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RESEARCE MEMORANDUM

AN ANALYSIS OF CORTROL REQUIREMENTS AND CONTROL PARAMETERS
FOR DIRECT-COUFLED TURBOJET ERGINES
By David Novik end Edward W. Otto

SUMMARY

Requirenents of an autonatic engi ne control, as affected by
engi ne characteristics, have been anslyzed for a direct-coupled
turboj et engine. Control parameters for various conditions Of
engi ne operation are discussed. A hypothetical engine control
Is presented to illustrate the use of these paremeters.

An adj ust abl e- speed isochronous governorwas found t o offer
a desirable nethod of over-all engine control. The selection of
a minimum val ue of fuel £low was found to offer & means of pre-
venting unstable burner operation during steady-state operati on.

Until satisfactory high-temperature-measuring devices are
devel oped, air-fuel ratio i s considered t0 bea satisfactory
accel eration-control paremeter for the atbtelmment of t he maximum
acceleration rates consistent with safe turbine tenperatures. No
danger of unstabl e burner operation exists during acceleration if
a tenmperature-limting accel erati on control is assuned to be
effective.

Decel eration was found to be accompanied by the possibility
of burner blowout even if a minimum fuel-fl ow control that pre-
vents burner blowout during steady-state operation is assumed to
be effective. Burner blowout during deceleration mey be elimi-
nated by varying the val ue of minimum fuel f| ow as a function of
compressor-discharge pressure, but in no case should the fuel flow
be allowed.to fall below the value required for steady-state
burner operation.

INTROINCTION

An anal ytical investigation is bei ng conducted at the FACA
C evel and | aboratory t o determine requirenents of autematic engi ne

JINCLASSIFIED
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controls for turbojet engines. As part of this investigation, the
requirements of an automatic engine control for adirect-coupled
turbojet engine with a fixed exhaust-nozzle area have been analyzed.

The turboj et engi ne waa originally consi dered t o require only
a very simple control system., Experience h& shown, however, that
turboj et engi nes may encounter difficulties that result from exces-
Sive engine speeds, fram excessive tenperature, and fromunstable
burner operation. Wth manual control, the operation of the engine
within safe limts of speed, tenperature, and burner operation is
left to the discretion of the pilot, and the possibilities of
engine failure are thereby increased. As au alternative to nanua
control, the engine design c&n be so restricted that sane of the
engine difficulties are elimnated ormnimzed, but this restric-
tion i S usual |y accomplished at substantial cost in thrust output
and efficlency. An automatic engine control is therefore desirable
in order to eliminate engine operating hazards, to relieve the
pilot of responsibility for functions that may be difficult or
impossible t 0 perform under all conditions of operation, and to
mai nt ai n opti numengi ne performance.

A prerequisite for the design of an automatic engi ne control
is a know edge of the engine-control requirements and the contro
p&r&meters that are indicative of these requirenents. The
variabl es of direct-coupled jet-engine operation are di scussed
and eval uated as p&r&nmeters upon which the control of the engine
operating conditions may be based in order that the full perform-
ance potentialities of the engine may be realized wthout exceed-
ing safe operating limts. The control requirenents and oontro
paraneters for steady-state operati on, ecceleration, and decelera~
tion are anal yzed, end & hypothetic& oontrol based on this &né&l -
ysis and suoh other considerations as starting, i dling, stopping,
and energency fuel supply is described-in appendix A

_ Date fram a typicél direct-coupled turbojet engine installed

in a typical hi gh-speed aircraft in |evel flight are used as a

basis for the determ nation of engine-control requirenents.
STRADY -STATE OPERATI ON

The desired characteristics of a steady-state control for any
type of engine may be summerized as follows:

~ 1. The control should cause the engine to so operate that the
dgsyre%joperatlng characteristics of the driven m&chine are
obt ai ne
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2. The control should 1imit the engine to safe end stable
operating conditions.

3. The oontrol should operate the engine at maximum econony
under all conditions when the engine design is such that this type
of operation is possible

In a turbojet engine with a direct-coupled turbine and cam
pressor and a fixed exhaust-nozzle area (fig. 1), the required
engi ne thrust at each altitude and airplane speed i s obtained from
t he combustion of a definite amount of fuel. Al other engine
vari abl es and efficiencles are t herefore predeternined when the
choice Of altitude and airplane speed i s made. Thi S character-
istic precludes any consideration of engine efficiencies in the
design of a steady-state control, and the control problemfor the
turbojet engine then resolves itself into the nost desirable nethod
of controlling the fuel flowto obtain characteristics 1 and 2.

Basi ¢ Steady-State Control Methods

From the foregoing considerations, three general nethods of
control are possible:

1. The airplane speed nmay be naintained constant regerdless
of aircraft altitude or attitude by a variably set airplane-speed-
sensitive device controlling the fuel flow.

2. The airpl ane speedmay be maintai ned constant regardless
of aircraft altitude, but only in |evel £light, by a control cali-
brated to the level-flight relation of fuel flow and airplane speed
of a particular combination of airpl ane and engine.

3. An engine parsneter (speed, tenperatures, and so forth)
may -be controlled, which for constant val ues of the parsneter
results in a substantially constant |evel-flight airplane speed
for a1l altitudes, if such a paramester exi sts.

Before any of these nmethods can be considered feasible contro
met hods, the relation between the controlling paraneter, or
variable, and the fuel flow nmust be shown to vary consistently
over the power and altitude ranges; that is, no double values of
fuel flow should exist for any value of the controlling parameter.

Const ant - ai r pl ane-speed control for all altitudes and. attitudes
The relation of airplane speed to fuel flow for steady-state opera-
tionin level £light is shown in figure 2. The course of variation

GERETTENTIR e
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of fuel flowwth airplane speed is consistent over the power range
and at each altitude; therefore, this method of control cam be con-
sidered feasible by this criterion. An absol ute constent-airplane-
speed control,. however, would vary the fuel flow until the speed
setting was satisfied, which would cause undesirable fluctuations
in engine speed during clinb end dive maneuvers. These unwant ed
accel erations and decel erations could materially shorten the life
of the engine. A control of this type would al so give airplane-
speed-control characteristics that are unfsmiliar to pilots.

Constant - ai rpl ane-speed control for all altitudes in |evel
flight.-- A confrol to maintain arrplane speed constant in Teve
£1light only would be SO altitude-compensated t hat at a gi ven
control -l ever setting the correct emount of fuel would be metered
to the engine at each altitude to obtain a given airplane speed
according to the relation of fuel flow to airplane speed shown in
figure 2. This nethod of control would not attenpt to hold the
airplane speed constant during clinb and dive maneuvers snd there-
fore would not cause serious fluctuations in engine speed although
some changes in engine speed would result because of the change in
ram pressure. Also, because the relation of fuel flow to airplane
speed is consistent ateach altitude, this method of control can
be considered feasible. This nethod is similar to the compensated-
fuel -control nethod in use on sons of the current turbojet engines.

Engi ne- paraneter control. - The use of an engi ne parameter as
an indirect means of controlling the airplane speed is a direct
control of the engine. ZEnglne parameters in general, however, do
not necessarily bear a consistent relation to airplane speed. If
a parameter is found that results in a substantially constant air-
pl ane speed for a given value of the parsneter, then this paraneter
woul d present a nore desirabl e means of control than those pre-
viously suggested

The relations between fuel flow and the parameters, burner-
outlet tenperature, air-fuel ratio, net thrust, and engine speed
are shown in figures 3 to 6, respectively. The parameters burner-
out| et temperature and air-fuel ratio (figs. 3 and 4, respectively)
do not bear a consistent relation to fuel flow (acme of the curves
have two possible values of fuel flow at a single value of the
paranEterg and are therefore unsuitable for control. In addition,
burner-outlet tenperature is very difficult to measure. Net thrust
does bear aconsistent relation to fuel flow, but at a constant
val ue of net thrust the airplane speed varies w dely with changes
inaltitude (fig. 5). Engine speed (fig. 6) wvaries consistently
with fuel flow and at airplane speeds greater than approxinately

CRERY -,
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350 to 400 nmiles per hour a constant wvalue of engine speed results

i n asubstantially constant airplane speed for level flight. There-
fore, this method can also be considered a feasible nmethod of

control

Choi ce of Control Method for Steady-State Control

As indicated previously, the use of a variably set airplane-
speed-sensing device controlling fuel flow as a basic steady-state-
control method results in undesirable accelerations end decelera-
tions of the engine during clinb and dive maneuvers. Each of the
ot her nmethods of control results in a substantially constant air-
pl ane speed regardl ess of altitude for a given control-lever set-
ting, but only in level flight, and avoi ds undesirable accel erations
and decelerations of the engine. These methods thus achieve the
desirabl e characteristic of constant airplane speed for |evel flight
for each control-1ever setting wthout undesirable fluctuations o
engine speed. Level-flight constant-airplane-speed control and
engi ne-speed control are therefore considered more practical than
the absol ute constant-airplane-speed nethod. Between these two
met hods the choice is about equal except for the follow ng reasons,
whi ch favor the use of engine speed as a control nethod:

1. A speed governor is required to |imt maxi num engi ne speed
regardl ess of the nethod used for steady-state control and its use
as the basic steady-state control elinmnates the need for addi-
tional control components.

2. Altitude compensation | S unnecessary except that an adj ust-
ment of governor sensitivity with altitude would probably be
required

The use of engine speed as a basic steady-state-control nethod is
therefore considered the nost satisfactory method.

Engline Limil.ations

Limtation on engi ne speed and burner-outlet tenperature by
turbine stress. - Control of the turboj et englne requires cON-
sideration of the stress limtations of the turbine wheel, which
are due to the cambination of hi gh temperatures and hi gh periphera
velocities to which the turbine is subjected. Inasmuch as the
t urbi ne-bl ade tenperature (turbine-blade temperature being assumed
proportional to burner-outlet temperature) snd engi ne speed
I ncrease simultaneously at their high values (fig. 7), a condition
of sinmultaneous maxi mumal | owabl e t enperat ure and maxi mumalloweble

e
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engine speed exists for steady-state operation at maximum airplane
speed at sea level. The nost obvious method for the prevention of
excess turbine stress is by the use of a governor that limts
engi ne speed and coincidentally limts engine tenperatures. Such
anet hodi s now commonly used.

Prevention of unstable burner operation. = In addition to the
stress Timtations of the turbojet engine, aregion of unstable
burner operation may exist where conbusti on becames erratic and
bl ow- out ocecurs. The paraneters that influence burner operation
must therefore be investigated. A discussion of the effects of
inlet velocity, inlet tenperature, inlet static pressure, and
burner temperature rise on burner operation is presented in refer-
ence 1. The turbojet engine is usually so designed that the
adverse effects of high inlet velocities and |ow inlet tempera-
tures on burner efficiency are avoided. Thus, for a given engine
these effects of inlet-air velocity and tenperature are small.
Furthermore, for an engine in which eriticel flov exists at the
turbine nozzles, the burner velocity and tenperature can be
expressed asfunctions of the burner pressure and temperature
rise (reference 2) so that a region of stable burner operation
simlar to that shown in figure 8 (reproduced from reference 3)
may be expressed in terms of the temperature rise through the
burner and the burner pressure, which may beassumed equal to
the conpressor-discharge pressure.

| f steady-state operating conditions are superinposed on
figure 8, as in figure 9, it nmay be seen that for certain condi-
tions of steady-state operation the Iimits of stable burner opera-
tion can be exceeded. For example, the points at airplane speeds
of 200 and 300 mles per hour for an altitude of 35,200 feet and
the paint at 200 mles per hour for 25,050 feet are outside the
boundaries of the burner-operation curve. A means for preventing
attenpt ed engine operation at conditions that could result in
burner bl ow out nust therefore be determined.

Exam nation of figure 9 reveals that a conpressor-discharge
pressure maintai ned above 18 pounds per squaxe inch absol ute would
elimnate attenpted engi ne operationoutside the regi on of com~-
bustion stability. Miintenance of this pressure woul d, however,
also elinnate possible engine operation overa w de range of
ai rpl ane speeds at the high altitudes in which engine operation
woul d normal Iy be possible. Mintenance of a fixed m ninmum
conpressor-di scharge pressure is consequently not regarded as a
conpletely satisfactory nethod of limting engine operation to
the region of stable burner operation

GERFTTENTIR
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A study of figures 6 and 9 shows that in the region of opera-
tion where burner blow out occurs low val ues of fuel flow are used.
This relation suggests the possibility of avoiding burner bl ow out
by setting a mnimm value of fuel flow Fuel flowis plotted
against burner tenperature rise in figure 10 (for calculations,
see appendi x B) and the results indicate that for these data a
m ni num fuel flow of 1025 Rounds per hour would elimnate the
points of steady-state operation that fall outside the region of
stable burner operation (fig. 9). In the lower right-hand corner
of figure 10, the critical region of burner operation is replotted
and the dashedcurve shows the approximate [imt of the range of
burner operation pexrmitted by the selection of a mninumfuel flow
of 1025 pounds per hour

The attainment of engine ceiling depends upon the burner-
stability characteristics. As altitude is increased, the selected
mninum fuel flow results in increased engine speeds, possibly up
to the altitude at which mnimmfuel flowwould result in maxi-
mum al | owabl e engi ne speed (fig. 6). No definite statement can be
made, however, that the altitude at which this maxi num al | owabl e
engine speed would occur i S the operational limt of the engine
because before such an altitude i s attai ned t he compressor-
discharge pressure may very possibly fall below the val ue required
for burner operation. Insufficient data prevent a nore conplete
analysis of the factors that affect engine ceiling.

ACCELERATION
Basi ¢ Operational Requirements

Accel eration of a direct-coupled turbojet engine is accom-
plished by an increase in the fuel-flowrate, which increases the
tenperature of the conbustion geses and the speed of the turbine
and the conpressor. |nasnuch as fuel is added before air con-
sunmption is increased, rich air-fuel ratios are obtained unti
the turbine and the compressor reach the new equilibrium speed.
Accel eration therefore produces combustion-gas tenperatures that
may cause the turbine-stress limtations to be exceeded.

For safe engine operation, the tenperature should be [imted

* 4o some maximum al | owabl e value over the entjreperiod of accel era-
tion. At the same tine, the tenperature should be nmaintained at

t he maximum allowable val ue in order that maxi mumacceleration nay
be obtained. The allowabl e value of maxi mum temperature may be
somewhat hi gher than that for steady-state operation beceuse of

the relatively short time required for acceleration snd because the
final equilibrium engine spee%riqqas_ye?_gg?ttainedc

GRESCTTINTEYY
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In this enalysis, burner-outl et temperature is considered
indicative of the limting engine tenperature. In actual practice,
the tenperature of the turbine blades is usually critical but
turbi ne-bl ade tenperature cannot be practically measured. Some
other tenperature must therefore be measured that is proportiona
to turbine-blade tenperature during acceleration. Because al
other conbustion-gas tenperatures are functions of the burner-
outlet tenperature, turbine-blade temperature has been assumed in
this enalysis to be a function of burner-outlet temperature.

Virtual ly any net hod used to determ ne the temperature of the
conbust i on gases must necessarily aSSUNE a uniform temperature di S-
tribution through the various conmponents of the engine. Over-all
tenperature indications cannot take into account local hot spots
that could conceivably result in engine failure; consequently,
probl ens of spray uniformty, fuel distribution, air distribution
and so forth, nust be solved before any acceleration control csn
be expected to function properly.

Direct-tenperature neasurenent. - The operation of a temperature-
limting device for acceleration involves the measurement of the
burner-outlet tenperature and modulation of the fuel supply to pre-
vent this tenperature from exceeding the safe limt. A though a
met hod of direct neasurenent of the tenperatures encountered in
turbojet engines is as yet undevel oped, such nmeasurenent woul d per-
mt a straightforward net hod of acceleration control. The el ectro-
motive force from a thernocouple, for instance, could be anplified
and used to position a valve 1n a fuel-bypass line.

Possi bly the tenperature of the exhaust gas in the tail pipe
can be measured as an indication of the limting tenperature for
accel eration. At thispoi nt, the temperature of the cambustion gsas
is at 1ts | owest val ue, and nmeasuring devices such as thernocouples
or differential-expansion instruments would be guite reliable. The
tenperature of the exhaust gas in the tail pipe, however, is not
proportional to the burner-outlet temperature during acceleration
and engine investigations are required before it can be definitely
ascertained whether the exhaust-gas tenperature is substantially
proportional to the turbine-blade tenperature.

Burner heat bal ance, - Inasmuch as direct measurements Of
conbustion-gas tenperatures are as yet considered unsatisfactory,
ot her means Of obtaining en indication of burner-discharge tempera-
ture have been investigated. If a heat balance i S taken across the
burner, an equation for burner-outlet tenperature can be obtained
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interns of air flow, fuel flow and conpressor-discharge tenpera-
ture. On the basis of this heat bal ance, the possibilities of
limting burner-outlet tenperature as a function of engine vari-
abl es or of inposing either a maxtmm allowable fuel flow or a

m nimum al | owabl e air-fuel ratio can be anal yzed.

The heat added in the burner can be equated to the tenpera-
ture rise of the masses involved as follows if the heat necessary
to vaporize the fuel and to heat it to the inlet-air tempersbure
is neglected (the error is small because the air flowis very large
conpared with the fuel flow):

We h ny = Wa op a (Tg- T3) + W op,r (T4 - T3)

= (T, - T3)(W, °p,a * ¥ °p,f) (1)
wher e
We weight rate of fuel flow
h | ower heating val ue of fuel
Ty efficiency of burner
Wg wei ght fate of air flow
cp,a Average specific heat for air at constant pressure between
tenperatures T, and Tz
Ty burner-outlet tenperature
Tz compressor-discharge (bur ner-inl et) temperature
cp,g  QVErage specific heat for fuel ab constant pressure

bet ween temperstures T4 and Tz

Inasmuch as W |s small compared With WA, only a small error Is
introduced by assuming an over-all value of ey where eg is

defined as the average specific heat for a mixture of air and fuel
at constant pressure between the temperatures T4 and T3. Equa-
tion (1) may then be sinplified to

We b np = cp (T4 - T3) (W + We)

m .
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and if hfey, = K where K i s aconstant
Wf X T]b = (T4 - Ts)(Wa + Wf) (2)

Equation (2) can be rearranged and solved for burner-outlet
temperature, for fuel flow, or for air-fuel ratio. If a maximum
al l onabl e value for T, is assumed, various maximum al | owabl e

val ues of fuel flow or mininum allowable values of air-fuel ratio
can be obtained, depending upon engine operating conditions:

K my
— + 1
Wy
W
8
Wf = 4
_K 'r'lE N ( )
T,-Tz
Wa _~ M (5)
W  Ty-T3

Fach of these equations may be investigated for useasan
accel eration-control equation.

Maxi mum al | owabl e tenperature. - For the application of equa-
tion (3), the quantities represented by the variables on the right-
hand side of the equation nust be measured and the summation of
these variabl es bal anced agai nst aconstant that has been previously
determined as the maximum al | owabl e temperature T, for accel era-

tion. The burner efficiency may be obtained as a function of burner
tenperature rise and compressor-discharge pressure (assunmed equal

to burner-inlet pressureg from figure 11 (reproduced from refer-
ence 3), and equation (3) can be rewitten as

K £[(Ty - T3), P3]
Wa.

ﬁ;-'-l

(6)

T4=T3+

wher e

SSEFTIRUIEYT
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Py conpressor-di scharge pressure

The required nunber of measurenments and integrating nechani sms
necessary for an acceleration control based on the relations shown
in equation (6) makes such a control one of prohibitive conplica-
tions.

Meximum allowable fuel flow - In equation (4), the burner
efficlency may again be expressed as a function of compressor-
di scharge pressure P3 and burner tenperature rise Ty - Tz
(fig. 11} ; and the alr flow Wy can be expressed as a function
of engine speed N, compressor-inletpressure Py, and campressor-
inlet tenperature T2 according to figure 12. Equation (4) then
becones

£(N, P, T2
Wf - 2 2, ) (7)
K £[(Tg - Tz), P3| _ N
Tg - T3

Because P3 end Tz are functions of N, Pp, and T, and because
T, may be taken as a constant assumed for the maximum allowable

burner-outlet tenperature during acceleration, the fuel flow can
be expressed as a function of N, Pg, and To. Figures 13 to 15

illustrate these relations. (The calculations are presented in
appendix B.) The calcul ations are based on a maximum al | owabl e
burner-outlet tenperature of 2000° R, which is assumed to be the
limting tenperature over the entire speed range. In figures 13
to 15, the maximum allowable fuel flowis plotted ss a function of
two of the paraneters for two values of the third parsmeter. In
each case a variation of the third parameter raises or |owers the
surface and also changes the shape. This characteristic indicates
that the relation of the maximum allowable fuel flowto any com
bination of the three parameters N, P, and Ty Is quite com

plicated and that a control based on these parsmeters woul d be
virtually inpossible to construct.

Mninmum air-fuel ratio. - One variableis, ineffect, elim
inated fromequation (2) by solving for air-fuel ratio as a single
variable. Wien T4 - Tz and Pz are substituted for burner

efficiency in equation (5), the nmini numallowable air-fuel ratio
for the assuned meximm val ue for T4 becomes a function of only

two variables, Pz and Ts.

AETETTIT
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We Kf£[(Ty - T5), Ps| . 8)
Wy Tg - T3

Thus, for wvarious values of P3 and Tz, there are m ni num val ues
of Wg/We such that the maximum al | owabl e tenperature assuned for

T, i S attained but unexceeded. The variation of mninum allowable

air-fuel ratio with conpressor-discharge tenperature and pressure
is shown in figure 16, which is based on a maxi numal | owabl e burner-
outlet tenperature of 2000° R (For calculations, see appendix B.)

Equation (8) and figure 16 indicate that an acceleration con-
trol based on air-fuel ratio can be considered feasible. Such a
control would consist of a device to nmeasure the air-fuel ratio to
the engine and balance it ageinst the indication of the m nimum
allowabl e air-fuel ratio obtained from the integration of P3

and Tz.

Accel eration as Limted by Burner Operation

As in steady-state operation, the possibility my exist that
accel eration can bring the engine into the region of unstable
burner operation shown in figure 8. Wth an assuned meximm al | ow
abl e burner-outlet tenperature of 2000° R, the burner tenperature
rise at the first instant of acceleration has been cal cul ated for
various initial airplane-speed and altitude conditions of steady-
state operation. The results of these calcul ations are shown in
figure 17, superinposed on the burner-operation curve of figure 8.
For the data used, acceleration would always be within the region
of stable burner operation. The trends indicate, however, that
for allowabl e burner tenperatures a Preciably above the assuned -
value of 2000° R, the linits of stag e burner operation could be
exceeded during acceleration. This possibility is precluded by
the use of an acceleration control that limts the maxi mum burner
temperature t 0 a suitabl e val ue.

DECELERATION

Analysis of the control requirements for deceleration
involves only the limting conditions of burner operation. The
regi on of unstable burner operation may be encountered during
decel eration because a sudden decrease in fuel flowis accompanied
by a rapid reduction in burner-outlet tenperature such that the

ARy 5
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tenperature rise may be below that required for stable burner
operation. The temperature rises that woul d exi st upon i nstant
deceleration to a mninumfuel flow of 1025 pounds per hour (wth
no i nstant aneous reduction i n compressor-discharge pressure or
engine air flow assumed) have been cal cul ated by the nethod shown
in appendix B, and the results are shown in figure 18 together
with the burner-operation limts defined by figure 8 and the
steady-state burner-operation points.

Wien the fuel flowis suddenly reduced to the m nimum val ue
during operation at high airplane speeds at low altitudes, a
strong possibility exists that the tenperature rises obtained
woul d be bel ow those required for stable burner operation (fig. 18).
(The combustion efficiencies obtained from fig. 11 require extra-
polation in this region and are therefore subject to error.)
Al'though a fixed minimumfuel flowis satisfactory for maintaining
burner operation during steady-state operation, it is unsatis-
factory for deceleration.

If the burner temperature rises are arbitrarily limted to
nmi ni mum val ues of 25° F above the boundary Line between stable
and unstabl e burner operation (shown in fig. 8), values of fue
flow can be determ ned bel ow which the temperature rise can be
assunmed to be too low for stable burner operation. The fue
flows thus obtained would introduce a safety factor of 25° F in
t he temperature rises required for stable burner operation. These
calcul ations are ?iven in appendi x B end the results are plotted.
infigure 19. A line starting at a minimum fuel flow of
1025 pounds per hour can be drawn that represents a good approxi -
mation of the mninumfuel flowrequired to insure a tenperature
rise sufficient for the maintenance of burner stability upon
deceleration. An initial mninumfuel flow of 1025 pounds per
hour is chosen because this value satisfies the requirements for
stabl e burner operation during steady-state operation, as shown
previously. The mninumfuel flow as indicated by the heavy |ine
of figure 19 is always bel ow the nornmal steady-state operating
requirements and therefore deceleration is always possible.

Because the chosen relation besween m ni num fuel flow and
conpressor-dischar?e pressure, as shown by the heavy line of fig-
ure 19, provides for the stable-burner-operation requirenents of
steady-state operation and deceleration, fuel flow as a function
of conpressor-dischar?e pressure may be considered the one param
eteé.fpr prevention of unstable burner operation under any engine
condi tion

MK- o
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CONCLUSI ONS

An analysis was made of the control requirements and control
parameters of a direct-coupled turbojet engine. Al though specific
data were used, the results and methods of analysis are believed to
be aPplicable to any turbojet engine of the direct-coupled type.
The tollow ng conclusions were reached:

1. An adjustabl e-speed isochronous governor offers a desirable
means of engine control for steady-state operation because:
(a) Engine speed varies consistently with fuel flow (b) at high
engi ne speeds, a substantially constant airplane speed i s main-
tained for a constant engine speed regardless of altitude;
(c) altitude conpensation is not required; and (d) a governor is
required to limt maxinum engine speed regardless of the method
used for steady-state control. The possibility of burner blow
out at |ow airplane speeds and high altitudes may be elim nated
by setting a suitable mninmum fuel flow that elimnates attenpted
alrcraft operation at these points.

2. Limting the mninum allowable air-fuel ratio as a function
of conpreseor-discharge pressure and tenperature offers afeasible
method of acceleration control until satisfactory instruments are
devel oped for directly measuring hi gh temperatures. The tenpera-
ture limt inposed by an acceleration control also prevents the
engine fromentering a region of unstable burner operation during

accel eration.

3. Deceleration is acconpanied by the possibility of unstable
burner operation (or possi bl% bl ow-out) especially during maxi mum
attenpted deceleration from higb airpl ane speeds at |ow altitudes.
A fixed mnimmfuel flow cannot practicably elimnate this possi-
bility, but a mninmum fuel-flow setting that is varied as a function
of conpressor-discharge pressure appears to offer a satisfactory
solution. The required mninum fuel flow increases wth increasing
conpressor-discharge pressure and, if the lower limt of fuel flow
is fixed at the value required by blowout limts for steady-state
burner operation, conpressor-discharge pressure may be used as a
control parameter for the prevention of unstable burner operation

under any engi ne conditi on.

Flight Propul sion Research Laboratory,
National Advisory Conmttee for Aeronautics,
Cl evel and, Onio.
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APPENDIX A

DESCRIPTION OF A HYPOTHETTICAL CONTRCL

In order to clarify and expand the discussion of control parem-
eters, a hypothetical engine control is presented (fig. 20). The
analysis has shown that an autematic engi ne control shoul d perform
the follow ng functions

1. Control fuel flow during Steady-state operation for main-
tenance of constant engine speed

2. Limt maxi mum al | owabl e engi ne speed

3. Prevent excessive burner-outlet tenperatures during
acceleration and pernmt attainnent of meximum
accel eration

4. Elimnate possibility of engine operation in regions of
unstabl e burner operation

5. Provide for starting, idling, end stopping the engine
6. Provide energency fuel contro

Speed control. - Requirement 1 is fulfilled by an adjusteble~
speed 1sochronous governor x (fig. 20) that operates a bal anced
bypsss val ve 1 by which fuel effectively bypasses the fuel punp.
The governor is set for wvarious speeds by setting a linkage p
that determnes the engine speed at which a pilot valve m covers
the pilot-valve ports. Amodul ating piston n causes the governor
to so anticipate its setting during changes in speed that, as the
engi ne approaches the set speed, the governor starts changing the
fuel flow toward the value required for the new set speed. A snal
slot 0 causes the nodul ating piston to return to the same posi-
tion at equilibriumconditions and thus keeps the governor |inkage
in calibration. The function of the nodul ating piston is to pre-
vent overshooting and hunting.

Requirenent 2 is fulfilled by a stop k on the pllot's con-
trol lever to prevent the pilot fromsetting a speed that m ght
cause overstress of rotating parts

- Acceleration control. - A control that maintains and linits
burner-outlet tenperature at the maxi num al |l owabl e value provides
the maximum perm ssible acceleration of the engine. As shown in

il
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figure 16, the burner-outlet tenperature nsy be maintained at any
chosen value of maximum allowable tenperature by providing the
proper air-fuel ratios, which depend on the compressor-discharge
tenperature and pressure. Equation (8) may be used as the contro
equation and with a value for T, assuned at 2000° Ris

W, K f[(2000 - T3), Ps|

W - 7000 = T3 1

If it is assuned that the air flowis neasured by a pitot-static
tube inserted in a conpressor-discharge passage and the fuel flow
Is measured by an orifice in the fuel line, the preceding equation
becones

C Ag[C1 P3/T5 AP, K £[(2000 - T3), Ps]

Ca Ar \/Pp AFf 2000 - T3

1

wher e

C,CsCyconstants

Ay total. area of air-flow passages in one of which pitot
tube is installed

Ap area of fuel orifice

Pe fuel density

AP, AP¢ pressure differentials fromair- end fuel-measuring
el ements, respectively

If A, and pp are conbined with the constants €, C;, C2, end K
to formone constant K,, this equation may be expressed as

\JPs/T5 8B, Ky £ [(2000 - T3), B3]
Af’\/A?f 2000 - T3

Because the excess fuel nust be E¥passed back to the punp inlet in
order to provide afeasible method of control, the pressure differen-

tials AD, and AP, may be equated by a set of balanced diaphragms

“ﬁﬂr’—%

1 (A1)
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T T s

(with ap, Inposed across one disphragm and APp imposed across

an opposing diaphragm, which operate a bal anced bypass valve. The
only remaining variable In equation (A) capable of being varied as
8 function of P3 and Tz 1is the area Ap and equation (Al)
econmes

nP3/T
K, T [(2000 - T5), P3|
2000 - Iz

Ap = (a2)

1

which gives the required variation of the area Ap Wi th the pres-

sure p3 and tenperature Tz to obtain a burner-outlet tenpera-
ture of 2000 R This variation mey be obtained by the seme method
used to obtain figure 16 (see appendix B), that is, by assum ng
values of P; and Tz and solving for Ap. The term

£ Ezooo - T3),13} is the burner efficiency n and requires the
use of a burner-calibration curve similar to figure 1L.

The accel eration control (fig. 20), which limits t he burner-
di scharge tenperature, consists of the following: (1) a balanced-
diaphragm assenbly b (subjected to the air- and fuel-pressure
differentials) that operates a bal anced bypass valve c; and
(2) a pressure-sensitive bellows f subjected to the pressure P3
and a tenperature-sensitive bellows d subjected to the tenpera-
ture Tz that operate a drumcme, which in turn varies the

area of valve h. The pilot valve g and the servopiston 1 are
required only if power anplification is necessary. The drum cam
enbodi es the required relation of area Ap t0o Pz and Tz shown
in equation (AZ). The necessaxry control of fuel flow is obtained
by inmposing the fuel -pressure differential. from the fuel-metering
val ve h across the fuel aiaphragm of the balanced-diaphragm
assenbly b.

The acceleration control acts to maintain the tenperature at
t he maximum al | owabl e velue for accel eration. \WWen the governor
has control of the engine, the temperature is bel ow this maximum
val ue and the force on diaphregm assenbly b is unbal anced in a
direction that keeps bypass valve c¢ closed. If the governor is
set for a higher speed, 1t causes a sudden increase in fuel flow.
Wien the fuel flow increases to a value sufficient to obtain the
maximum al | owabl e burner-outlet tenperature, the diaphragns are
balanced and any further increase in fuel flow causes sn unbal anced
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force on the diaphragms, tending to open bypsss valve c. The
governor thus has control of the engine at all times when the speed
of the engine is close to the set speed and when the burner-outl et
temperature i S bel owt he maximum al | owabl e val ue. These devices
fulfill requirement 3.

M ni numfuel -flow control. - The minimum val ues of fuel flow
that are necessary to prevent unstable burner operation during
steady-state operation snd decel eration are shown in figure 19
as a function of conpressor-discharge pressure. A control that
woul d prevent the fuel flow fromfalling bel owthe curve of fig-
ure 19 would fulfill requirenent 4. The mininumfuel-flow contro
consi sts of a diaphregm assembly v Subjected to the pressure
differential froma venturi = in the fuel line and to the force
of & spring u, whose datum plane is varied by a bellows assem
bly z subjected to conpressor-dischsrg pressure. \Wen the
fuel -pressure differential fromthe venturi » is at avalue
corresponding to the mninum fuel flow for the particular value
of conpressor-discharge pressure, the spring u is conpressed
sufficiently to center the pilot valve w. \henever the fue
flow is above or below this value, the pilot valve operates bypass
valve g, which is in series with the governor bypass valve 2
to adjust the fuel flowto the required value. This control is
ineffective as long as the governor requires a fuel flow in excess
of the specified mninmm anount, but when the governor requires a
fuel flow |ess than the specified m ni mum emount this contro
cones into operation to control the fuel flow at the m nimum
amount and the governor is out of control. A stop t provides
for the mnimumfuel flow at the | ow values of conpressor-di scharge
pressure. (See fig. 19.) A cams controlling the datum plane
of spring u isS necessary because the relation of pressure differ-
ential to weight flow froma venturi is a second-parer function
rather than a inear function

Visual extrapolation of figure 6 shows that an altitude exists
at which the mninum fuel flow of 1025 pounds per hour selected for
these data causes the engine to run at maxi mum speed. This state-
ment assunes that the conpressor-discharge pressure remains above
the linmting value for safe burner operation. (See fig. 8.) At
this point there is a choice in nethod of control: to allow the
engine speed to increase beyond the maxinmum allowable value (the
governor being out of control), or to keep the engine speed at the
maxi mum al | owabl e val ue and al l ow the engine to enter the region
of unstable burner operation. The second alternative is prefer-
abl e because overspeed may cause failure of rotating parts. The
control function may be acconplished by causing the governor to

—
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contact the pilot valve w when the governor reaches the maximum
al |l onabl e speed and thus open the by-pass walve g and prevent the
speed from exceedi ng the meximum al | owabl e value. The engi ne speed
at which the governor contacts the pilot valve w, however, nust
be slightly higher than the maxi mum speed determined by the stop k
on the governor-setting leverin order that, when set for maximum

speed during nornal operating conditions, the governor does not

attenpt to control by-pass valves 2 and g sinultaneously. The
maxi mum speed as determned by the point at which the governor con-
tacts the pilot valve wwould then be the maximum allowable_engine
speed end woul d be obtained only when an altitude is reached at

whi ch the mninumfuel flow would cause the engine to run at this
maximum speed.

Starting, idling, and stoppingcontrols. - The engine may be
started by setting valve a to the manual position (fig. 20),
advanci ng the governor-setting |ever upon the attainnment of stert-
ing speed, end then reducing the setting to the idle position
after the engine starts.

The control shown in figure 20 is based on the assunption that
the mnimum fuel flow as regulated by the mninumfuel-flow control
will correspond to the idling fuel flow of the engine at sea |evel.
For engines in which the mninumfuel flow does not correspond to
the idling fuel flow, a linkage nust be provided on the governor-
setting lever so that, when the governor-setting |ever is against
the idle stop, the linkage positions the datum plane of spring u
to obtain the idling fuel flow. This |inkage shoul d be so designed
that it is effective only when the pilot's control lever is set to
the idle position.

The engine is stopped by turning valve a to the shutoff
position.

Emergency control. - BEmergency control & he engine i s provided
by a bypass 1line controlled by valves a end 3 end check valve y¥.
In the event of failure of the normal fuel-control system the ener-
gency systemis put into operation by valve a. The energency con-
trol valve Jis then operated by the same | ever used to control
the engine with the normal fuel control.

nes N 9%
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APPENDIX B

TYPI CAL CALCULATI ONS

St eady- st at e operati ng characteristics. - The data used for
plotting figures 2to 7 were obtalined from typical operating data
for a direct-coupled turbojet engine installed in a high-speed
airplane, typical operating data for a turbojet burner(refer-
ence 3}, and typical engine static data(reference 4). These data
are presented as curves in figures 8, 11, 12, and 2% to 24. In
some cases the curves had to be extrapolated to extend the range
of calculations. These extrapolations are shown by dotted Iines

Engi ne speed, air flow, and fuel flow for variocus flight
conditions, - In the calculations for figures 2 to 6, altitude and
ai rpl ane speed were considered the main parsmeters effecting engine
performance. The pressure and the tenperature ahead of the com-
preasor Were determined for various flight speeds end altitudes.
(NACA stendard at nosphere end 100-percent rem pressure recovery
were used.) The equations used for total pressure and tenperature
at the Inlet to the conpressor were

2 2
LYy [+

and

P, atnospheric pressure
at nospheric density
v, airplane speed
g accel eration of gravity
a | ocal velocity of sound
W, TIPS
RSN

|9t
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Ty atmospheric tenperature

Y ratio of specific heats of air at constant pressure and con-
stant vol ume

The required thrust (drag = net thrust) for each flight condi-
tion was determned fram figure 21. Then the engine speed to give
that net thrust was found from figure 22. Wen the engine speed
and the conpressor-inlet conditions were known, the air flow and
the fuel flow were read £from figures 12 end 23.

Burner-outlet tenperature and tenperature rise for yarious
£1ight conditions. - The conditions at the compressor di scharge
were determned fromthe relation of compressor pressure ratio and
engine speed shown in figure 24. \Wen compressor pressure ratio
was corrected for conpressor-inlet temperature variation and an
adi abati ¢ compressor efficiency of 73.3 percent was used. (refer-
ence 4}, the tenperature after conpression weas determned from

21
7

AN
Po
T3 = TZ + T (Bl)
Mo |
where
1, compressor efficiency

Burner-outlet tenperature was then found by adding to the
burner-inlet tenperature the tenperature rise in the burner, which
was cal cul ated by

hqb

[+ + =
N

(B2)

The value for h was assumed to be 18,400 Btu per pound and the
velue of the over-all ep was assuned to be 0.26 Btu per pound °R.

Inasmuch as the burner efficiency is a function of T, - Ts,

a trial-and-error nmethod of solution of equation (B2) was used.
The burner-outlet temperature for various flight conditions is
first used in figure 3 and the burner temperature rise is first

used in figure 9.
!’ i‘:'. PR
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Accel erat i oncharacteristics. - The maximum alloweble f uel
flow for acceleration as a function of N, Py, and T2 for fig-

ures 13 to 15 was obtained by calculations made with the assunp-
tion that during accel eration the burner-outl et temperature was
mai ntai ned at 2000° R

At the assuned value of N, the pressure ratio Pz/Pp is
determined for the assumed value of T, by correcting figure 24
according to the nmethod previously described. The value of Pz
may then be determned for the assumed conditions of n, Pp,
and T2. The value of Tz that corresponds to the assumed inlet

conditions is then calculated by equation (Bl). The air flow that
corresponds to the assumed inlet condition is determined by us8
of figure 12. The fuel flow necessary to obtain the assumed
burner-outl et temperature i S given by equation (5), rearranged as

We (2000 - T3)

¥ = 70,800 my - 2000 ¥ T3 (53)

The termn, may be determined from the burner pressure Pz and
the tenperature rise 2000 -~ Tz by use of figure 11. The computed

val ues of w, and Tz and the efficiency my are then substi-
tuted in equation (B3) to obtain the fuel flow necessary to obtain
a burner-outlet tenperature of 2000° R for the assuned conditions
of N, Py, end T,. Figures 13 to 15 were plotted by using the
values of fuel flow obtained by this nethod fora sertes of val ues
of N, Pp, end T2.

Figure 16 was plotted for calculations made when equation (B3)
is rearranged in the foll ow ng manner

We 70,800 m,

W

= me——— - 1 (B4)
>~ 2000 - Tz

where W,/M, isthe afr-fuel ratio required to maintain a burner-
outlet tenperature of 2000° R Wen values of Tz for constant

values of Pz are assumed, the air-fuel ratio can be obtained £ rom
equation (84? and figure 11.

Decelerationcharacteristics. - In order to determ ne whether
establishing a mninum fuel flow for steady-stat8 conditions would

™o

¢oL,



NACA RM No. E7I25a 23

also serve to prevent unstable burner operation during deceleration
cal cul ations were nmad8 to determ ne the probabl e values of burner
temperature rise when t he fuel fl ow was instantaneously reduced from
a steady-state value to the mi ni mum value of 1025 pounds per hour.
These cal culations were as follows: At each of the steady-state
points of altitude end airplane speed, the val ue of burner tempera-
ture rise was determined by a trial-and-error solution of equa-

tion (B2) end fromfigure 11, with val ues of conpressor-discharge
pressure and air flow corresponding to the steady-state values.

The accuracy of the wvalues of burner efficiency and tenperature

rise so obtained i S doubtful because of the necessity of extreme
extrapolation of the burner-efficiency curve. However, | n Sonme
cases, the assumption of a burner efficiency of 100 percent woul d
still result in a burner tenperature rise below the burner-stability
limits of figure 8. The required extrapol ation indicates the need
for conplete burner data and. flight correlation data es a prersqui-
Sit8 to the design of an automatic engine control

Because the results of these calculations indicate that a
m ni mum fuel flow of 1025 pounds per hour woul d not prevent unstable
burner operation during deceleration fram | ow al titude end high-
alrplane-speed, conditions, cal culations were mad8 to determne the
m ni mum al | owabl e value of fuel flow during deceleration from each
of the steady-stat8 conditions. For these cal cul ations, the lower
al | owabl e 1imit of burner-tenperature rise was taken as 25° F
above the curve of figure 8. (This assunption gives a safety
factor of 25° F,) At each steady-state condition the val ues of
air flow, conpressor-discharge pressure, and the value of burner
temperature rise (fromfig. 8) plus 25° F were substituted in
equation (B2) and the equation was solved for the fuel flow The
results were used to plot figure 19
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