ENGINE CONTROL RESEARCH

Speakers: Richard 8. Cesarc and David Rovik

Gentlemen:

In general, every engine hss certaln potentialities, end
it is the mutfou of the engine-control system to make sure
that every bit of this engine potential 1s reslized. It must
be possible to operate the engine at minimum fuel consumption,
maximun power, maximum acceleratlion snd deceleration, and
maximum engine life regardless of the specific operating con-
ditions. For the gas-turbine engine 1t 1s difficult to accom-
plish this general od s because in order to completely
exploit the mg:- ‘zo tialities, 1t is necessary to operate
the nghn ait or near the thlng conditions. This
means that a control system is required whose response must
be critically accurate and the m&of required control-
rasponse characteristics presents ma jor problem now being
studied in controls research at this Laboratory.

A brief discussion of some of the gas-turbine englne
characteristices will serve to 1llustrate why such eritical
response is demanded from a m "R“- for this type of
power plant. On the first ¢ A ive plotted the percent
maximum horsepower against the percent mexlimum engine speed
for a reciprocating engine and for a ges-turbine engine. You
will note that at percent of the maximum engine the
reciprocating engine ean develop up to approximately percent
of the maximum engine horsepower. In contrast with this, at
the same 7Sepercent maximum ine spesd, the gas-turbine
engine can develop only about percent of the maximum engine
horse “. Mmo,tb:hghtmegntfhmwmﬁm
engine develop any apprec e power mus operate
the reglon of high engine speeds. Operation in the reglon of
high engine s s necessitates an umtollnmmm control
system becsuse in this region small changes engine
result in large changes in engine horsepower., It is also
posaible in mnuu elose to the maximum allowable engine
speed that ¢ maximum ecould be exceeded.

The next ehart (GIAHE2) indicates that the responss of

a urbine-engine eontrol system is also eritical with

erence to temperature control. Here we have shown the
comparative effect of fuel-alr ratio on ine operating
temperetures plott the engine operat temperature
against fuel-alr ratio the gas-turbine engine and the
reciproceting engine. The operat temperature of the reci-
proeating engine, which may be considered as the temperature
of gsome critlecsal part, such as the exhaust valve, peaks at
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stolchiometrie fuel-air ratlo; that is, at the ohnnicall{
correct mixture of fuel and air., This peak Semporature is
approximately 1400° F. The operating temperature of the gas-
turbine engine also peaks at ltelchimotr&g fuel-alr ratio
but &t a temperature of approximately 3600° ¥, The differ-
ence between the two peak temperatures is duec to the faet
that in the ges-turbine engine there is continuous combustion,
whereas in the reciprocating engine charge alr 1s b into
the eylinders during the four-strcke or two-strolke cyele,

and t?hu charge air agts as a cooling medlum in reduscing the
temperature. The operating temperaturs of a reciproecating
engine 1s, therefore, & mean YTemperature that occurs over the
four-stroke or two-stroke e¢ycle. As a result of the eon-
tinuous inerease of operating temperature with inerease in
fuel-air ratio for the gas<turbiane ne, it becomes
poasible for increase in fuel-air ratios to result in
operating temperatures that exceed the maxiwum allowable
operating temperature of the gas-turbine engine. This means,
then, that for the gas-turbine engine a tempersture-limit
control is an absolute neceasity. In contrast with thils, 1
the reciprocating engire is initlally des d sc as to cool
properly at the peak temperature, i1t will then be inherently
temperature~protected because any deviations from stolchiometric
will result in reductions of the operating tempersturs.

It is alse required that the eontrol system correct for
the effact of altitude on the gas-turbine engine oporatln}_
characteristics, This effeet is shown on the next chart, // fg\rc 50
fehamd=%) by plotting the avallable engline acceleration agalnst
altitude. At sea level a relative value of 5 1s used to
designate the avallable engine acceleration. This avallable
engine acceleration decreases as the altitude Increases; that
is, the maximum rate at which the engine can accelerate
decreases, untll at 40,000 feet the available engine acederation
has & relative value of only 1. This means that the same power
plant operating -t“ﬁo,coo feet will respond only one~fifth as
rapldly to a control setting as it would at sea level. This
tremendous change in response characteriastlics of the
muet be recognized by the control system and in turn 1t 1s
necessary for the control-system response characteristies to
undergo a corresponding change. '

In order to obtaln a knowledge of the meaning of the word
"response," we have found that the uz«» of & controlled
gas-turbine engine c¢an be compared with the response of a f
simple spring and mass system as illustrated on the next ehart figwes5|

— « Here, we have 2 simple spring from which is sus-
pended a mass, and the system 1s subjected to frietion. The
response of this simple spring and mass system iz well known,
end 1s such that we can say that the spring and mass response
is a funetion of the mass, friction, and spring rate.
relationship may be generalized to the extent that we can say,
in general, that response is a functlion of inertia, damping,
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and restoring force. In deriving the equations which deseribe
the response of a controlled gas-turbine engine, it has been
found that these equations are similar to those obtained for
the response of the slmple nprug and mass system. We can
therefore, compare the two equations and thereby unduuai

the significance of the nts contalned in the equation
for the response of the controlled g:-mtnm « From
this comparison we have found that the response of the con~

trolled gas-turbine o is a function of the engine inertia
plus a eontrol coefficient, a funetion of the engine ing
plus & control cceffieient, and a funetion o the contro
restoring astion. The effect of one of these factors that
influences response, the damp of a system, may be seen
from this very uupio-inntnt on mounted on our demon-
stration platform. Mere we have a simple spring and weight
system similar to the one shown on the chart. At present, the
only dmmgnto which this system is subjected, is the result
of the damp aotlion of the air column contained within this
glagse tube, on disturbance of the equilibrium, you will
note that we obtain several oselllations of the type which we
normally assoclate with the response of such a simple spring
and welght system. However, by adding water to the tube, we
ean atly inerease the damping action of the system, and

it will be interesting to note the change in the response
under such cirecumstances. You will note that this time, upon
disturbance of the equilibrium, we no longer obtain ouhh-
tions but merely a restoration of the or 1 equilibrium
eondition, so that here we have seen the tremendous change in
the response of the system resulting from a change in only
one of the factors whiech influence response.

Having some knowledge now of the factors that influence
responge, the control designer may now attempt at least to
obtain & desired response from a controlled gas-turbine engime.
The response characteristies of the engine 1tself camnot be
changed inasmuch as they are inherent within the englne. The
response characteristica of the control aystem must, therefore,
be adjusted in order that a desired controlled engine response
be feasible. This adjustment of the control response character-
istics 1s termed "matching”; that is, matehing of the control
and englne-response characteris effect of matehing
may be seen from the next chart 7 where we have plotted
engine speed against time. We first assume a low condition of
engine speed and then a desired inerease of engine speed to
this new value. PFor a case in which the control and e
response characteristics are improperly matched, we can obtain
an inerease in engine speed, as indlicated by the oscillating
eurve., The fact that this em of response 1s undesirable
may easlly be visualized if we assume that the new valus of
engine apeed happened to be the maximum allowable engine speed.
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If this were irue, then it can be seen that the maximum
allowable engine speed has been greatly exceeded in addition
to the fact that a severe fluctuation period follows. On
the other hend, when the response characteristica of the
control system are more adequately matehed with the engine-
response characteristics we can obtain an inerease in the
speed, &s shown by this curve, whieh increases smoothly without
ounintiom and does not exceed the desired value, We can
glve you a more visual pleture of the effect of matehing by
referring to this mechanicel analog on our demonstration - :
latform. In this mechanical aralog the air turbine 1s used
simulate the setion of & gas-turbine engine. The alr
turbine 1s operated by alr delivered through these two air
ta. The pressure at the air jets is determined by the posi-
ion of a utterfly valve located at this peint. The butterfly
valve is positioned by a econtroller located here, and the
desired control setting is made with the econtrol lever located
here. The controller functions so as to sense and eontrol the
pressure Iimmediately downstream of the butterfly valve, which
is essentially &lso the pressure at the air jets. Installed
in the line whieh brings the controlled pressure pulse to the
controller is an alr acoumulator. This alr accumulator in
effect, imposes a time lag in the control system so that its
response characteristics are poorly matched with the response
of the simmlated engine -~ the alr turbine. During operation of
the mechanieal analog you will be able to note the actual
eh in speed as we accelerate from a condition of low speed
to speed by reading the curve whiech will be drawn on the
moving ehert. The motion of the pen is proportional to the
air-turbine speed, end 1is mctuated by the electrical speed-
sensing device at the end of the alr-turbine shaft. For this
particular condition of operation, it will alasc be interesting
for you to note the movement of ifn control of the positioning
lever as the controller moves the butterfly velve in an attempt
to maintain the desired speed setting. You will alse be able
to hear very audibly the fluectuations in atir-turbine speed
during operation for this first demonstration of the effect of
orly matched engine and control-response characteristies.
Operation of mechanieal anslog) We now have a pictorial
reprasentation of the osecillations obtained for operation with
poorly matehed engine and eontrol-response characteristiecs.

The alr secumulator can be bypassed and the time lag
removed from the control system by simply turning these valves.
Upon elimination of this time lag, the response charscteristiecs
of the control system are more sultably matched with the response
characteristics of the alr turbine; and if we once more accele-
rate the air turbine, we will be able to note the difference
in the type of response obtained. (Operation of mechanical
analog) We now have & visual comparison of the two types of
response obtained. Tn the first case, the oseillations resulting
from poorly mateched engine and control-response charscteristics,
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and in the second case the smecoth ineretse in speed resulting
{m more properly matched engine and control-response character-
stica.

Here, on the end of our demenstration platform, we have

an olueriul enalog ¢onstructed for the purpose of investigating
the response characteristics of a full-scale experimental elec-
tronic eontrol system. I would like to emphasize that although
this apparatus has had 1ts face lifted for demonstration
purposes, it 1s in agtuality a bench setup from which we have
obtained controls research data. The components of the elec-
trical analog are as follows: lLere we have the actual housing
which contains the motor and gearing for changing the propeller-
blade angle. TLocated here is the electrie mo whiech 1s
simla the action of the gas-turbine engine. Here, in the
proverbial "11ttls black box" is the electronic control, and
the electronic control ls provided with this adjustment for
chenging 1te response characteristics. A desired condition of
engine speed 1s set with the control set knob located here.

The eontrol funections to maintain & desired speed setting by
increasing the propeller~blade angle should the engine speed
tend to increase above the contiol setting, and by decreasing
the propeller<blade e should the engine speed tend to drop
below the control setting. We will first demonstrate the action
of this electronic contrel with the response characteristiecs
poorly metched with the response of our simulated engine, the
slectriec motor. During operation, you will once more note the
agtual change in speed as it occurs on the moving chart. You
will also note the fluctuations in propeller-blade angle as

the control moves the propeller in an attempt to maintain the
desired speed setting. (Operation of electrical analog)

Here, again, we can see the oseillations in speed resulting
from poorly matehed control and engine-response characteristics.

The response characteristies of the eleetronic control
will now be adjusted so that they are more adequately matched
with the response of the electric motor. We will once more
aceslerate to a new condition of engine speed so that you may
obtain & comparison of the response of the system with the
m-au previously indiscated. (Operation of the electrical

og) We now have, agaln, a visual comparison of the types
of response which can be obtained through poorly matched and
more properly matched engline and control-response character-
istice.

These demonstrations have been for the purpose of acqualnting
you with the nature of the problems now confronting us in eontrols
research., The type of matehing which has been 1llustrated here
is obviously much more simple than the matehing that is required
for full-scale engine operations Here, on the demonstration
platform, we have had to account for the response of en).{ one
or two variebles, Our reseerch, when sxtended tec ultimate full-
scale engine operation, must include the effects of the multitude



.6-

of varisbles whieh infiuence engine operaticn} that 13, the
effects of engine speed, propeller-bvlade engle, fuel flow,

gss temperature, alrplane speed, altitude, and so forth, In
our research dealing with full-scale engine operation, we have
derived methematicsl equations to deseribe the response of the
engine and the solution of these equations will provide in-
formation leading to the required gontrol-response character-
{stics., However, these equations are so compliceted that they
ars impossible to solve with conventicnal higher mathembtles
and it is necessary for us to resort to the use of a speclal
electronie computer with oireults specifically designed for

the solution of these angins equations, In addition to the
analytical investirations, we are also instrumenting a full=
seale turboe-propeller englne for the purpose of investigating
gRa~-tenperature~control pesponsa, engine-speed-control response,
and propeller-blade~angle conirol response. our ressarch engine
15 located in the adjacent test cell, and although 1t camot be
operated for you because of the prohiblitive nolee level, 1t 1s
gvyallable fer your inspectlon. Thank you.

Seafkof:ogvapk G2l s

David Novik
10-5=47
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TURBOJET RESEARCH

Theoretical and experimental research has shown that the greatest
cruising range of turbojet-powered aircraft is obtained at high altitudes.
However, the turbojet engine in its present stage of development has
several characteristics which restrict its effectiveness as a high-altitude
power plant. Two such characteristics of major importance are combustion
blowout and engine acceleration. A study of these characteristics by the
NACA has indicated certain design trends which would improve the effective-
ness of the turbojet engine at high altitudes,

Research on turbojet engine components, particularly combustion
chambers, has considerably increased the altitude at which an engine can
be operated over a full range of engine speeds without encountering come

Frpore 63
bustion blowouts The first slid‘ﬂfhdws results obtained in the altitude
wind tunnel on a particular series of engines, In 1944 the altitude limit
of a typical turbojet engine was 19,500 feet, Mainly through progressive
improvement of combustion chamber design, the maximum altitude was increased
to 30,000 feet in 1945 and to 45,000 feet in 1947. Inasmuch as combustion
blowout is associated with low combustion chamber pressures which occur
in high=altitude flight ét low engine speeds, the maximum altitude could
logically be increased by raising the pressure level throughout the engine,
Consequently the effect of increasing the design compressor pressure ratio
on the maximum altitude and engine performance should, therefore, be
considered, Fl'y s -';F

The next slidiAshows the maximum altitude at which an engine can be
operated from idling to rated speed plotted against compressor pressure

ratio, For an engine with a compressor pressure ratio of A4 to 1, which is

representative of most existing turbojet engines, the maximum altitude is
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45,000 feets By increasing the pressure ratio to 8 to 1, the maximum
altitude is raised to 59,000 feet and a further increase in pressure ratio
to 16 to 1 would allow operation at all engine speeds at 74,000 feet,
Further studies indicate that increased compressor pressure ratio will
also result in reduced fuel consumption'whégh can be interpreted in terms
of increased cruising range. The next slfg%ggﬁgis the relation between
compressor pressure ratio and relative range for an airplane with a turbo-
Jjet engine cruising at 500 miles per hour at an altitude of 30,000 feet,
The range of an engine with a pressure ratio of 4 to 1 is used as a
reference, Calculations indicate that by doubling the pressure ratio, the
range is increased by 18 percent. An increase in pressure ratio from 4 to
16 results in a 40 percent increase in range., These results, therefore,
indicate that increasing the compressor pressure ratio will not only
increase the maximum operating altitude but will also give substantial
gains in range, Considerable effort is being devoted at this laboratory
toward improving compressor performance, as is being demonstrated in other
presentations today, F/?We cL
Now let us consider the acceleration problem. The next slidfushows
the time required to accelerate the engine so as to increase the thrust from
30 percent to 100 percent of rated thrust as a function of altitude. At
sea level, the time required to obtain this thrust increase is about 4
secondse It is characteristic of a turbojet engine that, as the altitude
is raised, a longer period of time is required to obtain a given thrust
increase by accelerating the engine because the available turbine power
decreases with a reduction in air density while the inertia of the rdating

parts remains constant. The aceceleration time increases with altitude

until at 60,000 feet the same thrust increase requires 42 seconds. However,
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from a tactical viewpoint it is often necessary to increase the thrust more
rapidly than this. Because very little can be done to reduce the inertia of
the rotating parts or increasing turbine output without exceeding existing
allowable temperature limits, the situation demands some means of changing
thrust without changing engine speed. At a constant engine speed, the
velocity of the exhaust jet and consequently the thrust can be changed by
a variation in exhaust nozzle area. By use of a variable-area exhaust
nozzle, the engine can be operated continuously at rated speed and the time
required to change the thrust from 30 percent to 100 percent of rated thrust
is in the order of 2 seconds or less at all altitudes. A typical variable-
See photogyaph O— 22347

area exhaust nozzle is shown hereAand the rate at which thrust can be
increased or decreased is a function only of the speed of the nozzle actuator,

The variable-area exhaust nozzle is a solution to the acceleration
problem, but consideration must be given to its effect on operating economy
over the range of engine thrusts.

Figore 57

The next Slid?AShOWS specific fuel consumption plotted against percent
of rated engine thrust for a fixed-area and a variable-area exhaust nozzle.
Over the range of thrust values shown, the specific fuel consumption of an
engine with a variable-area exhaust nozzle operating constantly at maximum
engine speed was about 6 to 8 percent higher than for the fixed-area nozzle
where thrust changes are obtained by changing engine speed, However, these
results were obtained with an experimental variable-area exhaust nozzle
which had a considerably lower efficiency than the fixed-area nozzle. Cal-
culations indicate that for the engine considered here having a variable-
area nozzle with the same efficiency as the fixed-area nozzle, the specific

fuel consumption will be slightly better than that obtained with the fixed- )

area nozzle, It should be emphasized that the effect of the variable-area \
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nozzle on specific fuel consumption would vary from one engine to another
depending on the characteristics of the engine components. Investigations
at this laboratory of variable-area nozzles on other engines have shown as
much as 6 percent reduction in specific fuel consumption in comparison with
the fixed-area nozzle, Research work is being continued toward improving
the efficiency of the variable-area nozzle.

Thus from the theoretical and experimental results presented here,
it is evident that the effectiveness of the turbojet engine at high altitudes
can be greatly improved by increasing the compressor pressure ratio and by
use of a variable-area exhaust nozzle.

My, Gray will present the next discussion on icing research on turbo=

jet engines.
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The Vulnerablllty of Turbojet Englnes to Icing Conditions

Gentlemen:

An axlal-flow turbojet engine may be rendered completely
inoperative after one to six minutes of flight in severe icing
conditions, We shall illustrate some serious turbojet 1ce
formatlions, explain how these ice deposits hendicap a jet
engine and describe what methods may be used to prevent the
formation of ice., The accretion of ice around a jet engine
inlet in flight cen be seen in the following short movie which
shows several views from last season'!s icilng flights, (start
movie) A turbojet englne was suspended beneath the wing of
a B=24 which was fully ;quipped for all-weather flying. The
turbojet was operated continuously during the flights and
measurements were made of the thrust, airflow, fuel consumption
and tail-pipe temperatures, Ice first becomes evident in a
thin smooth line around the inlet lips. With passage of time,
this formation can be seen to widen, become thicker and more
irregular, and take on a variety of shapes., More difficult
to see, and not usually visible to the pilot, is the ice which
forms on the accessory housing and on the inlet gulde vanss,

All of these flights were made in mild icing conditions,
From these flight experlences and from icling investigations on

a full-scale turbojet 1n the Altitude Wind Tunnel, 1t has been

=)



established that severe losses In jet englne performance result
from icing; the results from one of these flights will be pre=—
sented later, (end of movie)

Figure $§

The first slidqdillustrates why such 1lce formatlions penalize
the performance of an axlal=flow turbojet. The reduced inlst
opening, the blockage through the 1inlet gulde vanes, and the
roughened duct surfaces all contribute towards a marked decrease
in the ram pressure recovery, In addition the ice formations
on the compressor blades cause a consliderable loss 1n compressor
efficlency and a consequent decrease in mass air flow, This
reduction in air flow and ram pressure recovery results 1ln a
sizeable loss in net thrust,

A close—up photograph of turbojet icing is shown by the

Fiovre §9

next slidq./\This Plcture was taken on the ground after a flight
of 45 minutes in mild icing condlitions at an average alr tempera-—
ture of 220 F with the engline operating at low cruise power,
Heavy deposits of ice are seen on the inlet lips, the accessory
housing and the inlet gulde vanes, There was also measureable
amounts of ice on the leading edges of the first stage rotor
and stator blades,

The performance losses during the first 20 minutes of this

Fipvre €0

icing flight are shown on the next slidse, AThe loss in thrust
after éntering the 1icing condition was rapid, and after 20 minutes

the net thrust was reduced 18 percent, while the tail-pipe temperature



increased up to 30 percenty, Had the engline been operating at
rated power no lncrease 1n tail pipe temperature would have
been permlissible and an immediate reduction in engine speed
would have occurred, Thils would render the engine less capable
of inducing air flow through the lced passages and progresslve
reductions 1In speed would have taken place sufficient to cause
complete engine shut—down,

There are two laboratory=-developed methods of ice protection
whlch can be applied as modiflcations to present turbojet engines,
The first of thess, which protects the engine by the elimination
of water from the inlet air stream, 1s shown on the next slide.fﬁ?‘é/
The maln passage to the compressor is provided with a screen
designed to {ce more qulckly than the compressor blades, Upon
ehtering an icing condition the screen rapldly becomes blocked
with ice, sealing off the maln passage and converting it into
a trap for subsequent water entralned in the 1inlet alr, The
inlet alr must then make a sharp bend into the alternate passage
while the water particles, due to theilr greater inertia, continue
into the main passage, TUpon leaving the lcing condition the
entrapped ice can be melted to avold the greater losses assoclated
with the alternate passage., Thls system can increase the operational
range in icing conditions up to several hundred mlles,

The other method of ice protectlon for existing aircraft

Freoore 62
i1s illustrated on the next slidiﬂ'wherein e portion of the hot
gas at the turbine inlet 1s diverted and bled back to the inlet

lips. The hot gas 1s dilscharged through a ring of orifices in
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the inlet and mixés with the charge air, which 1s thereby
heated above the freezing level, A thrust loss attends this
system of ice prevention, compounded not only from the per-
centage of weight flow which 1s bled—-back, but from the decrease
in density and the loss in ram pressure of the charge air after
mixture with blsed-back gas, Thls system need not be usad,
however, when icing is not anticipated,

In the basic design of new jet engines, the aerodynamic
and thrust losses associated with these two methods of lce pro-
tectlion may be largely eliminated by incorporating surface heating
into the design. Vital surfaces may be heated by various means,
such as electrical elements imbedded in or cemented to the surface,
eddy-current generation, or hot air flowing through passages

Froure £

beneath the surface, The last slid?Ashows schematically the use
of hot air for heating exposed surfaces against icing, The in-
let lips and ducting and the accessory housing are heated by
air ducted forward from elther the compressor or the combustion
chamber outlet, Heated air is also ducted through the hollow
stator and rotor blades and discharges at the blade tips into
the inlet air, Calculations have indicated that the losses from
such a system will be negligible, It should be emphaslzed,

however, that this system 1s not an easy modification to existing

installations, but should be included in the basic engine design,
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TAIL~PITE BURNING FOR THRUST AUGMENTATIQN

Increasing the thrust of turbojet engines is of extreme importance,
both for sea-level take-off and for high-altitude, high-airspeed operation.
Cne of the most promising methods of increasing the thrust of turbojet
engines is the use of tall=pipe burning, An extensive research program is
now in progress at the NACA Cleveland laboratory on this method of thrust
augmentation., The maximum thrust can be obtained with a turbojet engine
when the exhaust gas is heated to the highest possible temperature.
However, the temperature ahead of the turbine is limited to about 1500° F
because of material limitations of the turbine blades. Because of this
temperature limitation, only about one-quarter of the oxygen in the air
is burned in the engine combustion chamber. The function of the tail-
pipe burner is, tﬁerefore, to burn the remaining oxygen left in the air
after the turbine and thereby heat the gas in the tail pipe up to a tempera=
ture between 3000 and 3500° F.

Figore 64 i

The first charﬁnis a speed spectrum showing the range of application
of three types of jet-propulsion engines, The turbojet engine without
thrust augmentation is most applicable up to an airspeed of about 700 miles
per hour. For the speed of 700 to 1500 miles per hour, the turbojet engine
with afterburning is the most applicable power plant, and, from 1500 through
2500 miles per hour is the range of application of ram jets.

Drawings of a turbojet engine with both a standard tail pipe and a
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tail-pipe burner installed are shown in the next chart./\This chart illus-
trates the physical characteristics of these installations, as well as the
relative size. Fuel is injected a short distance downstream from the

turbine through a number of streamlined tubes and mixes with the gas going

into the tail pipe. A short distance downstream of the fuel injection
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tubes is installed a flameﬁolder which forms a stagnation or turbulent region
upon which the flame seatse. Burﬁiﬁg occurs over the full length of the
combustion chamber and the gases are expanded out of the jet nozzle at a
temperature of about 3000° F, Installation of a tall-pipe burner on the
engine increases the length of the installation by about 15 percent and the
weight by about 20 percent; however, the frontal area remains unchanged,
The results, which will be presented in the following charts, were obtained
in the altitude wind tunnel with this tail-pipe burner configuration,
on Figore 6G

Herinis shown the thrust plotted against airspeed for the standard
engine and for the engine operating with tail-pipe burning. At static
conditions, the‘thrust is increased 35 percent, Such a thrust increase
would reduce the take-off distance of an airplane which might normally
require 5000 feet to a distance of only 3200 feet, At an airspeed of 650
miles per hour, the thrust is increased by about 80 percent.

These thrust increases obteined with tail-pipe burning must be paid
for with an inezease in specific fuel consumption, as is shown in the
following chafgl UKEZ:iZ£ic conditions, the specific fuel consumption with
afterburning is 109 percent greater than that of the standard engine with
no tail-pipe burning. Increasing the airspeed increases the efficiency of
the tail-pipe burning cycle so that, at an airspeed of 650 miles per hour,
the specific fuel consumption with tail-pipe burning is 76 percent higher
than that of the standard engine without tail-pipe burning. This may appear
to be a considerable price to pay for the increased thrust obtained.
However, these increases in specific fuel consumption are much less than
those obtained with other methods of thrust augmentation.

The use of tail-pipe burning on turbojet engine introduces several

difficult problems. Four of these problems are outlined on the following
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chartjA It is necessary that a tall-pipe burner operate over a wide range
of flight conditions. With the tail-pipe burner which has been described,
operation has been obtained up to an altitude of 50,000 feet, Another
important consideration of a tail-pipe burner installation is that the loss
in performance must be kept to a minimum when the tail-pipe burner is
inoperatives A loss in thrust of 3 percent was obtained with this tail-
pipe burner at all flight conditions.

It has been found that fuel injected into the 1200° gas flowing through
the tail pipe will not ignite by itself. It is,therefore, necessary to
provide a dependable source of ignition., A considerable number of spark-
plug configurations installed in the tail pipe proved inadequate for
ignition at some conditions. An ignition system which has been developed
in the altitude wind tunnel will operate satisfactorily up to an altitude
of 50,000 feet, This system comprises an instantaneous injection of highe
pressure fuel into one of the engine combustion chambers which results in
a burst of flame back through the turbine into the tail pipe, thereby
igniting the tail-pipe fuels Over 200 starts have been made with this
ignition system and no excessive deterioration has been found on either the
turbine nozzles or the engine combustion chamber,

Because the gas flowing through the tail-pipe burner is at a tempera=
ture of about 3000o F, it is obvious that an adequate method of cooling
the burner shell must be provided. This cooling should preferably be pro-
vided without an appreciable increase in installation weight and without

suffering an appreciable loss in airplane or engine performance. Adequate

cooling of the tail-pipe burner has been obtained at all flight conditions

investigated with a cooling liner installed inside of the burner shell,
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The liner extends the full length of the combustion chamber and a %—inch
space is provided between the liner and the burner shell, Approximately
6 percent of the 1200° gas flowing out of the turbine passes between the
liner and the outer shell of the tail pipe. This flow through the cooling
air passage maintains the temperature of the outer shell between 1200 and
1250° F at all flight conditions, The method of construction and support
of the liner in the tail pipe burner is shown by the model displayed.

There are numerous other problems which have been encountered in the
investigation of tail-pipe burning on turbojet engines, such as obtaining
a satisfactory variable-area exhaust nozzle and an adequate control system,
Problems such as these are receiving further attention in the reseerch
program on tail-pipe burning at this laboratory.

Motion pictures will follow’ .- showing the installation and operation
of the tail-pipe burner in the altitude wind tunnel,

In conclusion it might be stated that from the knowledge gained of
tail-pipe burning here in the altitude wind tunnel, it is now possible to
design burners which will operate at altitudes up to 50,000 feet with

reasonably good efficiencies,
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	Figure
	TURBOJET RESEARCH 
	Theoretical and experimental research has shown that the greatest 
	cruisi ng range of turbojet-powered aircraft is obtained at high al titudes. However, the turbojet engine in its present stage of development has several char's'cteristi cs which restrict its effectiveness as a high-altitude power plant. Two such characteristics of major importance are combustion 
	blowout and engine acceleration. A study of these characteristics by the NAGA has indicated certain desi gn trends which would improve the ef fective­ness of the turbojet engine at hi gh altitudes• 
	Research on turbojet engine components, particularly combustion 
	chambers, has considerably increased the altitude at which an engine can
	be operated over a full range of engine speeds wit hout encount ering co~ 
	F"~(j'{e 6"3 
	~ bustion blowout. The fi rst slideAshows results obtained in the altitude 
	• 
	wind tunnel on a particular series of engines. In 1944 the altitude limit 
	0( 
	of a typical turbojet engi ne was 19,500 feet. Mainly through progressive 
	T 

	improvement of combustion chamber design, the maximum altitude was increased 
	to 30,000 feet in 1945 and to 45,000 feet in 1947. as combustion blowout is associated with 1my combust ion chamber pressures which occur in hi gh-altitude flight at low engine speeds, the maximum altitude could logically be increased by raising the pressure level throughout the engine. Gonsequent~ the effect of increasi ng t he design compressor pressure ratio on t he maximum altitude and engine performance should, therefore, be 
	Inasnru.ch 

	considered. 
	fl 9v'(e ~~ 
	The next slide" shows the maximum altitude at which an engine can be operated from idling to rated speed plotted against compressor pressure ratio. For an engine with a compressor pressure rati o of 4 to 1, which is representative of most existing turbojet engines, the maximum altitude is 
	45,000 feet. By increasing the pressure ratio to 8 to 1, the maximum altitude is raised to 59,000 feet and a further increase in pressure ratio to 16 to 1 would allow operation at all engine speeds at 74, 000 feet. 
	Further studies indicate that increased compressor pressure ratio will also result in reduced fuel consumption which can be interpreted in terms 
	Fi9/)'te ~ 
	of increased cruising range. The next slide/lshcrNs the relation between compressor pressure ratio and relative range for an airplane with a turbo­jet engine cruising at 500 miles per hour at an alt i t ude of 30,000 f eet. 
	The range of an engine wi th a pressure ratio of 4 to 1 is used as a 
	reference. Calculations indicate that by doubling the pressure ratio, the 
	range is increased by 18 percent. An increase in pressure rati o from 4 t o 
	16 results in a 40 percent increase in range. These results, therefore, 
	indicate that increasing the compressor pressure ratio wi ll not only 
	increase the maximum operating altitude but wi ll also give substantial
	gains in r ange. Considerable effort is being devoted at thi s l aboratory 
	toward improving compressor performance, as is being demonstrated in other presentations today. 
	FI90re bb 
	Now l et us consider the accel eration problem. The next slidshoWB the ti me required to accelerate the engine so as to increase the thrust from 30 percent to 100 percent of rat ed thrust as a funct ion of altitude. At sea level, the time required to obtain this thrust increase is about 4 seconds. It is characteristic of a turbojet engine t hat, as the altitude is raised, a l onger peri od of time is required to obtain a given thrust increase b.Y accel erating t he engine because the avail able turbine powe
	71

	from a .tactical viewpoint it is often necessar.y to increase the thrust more
	• . rapidl y than this. Because very little can be done to reduce the inertia of the rotating parts or increasing turbine output without exceeding existing allowable temperature limits, the sit uation demands some means of changing 
	t hrust wi thout changing engine speed. At a constant engine speed, the 
	velocity of the exhaust jet and consequently t he thrust can be changed by 
	a variation in exhaust nOZzle area. B.y use of a variable-area exhaust 
	nozzle, t he engine can be operated continuously at rated speed and t he time required t o change the thrust from 30 percent to 100 per cent of rated thrust 
	i s i n the order of 2 seconds or les~ at all altitudes. A t ypical variable­
	S~e PllOt0f''(~P~ c-223'17 area exhaust noZzl e is shown here~and the rate at which thrust can be 
	increased or decreased is a functi on only of the speed of the nozzle actuator. 
	The variable-area exhaust nozzle is a solution to the acceleration
	• . problem, but consideration must be given to its effect on operating econo~ • 
	over the range of engine t hrusts. 
	Ft"rjore .>7 
	The next slide~shows specific fuel consumption pl otted against percent of rated engine t hrust for a fixed-area and a variable-area exhaust nOZzle. Over the range of thrust values shown, the specific fuel consumption of an engine wit h a variable-area exhaust nOZzle operating constantly at maximum engine speed Was about 6 to 8 percent higher than for the fixed-area nozzle 
	where t hrust changes are obtained by changing engine speed. However, these 
	results .were obtained with an experimental variable-area exhaust nozzle 
	which had a considerably lower efficiency than the fixed-area nozzle. Cal­
	culations indicate that for t he engine considered here having a variable-area nozzie with the same efficiency as the fixed-area nozzle, the specific 
	fuel consumption will be slightlY better than that obtained with the fixed­
	area nozzle. It should be emphasized that the effect of the variable-area 
	nozzle on specific fuel consumption would vary from one engine to another depending on the characteristics of the engine components. Investigations at this laboratory of variable-area nozzl es on other engines have shown as much as 6 percent reduction in specific f uel consumption in comparison wi th 
	the f ixed-area nozzle. Research work is being continued toward improving the efficiency of the vari able-area nozzle. Thus from the theoreti cal and experin~nta1 results presented here, 
	i t i s evi dent that the effectiveness of the turbojet engine at hi gh altitudes can be greatlY i mproved by i ncreasi ng the compressor pressure ratio and by 
	use of a variable-area exhaust nozzle. 
	Mr. Gray will present the next discussion on icing research on turbo­jet engines • 
	y 
	Figure
	TURBOJET INLET ICING .
	The Vulnerability of Turbojet Engines to I cing Condit ions 
	The Vulnerability of Turbojet Engines to I cing Condit ions 
	Gentlemen: An axial~flow turbojet engine may be rendered compl etely inoperative after one to six minutes of f light in severe icing
	• 
	conditions. We shall illustrate some serious turbojet ice . >-formations, explain how these ice deposits handicap a jet . engine and describe what methods may be used to prevent the . 
	~ 

	t-
	f~mation of ice. The accret ion of ice around a jet engine inlet in flight can be seen in the following short movie whi ch shows several views from last season's icing flights. (start movie) A turbojet engine was suspended beneath the wing of 
	~ 
	a B-24 which was fully equipped for all-weather flying. The turboj et was oper ated continuously during the flights and measurements were made of the thr ust, airflow, fuel consumption and tail-pipe temperatures. Ice first becomes evident in a thin smooth line around the inlet lips. With passage of time, 
	'I 
	this forlnation can be seen to widen, become thicker and more 
	" 
	... . irregular, and take on a variety of shapes. More difficult to see, and not usually visible to the pilot, is the ice which
	'" 
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	forms on the accessory housing and on the inlet guide vanes. 
	All of these flights were made in mild icing conditions. Fr om these flight experiences and from icing i nvestigations on a full-scale turbojet in the Altitude Wind Tunnel, it has been 
	established that severe losses in jet engine performance result from icing; the resul ts from one of these fli ghts will be pr e­
	sented later. (end of movie)
	Fi9tJY€.. ~~ slide~illustrates why such ice formations penalize the performance of an axial-flow turboj et. The reduced inlet openi ng, the blockage through the inlet guide vanes , and the 
	The first 

	roughened duct surfaces all contribute towards a mar ked decrease in the ram pr essure recovery. In addition the ice formations on the compressor blades cause a considerable loss in compressor efficiency and a consequent decrease in mass air flow. This reduc t ion in air flow and r am pr essure recovery results in a sizeable loss in net thrust. 
	A close-up photograph of turbOjet icing is shown by the 
	FI'9vye ~Cf . next slide. j\ This picture was taken on the gr ound after a flight . of 45 minutes in mild icing conditions at an average air tempera­. ture of 22F with the engine operating at low cruise power. . Heavy deposits of ice are seen on the inlet lips, t he accessor y . " housing and the inlet guide vanes. There was al so measureable. " 
	0 

	amounts of ice on the leading edges of the first stage rotor
	.. 
	and stator bl ades. 
	fir~t 20 minutes of this ~/fvre bO
	The performance losses during the 

	" 
	icing flight are shown on the next slide. AThe loss in thrust
	.. 
	after entering the icing condition was rapid, and after 20 minutes the net thrust was reduced 18 percent, while the tail-pipe temperature 
	increased up to 30 percent. Had the engine been operating at rated power no increase in tail pipe temperature would have been per missible and an immedi ate reduction in engine speed would have occurred. This would render the engine less capable of inducing air flow through the iced passages and progressi ve reductions in speed would have taken pl ace sufficient to cause complete engine shut-down. 
	There are t wo l aboratory-developed methods of ice protection modificat~ons to present turbojet engi nes. The first of these, which protects the engine by the elimination of water from the inlet air stream, is shown on the next ~, G/ The main passage to the compressor is provided wi th a screen designed to ice more qui ckly t han the compressor blades. Upon entering an icing condition the screen rapidly becomes blocked with ice, sealing off the main passage and converting it into a trap for subsequent wat 
	which can be applied as 
	slide.f7

	~rotection for existing aircraft 
	The other met hod of ice 

	f'~lJy-e 62 
	is illustrated on the next slide~ wherein a portion of the hot gas at the turbine inlet is diverted and bled back to the inlet lips. The hot gas is discharged through a ring of orifices in 
	the inlet and mixes with the charge air , which is thereby heated above the freezing level . A thrust loss attends this system of iee pr evention, compounded not only from the per­centage of weight flow which is bled-back, but from the decrease charg~ air after mixture with bleed-back gas. This system need not be used, however, when i cing is not anticipated. 
	in density and t he loss i n r am pressure of t he 

	e~nes, the aer odynamic and t hrust losses associated with these two methods of ice pro­
	In the basic desi gn of new jet 

	tection may be largely el iminated by incorporating surface heating into the design. Vital surfaces may be heated by various means, such as electrical el ements imbedded in or cemented to the surface, 
	eddy-current generation, or hot air flowi ng through passages 
	;=i9{)r~ b3 slide~shows schematically the use of hot air for heating exposed surfaces against icing. The i n­let lips and ducting and the accessory housing are heated by 
	beneath the surface. The last 

	air ducted forward from either the compressor or the combustion 
	... . chamber outlet. Heated air is also duct ed through the hollow . 
	'" 
	~ . stator and rotor blades and discharges at t he blade tips into the inlet air. Calculations have indicated that the losses from such a system will be negli gible. It should be emphasized, 
	". . however, that this system is not an easy modificat i on t o existing installations, but shoul d be included i n the basic engine design. 
	TURBOJET ICE PREVENTION
	TURBOJET ICE PREVENTION 
	TURBOJET ICE PREVENTION JET ENGINE APPLICATIONS 
	SURFACE HEATING SYSTEM 

	TAIL-PIPE BURNING FOR THRUST AUGMENTATION 
	TAIL-PIPE BURNING FOR THRUST AUGMENTATION 
	Increasing the thrust of turbojet engines is of extreme importance, both for sea-level take-off and for high-altitude, high-airspeed operation. 
	One of the most promising methods of increasing the thrust of t urbojet 
	engines is the use of tail-pipe burning. An extensive research program is 
	nO'r"l in progress at t he NACA Cleveland laborat ory on this method of thrust augmentati on. The maximum thrust can be obtained wi t h a turbojet engine 
	when the exhaust gas is heated to t he highest possible temperature. 
	However, the t empera.ture ahead of t he t urbine i s limit ed to about 1500F because of material limitations of the turbine blades. Because of this temperature limitation, only about one-quarter of the oxygen in the air is burned in the engi ne combustion chamber. The function of the tail­pipe burner is, therefore, to burn the remaining oxygen left in the air after the turbine and thereby heat the gas in the tail pipe up to a tempera­ture between 3000 and 3500F. 
	0 
	0 

	The first char~is a speed spectrum showing the range of application 
	of three types of jet-propulsion engines. The turbojet engine without 
	thrust augmentation is most applicable up t o an airspeed of about 700 miles per hour. For t he speed of 700 to 1500 miles per hour, t he turbojet engine with afterburning is the most applicable power plant, and, from 1500 through 2500 miles per hour is the range of appl ication of ram jets. 
	Drawings of a turbojet engine with both a standard tail pipe and a 
	p, fvre 6S­
	tail-pipe burner installed are shown in the next chart." This chart illus­
	trates the physical characteristics of these installations, as well as t he relative size. Fuel is injected a short distance downstream from the 
	turbine through a number of streamlined tubes and mixes with the gas going 
	into the tail pipe. A short distance downstream of the fuel injection 
	-2 ­
	tubes i s installed a flameholder which form~ a stagnation or turbulent region ... 
	upon which the fl ame seats. Burning occurs OVer the full length of the 
	." 
	combustion chamber and the gases are expanded out of the jet nozzle at a .temperature of about 3000F. Installation of a tail-pipe burner on the .engine i ncreases the length of the install ation by about 15 percent and the .weight by about 20 percent ; ho.wever, the frontal area remains unchanged. .
	0 
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	~ 
	The results, which will be presented in the foll owing charts, were obtained .in the altitude wind tunnel with this tail-pipe burner configuration. .
	0')1 fi~()ye 6G> 
	Her" is shown the t hrust plotted against airspeed for the standard . engine and for the engine operating with tail-pipe burning. At static . conditi ons, t he t hrust i s increased 35 percent. Such a t hrust increase . 
	~ 
	would reduce the take-off distance of an airplane which might normally i .. require 5000 feet to a distance of only 3200 f eet. At an airspeed of 650 "f " miles per hour, the thrust is increased b.Y about 80 percent• 
	• 
	These thrust increases obtained with tail-pipe burning must be paid 
	., 
	f or wi th an increase i n specific fuel consumption, as is shown i n the
	-( 

	" . 
	following ch~~'9V!; s~~tiC conditions, the specific fuel consumption with 
	¥ 
	afterburning is 109 percent greater than that of t he standard engine with ~ ... no tail-pipe burning. Increasing the ai rspeed increases the efficiency of 
	" 
	... 
	.. 

	the t ail-pipe burning cycle so that, at an airspeed of 650 miles per hour, the specific fuel consumpt i on wit h tail-pipe burning is 76 percent higher than that of the standard engine without tail-pipe burning. This may appear 
	« 
	to be a consi derable price to p~ for the increased thrust obtained. 
	However, these increases in specifi c fuel consumpti on are much less than .those obtained with other methods of thrust augmentation • .The use of tail-pipe burning on turbojet engine introduces several .
	.. 
	.. 

	difficult problems . Four of these problems are outlined on the following 
	-3 ..; .
	F"qIJye .~ ~ 
	chart at' It is necessary t hat a tail-pipe burner oper ate over a wide range of flight conditions. With the tail-pipe burner which has been described, operation has been obtained up to an altitude of 50,000 feet. Anot her important consideration of a tail-pipe burner installation i s that the loss in perf ormance must be kept to a minimum when the tail-pipe burner is inoperative. A l oss in thrust of 3 percent was obtained with this tail­
	pipe burner at all flight conditions. 
	It has been found that fuel injected into the 1200gas fl owing through the t ail pipe will not ignite by itself. It is,therefore, necessar,y to nQ~ber of spark­pl ug configurations installed in the tail pipe proved inadequate for ignition at some condit ions. An ignition system which has been developed in the alt itude wind tunnel will operate satisfact orily up to an altitude of 50,000 feet. This system compri ses an instantaneous injection of high-pressure fuel i nto one of t he engine combustion chambers
	0 
	provide a dependable source of ignition. A considerable 

	igniting the t ail-pipe fuel. Over 200 starts 'have been made with this ignition system and no excessive deterioration has been found on either the 
	.. 
	turbine nozzles or the engine combustion Chamber• ... Because the gas fl owing through the tail-pipe burner is at a temper&­t ure of about 3000F, it i s obvious that an adequate method of cooling the burner shell must be provided. This cooling should pref erably be pro­vided without an appreci able increase i n installation weight and without ~ suffering an appreciable loss in airplane or engine performance. Adequate cooling of the tail-pipe burner has been obtained. at all flight conditions investigated wi
	". 
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	The liner extends the full l ength of the combustion chamber and a ~--inch space is provided between the liner and the burner shell. Approximately 6 percent of the 1200gas flowing out of the turbine passes between the 
	0 

	li ner and the outer shell of the tail pipe. This flow through the cooling ai r passage mai ntai ns the temperature of the outer shell between 1200 and 1250F at all flight conditions. The method of construction and support 
	0 

	of the liner in the tail pipe burner is shown by the model displayed. 
	There are numerous other problems whi ch have been encountered in t he investigati on of tail-pi pe burning on turbojet engines, such as obtaining a satisfactor,y vari able-area exhaust nozzl e and an adequate control system. Problems such as these are receiving further attention in the rese~ch program on tail-pipe burning at this laboratory. 
	Motion pictures will follow' showing the installation and operation 
	1 • 
	• of the tail-pipe burner in the altitude wind tunnel• 
	In conclusion it might be stated that from the knowl edge gained of tail-pipe burning here in the altitude wind tunnel, i t is now possible to design burners which will operate at altitudes up to 50,000 feet with reasonably good efficiencies• 
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