest  section w a s  28 inches. The 
supersonic portion of the  i n l e t  had a s ingle  cone and was designed t o  
have the  conical shock wave at the cowl l i p  at  a Mach number of 2.50. 
The minimum exhaust-nozzle area was 0.70 t i m e s  the  maximum combustion- 
chamber area. 
area i s  plotted against s ta t ion.  

The internal-flow areas a re  presented i n  f igure 3, where 

The engine w a s  equipped with two independent s e t s  of variable-area 
spring-loaded f u e l  nozzles. One set, called the inner ring, was sup- 
plied with fue l  equivalent t o  an over-all fue l -a i r  r a t i o  of 0.037, and 
t h i s  r a t i o  w a s  constant f o r  a l l  the  runs presented herein. The other 
set, cal led the  outer ring, was used t o  provide the  prescribed f u e l  
variations.  

E x t e r n a l  Fuel System 

The modulation of the outer-ring fue l  flow w a s  accomplished by 
means of an electrohydraulic valve designed according t o  the  principles 
presented i n  references 3 and 4.  
capable of producing s tep disturbances i n  engine fue l  flow which w e r e  
completed i n  0.02 second. 
varied the  voltage supplied t o  the valve. Sinusoidal variations were 
achieved by means of a sine-wave signal generator. 

The valve and associated piping were 

Step disturbances were made by a switch tha t  

CONFIDENTIAI# 
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Instrumentation 

Steady state. - The location of the steady-state pressure instru- 
mentation is also shown in figure 2. Pressures were measured with 
mercury manometers and the measurements were used to define the base 
values of engine diffuser pressure recovery and t o  calibrate the tran- 
sient instrumentation. 
with thermocouples. 
type electronic flowmeter. 

The temperature of the inlet air was measured 
Steady-state fuel flow was measured with a turbine- 

Transient. - Fast-response transducers were used to measure pres- 
sures during transients. 
applied to a recording galvanometer. 
had flat response (A5 gercent) for frequencies up to 40 cps. 
shift was less than 30 at 40 cps. The transducers were used to meas- 
ure wall static pressures at the locations shown in figure 2. 

The electric output of the transducers was 
The transducers and galvanometers 

Phase 

Transient fuel flow was established by the fuel-manifold pressure. 
The relation between fuel flow and manifold pressure was essentially 
linear because of the design of the spring-loaded variable-area fuel 
nozzles. Fuel flow response to manifold pressure was found to be flat 
within k5 percent to approximately 40 cps, and the phase shift was 
approximately 30' at 40 cps. - 

Procedure - 
The investigation was conducted at simulated flight Mach numbers 

of 2.35 and 2.50 and altitudes of 50,000, 60,000 and 65,000 feet. The 
free-jet total temperature was maintained at 358 
Mach number of 2.35 and at 415' F for the tests at a Mach number of 2.50. 

b F for the tests at a 

Data were obtained by imposing step or sinusoidal disturbances of 
various sizes upon base fuel flows of various magnitudes. The sinusoidal 
fuel inputs were used to determine the frequency response of diffuser 
static pressures to fuel flow. Step inputs were utilized to determine 
the dead time of engine pressures to fuel flow and to study the influence 
of various parameters upon dead time. 

It is estimated that values of amplitude ratio and phase lag from 
the frequency-response data are within kl decibel and j35' of the cor- 
rect values, respectively. 
within H.002 second of the correct value. 

Values of dead time are estimated to be 
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RESULTS AI'?D DISCUSSION 

Dynamic Response to Sinusoidal Fuel Variations 

Base points and amplitudes. - The variation of diffuser pressures 
with fuel flow is presented in figure 4.  
with an X-Y recorder as the fuel flow was increased and decreased with 
a triangular input at 0.01 cps. This frequency is low enough that the 
lines can be considered as a steady-state calibration. 
represent steady-state manometer readings. 
through the synibols in those cases where data were not obtained with the 
X-Y recorder. 

The solid lines were obtained 

"he symbols 
The dashed curves were faired 

Three sinusoidal input tests were run at an altitude of 60,000 feet 
for Mach numbers of 2.35 and 2.50. The horizontal bars on figure 4 

point indicated by the vertical line for each of the tests. 
Mach number, two sets of frequency-response data of the same amplitude 
were obtained at different diffuser pressure-recovery ratios 
Another set of frequency-response data of larger amplitude was obtained 
at the same diffuser pressure-recovery ratio as the lower of the small- 
amplitude tests. 

rep--SeDt th,e ZZplLtcse Cf. t h e  ciEc=Cidal f.12p1 ygj.&j.nn n_l?ntlt. 

For each 

Pz/po. 

The steady-state pressure curves in figure 4 are decidedly non- 

To illustrate this, 
linear. Because of this nonlinearity, the pressure response to sinus- 
oidal fuel input w i l l  not itself be sinusoidal. 
the distortion of wave form is shown in figure 5 for a fuel variation 
corresponding to the 0.038 fuel-air ratio amplitude sinusoid at a Mach 
number of 2.50. Although linear transfer functions are applied to the 
frequency-response data, it should be noted that such application is 
not completely proper. 
amplitude sinusoids. 

The error involved is less for the smaller- 

A typical example of frequency-response data obtained for engine 
operation at a Mach number of 2.50 and an altitude of 60,000 feet is 
presented in figure 6. 

Effect of base recovery. - The frequency response for a small- 
amplitude fuel input at a low base diffuser pressure recovery is pre- 
sented in figure 7 for Mach numbers of 2.35 and 2.50. 
ratio and the phase lag are plotted against frequency for two diffuser 
stations. 

The amplitude 

The amplitude ratio i? given in decibels where 

Amplitude ratio (db) = 20 loglo % A 
f 

CONFIDENTIAL 
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Curves of the l inear  t ransfer  functions and t h e i r  s t ra ight - l ine  approxi- 
mations have been f i t t e d  t o  the data. Time constants were obtained from 
the corner frequencies of the s t ra ight- l ine approximation, where w 

1 - -  
1,2 - 2 X f '  7 

The data of figure 7 a re  adequately represented by a lead-lag 
t ransfer  function with dead time: 

'tdS 1 + oZlS 

G =  e (1 +=,.) 
where u i s  approximately -3 db ( 0 . 7 ) ,  and T~ has values from 0.021 
t o  0.23 second. 

The frequency response f o r  an input of the same amplitude but a t  a 
high base recovery i s  presented i n  figure 8 f o r  three diffuser  s ta t ions .  
A t  a f l i g h t  Mach number of 2.50 ( f i g s .  8 ( a ) ,  (b) ,  and ( c ) ) ,  the  data 
show an additional l ag  fac tor  giving a t ransfer  function 

G = e  

d 
C c 
0 

The data f o r  a Mach number of 2.35 ( f i g s .  8 (d) ,  ( e ) ,  and ( f ) )  can .. 
be considered as a lead-lag t ransfer  function with dead time i f  the  
rPepQnsP & .zfjat-ictn 24 interpreted te h&T.rle =. r i s e  r8 t lo  G of 9 
decibel (1.0).  The data do not extend beyond 10 cps, so the existence 
of a lag fac tor  i s  not determined. Values of u range from -2.5 t o  0 
decibel (0.75 t o  1.0); 
the  time constant T~ ranges from 0.0043 t o  0.009 second. 

T~ 
has values from 0.028 t o  0.25 second; and 

Figures 7 and 8, therefore, show tha t  a lead-lag response occurs a t  
both high and low base pressure recoveries, but an additional lag  factor  
i s  present a t  the high base pressure recovery. 

Effect of amplitude. - The frequency response t o  a large-amplitude 
input with a low base pressure recovery i s  presented i n  f igure 9.  
a Mach number of 2.50 ( f ig s .  9 (a) ,  (b) ,  and ( c ) ) ,  the  response can be 
represented as a l ag  with dead t i m e .  
( e ) ,  and ( f ) ,  the  t ransfer  function can, be given as 

For 

However, as with figures 8(d) ,  

where u i s  1.0 (0 db). 
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. 
At a Mach number of 2.35 (figs. 9 ( d ) ,  (e), and (f)), the data do 

not extend to frequencies above 10 cps, and, again, it is not possible 
to confirm the existence of a lag factor. 

Values of a range from -3.5 (0.67) to 0 decibel (1.0) for the 
The time constant large-amplitude low-base-pressure-recovery input. 

T~ has values from 0.057 to 0.18 second; T~ 
0.02 second. 

ranges from 0.0165 to 

7 

A comparison of small and large amplitudes at the low base pressure 
recovery (figs. 7 and 9, respectively) reveals that the larger amplitude 
has a lag response not present at the smaller amplitude. 
response also occurs for the small amplitude at high base pressure 
recovery (fig. 8 ) .  
related to base pressure recovery alone nor to amplitude alone. 
data of figures 8 and 9, however, nave one thing i n  ~Uiiiiiiun xh1ch I s  
revealed in figure 4.  
regime of diffuser pressure-recovery ratios. Thus, the occurrence of 
the lag response appears to be related to subcritical operation. 

The same lag 

Therefore, the occurrence of the lag factor is not 
The 

Both sinusoids extend well into the subcritical 

Effect of altitude. - Sets of frequency-response data corresponding 
to the high-base-pressure-recovery small-amplitude sinusoid were ob- 
tained at altitudes of 50,000 and 65,000 feet for a Mach number of 2.50 
and are presented in figure 10 with the data for an altitude of 60,000 
feet (figs. 8(a), (b), and (c)). The data for altitudes of 50,000 and 
65,000 feet are adequately represented by a lag term, whereas the data 
for 60,000 feet have a lead-lag term with a rise ratio of -2.5 decibels 
as well. Despite these differences, the curve shapes are about the 
same. However, the time constant T~ does not vary consistently with 
altitude so that the effect of altitude, if any exists, is obscure. 
Values of 72 range from 0.004 to 0.0398 second. The fuel flow oscil- 
lations at each altitude extend into the subcritical regime, thus cor- 
roborating the relation between the occurrence of the lag response and 
subcritical operation referred to in the discussion of figures 8 and 9 
in the preceding section. 

Frequency response at angle of attack. - Sets of frequency-response 
data were obtained at angles of attack of k7'. 
difference existed between the data at these two angles of attack, only 
the set for +7O are presented in figure 11, which shows the steady-state 
values of pressure for various fuel flows and the base point and ampli- 
tude of fuel flow. 

Because no appreciable 

The frequency-response data for a sinusoidal fuel input for an 
The response is angle of attack of +7O are presented in figure 12. 

characterized by a lag behavior at all three pressure locations. It 
is noted in figure 11 that the diffuser was operated into the subcritical 

CONFIDENTIAL 
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regime, thus presenting fur ther  evidence of a connection between sub- 
c r i t i c a l  operation and the  occurrence of the l ag  response. 
constants of the  l ag  terms range fron! 0.006 second a t  s t a t io2  24 t o  
0.0173 second at s ta t ion  68. 

The time 

Dead Time Determined from Fuel Flow Step Disturbances 

Although values of dead time were obtained from the  frequency- 
response data, the number of base points, amplitudes, and pressure 
locations f o r  which data were obtained w a s  severely l i m i t e d  by the 
nature of the t e s t s .  Further measurements of dead time were obtained 
by subjecting the engine t o  s tep disturbances i n  fue l  flow. Dead t i m e  
was then measured as the time interval  between the s tep i n  fue l  flow 
and the corresponding change i n  pressure at  the engine s t a t ion  f o r  
which the dead time was desired. Dead-time data could be obtained more 
rapidly by t h i s  method than by the frequency-response method. Conse- 
quently, the step-input method w a s  used t o  explore the e f fec ts  of 
various parameters upon dead time. 

Dead-time var ia t ion through the engine. - Dead times at  various 
s ta t ions i n  the  engine a re  presented i n  f igure 13 fo r  s tep increases 
and decreases from the same base point. It i s  evident t ha t  dead time 
tends t o  be minimum a t  ax ia l  locations between the  flameholder ( s ta t ion  
78) and the  exhaust-nozzle minimum area ( s ta t ion  144). The heavy sol id  
l i n e  on f igure 13(a)  indicates the approximate time required f o r  move- 
ment of the fue l  s tep from the  injector  ( s ta t ion  50) t o  the combustion 
zone. The intersect ion of the dashed l i n e  with the dead-time curve 
should represent the  s ta t ion  of minimum dead time. The f u e l  transport  
velocity f o r  s ta t ions  downstream of the  flameholder i s  not known be- 
cause of the  d i f f i cu l ty  i n  measuring the velocity i n  the burning zone. 
For t h i s  reason, the  intersect ion of the two curves can only be e s t i -  
mated. It i s  clear,  however, t ha t  the  point of minimum dead time i s  
qui te  different f o r  s tep increases than f o r  s tep decreases because of 
the  separation between the two dead-time curves ( f i g .  13(a)).  

A method of estimating the  dead time of ram-jet engines i s  published 
i n  reference 5. 
gas velocity) and an upstream wave propagation time. The s ta t ion  where 
the fue l  s tep i s  trans2ormed (by burning) t o  a pressure s tep i s  assumed 
t o  be a t  the  exhaust-nozzle minimum area. This method gives dead times 
greater than were measured herein and does not account fo r  the variations 
i n  the  s ta t ion a t  which the pressure wave originates.  
propagation ra tes  assumed i n  reference s [gas velocity f o r  dew-st.re1.m 
movement of fue l  and acoustic velocity minus gas velocity f o r  pressure- 
wave movement upstream) a re  i n  essent ia l  agreement with the  data pre- 
sented herein. 

The dead t i m e  i s  computed as a fue l  t r ave l  time ( a t  the 

However, the  

I+ 
0 
UI 
0, 

C O N F I D ~ I A L  
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'Jke dead time for step decreases is greater than for step increases 
at Mach numbers of 2.50 and 2.35 (fig. 13). 
creases and decreases appear to be nearly parallel, suggesting that the 
rates of forward movement of the pressure step are equal. The differ- 
ence in level of the two curves must then be due to differences in the 
station where the pressure wave originates, which, in turn, must be a 
matter of combustion dynamics. 

The curves for step in- 

It should be pointed out that the dead time at stations near the 
cowl (station 0) w i l l  be infinite, if the shock wave is downstream of 
the pressure-measuring hole throughout the transient. 
transient of figure 13(a) is an example of this for the pressure at 
stations 0 and 1. 

The step-decrease 

Effect of diffuser pressure-recovery ratio upon dead time. - The 
effect of diffuser pressure-recovery ratio upon dead time is iresentea 
in figure 14. The dead time for a Mach number of 2.50 (fig. 14(a)) 
shows a decreasing trend as the diffuser pressure-recovery ratio is 
increased. Flow velocities in the diffuser decrease as the pressure- 
recovery ratio is increased. This decrease of flow velocity affords 
greater forward pressure-wave propagation speeds, which would give the 
observed trend of decreasing dead time with increasing diffuser pres- 
sure recovery. At the same time, the possibility exists that the rate 
of combustion of the new fuel increment may vary with base fuel-air 
ratio, which is different at each pressure recovery. 
possible explanations, the first should be manifested by changes in the 
slope of the curves of dead time against axial station. Differences in 
combustion rate would be evidenced by shifting of the curves in the 
direction of increasing or decreasing dead time. It appears in figure 
14(a) that the propagation rate changes markedly at low diffuser pres- 
sure recoveries, but in the higher range of pressure recoveries the 
combustion-rate effect predominates. 

Of these two 

At a Mach number of 2.35 (fig. 14(b)), the effect of base diffuser 
pressure recovery is almost negligible. 

Effect of step size on dead time. - The effect of step size upon 
For step increases at a low base dead time is presented i n  figure 15. 

recovery (fig. 15(a)), variations in dead time are small. 
base recovery (fig. 15(b)), step decreases show a significant range of 
dead times with step size. The curves are essentially parallel; so it 
can be inferred that the difference is due to combustion phenomena rather 
than the propagation rate. In figure 15(c), the effect of step size is 
shown for a relatively high pressure recovery and step increases. Dou- 
bling the step size increases the dead time about 50 percent. 
the effect appears to be related to combustion rather than propagation 
rate. 

At higher 

Again, 

CONFIDENTIAL 
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CONCLUDING REMARKS 

The dynamic response t o  fuel-flow disturbances of a 28-inch- 
diameter ram-jet engine was found t o  be represented by a t r ans fe r  
function of the type 

where td i s  dead time, s i s  the  Laplace operator, u i s  the  r i s e  r a t i o ,  
and and T~ are time constants. Values of td ranged from 0.005 

t o  0.035 second. The following trends i n  dead t i m e  were observed: 
1 

1. Dead time w a s  found t o  have a minimum value a t  an engine s t a t ion  
between the  flameholder and the  exhaust-nozzle minimum area s ta t ion ,  and 
it increased i n  both upstream and downstream direct ions.  

2. Step increases i n  fue l  flow had dead times s l i g h t l y  shorter than 
did step decreases. 

3. Dead time w a s  found t o  decrease as d i f fuser -ex i t  total-pressure 
recovery r a t i o  increased. 

4 .  Dead time increased as the  s i ze  of t he  fuel-flow disturbances 
increased. This trend appeared t o  be the  r e s u l t  of combustion dynamics. 

Values of u ranged from 0.67 (-3.5 db) t o  1.0 (0 ab) .  N o  trend 
i n  r i s e  r a t i o  with other variables could be determined from t h e  data. 

Values of 7 varied from 0.02 t o  0.25 second. 

The l a g  f ac to r  

1 

i n  t h e  t ransfer  function occurred only 
1 + T 2 S  

when the range of fue l  flow osc i l la t ions  extended i n t o  the  subcr i t ica l  
regime of diffuser operation. Values of T~ ranged from 0.005 t o  
0.02 second. 

National Advisory Committee f o r  Aeronautics 
Lewis Flight Propulsion Laboratory 

Cleveland, Ohio, July 17, 1956 
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Figure 5. - Distortion of pressure response for 0.038 fuel-air ratio 
sinusoid amplitude variation determined from steady-state calibration. 
Mach number, 2.50. 
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