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I. SUMMARY AND ACKNOWLEDGEMENTS

The purpose of this work was to develop a means of 1ncreaaing the
thruet of a turbojet engine by burning kerosene in the tail pipe.™
- A combustion system was developed which gave the following results:

(1)° Maximum thrust increase using a G.E. I-l4 engine was
b4 per cent over straight tail pipe thrust cofresponding
to 42 per cent increase over the normal engine thrust,
This increase‘uas accomplished at an engine rpm of 12,000,

(2) Increase of maximum thrust obtained was 51 per cent over
the straight teil pipe thrust corresponding to 23 per cent

.
over the normal engine thrust. This increase was accom-
plished at an engine rpm of 16,000.

(3) For the thrust increases mentioned in (1) and (2) aﬁove.
increases of Specific Fuel Conaumption were 66 per cent
and 78 per cent respectively over normel engine SFC,

This experimental work was performed at the California Instiﬁute
of Technology Thermojet Laboratory during the period March, 1945 to
June, 1945.

The authors are indebted to R. F. Tangren, R. C. Terbeck, Ivan Weeks,
and other members of the staff of the Jet Propulsion laboratory for their
assistance and helpful suggestions., In particular, they wish to thaﬁk

Ivan Weeks for his advice and for the use of the pilot burner and de-

" This report was prepared in partial fulfillment of the requirements
for the degree of Aeronautical Engineer from the Guggenheim Aero-
nautical Laboratory, California Institute of Technology.

BAEARSIELED
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velopments originated by him.

II. NTRODUCTIO

Since the thrust variation of a turbo;et with forward speed is quite
small, a-unit designed for flight Operatio# will have available for take-
off only a slightly greater thrust than that developed at top speed.
Comparing thie with & conventional engine where the thrust decreases radi-
cally with increasing speed, it can readily be viesualized that the take-
off thrust of the. turbojet will be much less than that of a conventional
engine~-propeller combination, with approximately the same or even inferior
high speed performance. Thies charzcteristic of the turbojet resulte
in notably poor take-off characteristics.

It is the object of thie investigation to achieve an increase in
the thrust delivered by a turbojet unit by developing means of reheating
of the exhaust gases leaving the turbine. Thie method, usually referred
to as "tail pipe injection", permits the further addition of heat, with
its resultant increase of stream energy, without raising the temperature
of the turbine blades, which sre already operating near their ultimate
margin of safety with present day materials.

Some research has been undertaken on this and other means of thrust
booeting (Cf Refs 1 and 2) with positive results. This report discusses
some of the theoretical aspects of the problem and presents test results
of increase in thrust obtained by the development of a tail pipé injection

system.
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III. THEORETICAL ANALYSIS

SYMBOLS

Valuee or units used in computations are given with appropriate items.

X )1 Subecript referring to conditions before combustion
( )2 Subscript referring to conditions after combustion
A Area, s8q ft

a Velocity of sound, ft/sec

CH Heating ratio = Heat added per unit mass

Total energy per unit mass

c, Specific heat at constant pressure, 0.276 Btu/(1v)(°R)
¥y, Thrust, 1b

H Total heat added, Btu

h Heat added per unit mass, Btu/Slug

M Mach number

m Mase flow per unit time, Sluge/sec

P Total pressure, 1b/eq in

P _ Static pressure, 1lb/seq in

R Ges constant, 53.6 ft 1b/(1b)(°R)

T Abeolute temperature, Degrees Rankine

v Locel velocity, ft/sec

¥ Ratio of specific heats, 1.33

Deneity (Mass per unit volume), Slugs/cu ft
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With combustion in the tail pipe, there vili be a great increase in
the volume of gae to be hesndled. However, the normal turbojet unit is so
designed that, with its nozzle installed, near sonic velocities are asttained
at the throat at maximum designed outpute. Such a2 condition would prevent
the increasse of maximum designed thrust by tail pipe injection, once a
Mach number of one was reached in the nozzle throat. For this reason the
nozzle wes considered to be removed and the analysie was based on the
addition of heat in a tail pipe of constant cross-sectional area.

-Certain assumptions were made to eimplify the prﬁblem so that a di-
rect anslytical approach could be taken. Namely, the assumptions made
were !

(1) Constent specific heat throughout.

(2) Mase of fuel added ie negligible compared to that of the
gases from the turbine.

(3) TFriction losses along the pipe are neglected.

(4) Mixing of gases occure without lose in such & manner
that the entire stream is heated uniformly.

The folloving discussion ie based on the theory outlined in Ref 3.
Fig 1 1llustrates the conventions used.

From the condition of continuity of flow,

PiYi Ay = PV Ag
since A = A,

PV = PaVe (1)
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Equating the change of momentum to the forces,

25 = =
P2VaRo~ P YA, = Ay(py= D))
or, pa¥® = AW = PTPy (2)
The energy equation, if H equals the heat added, becomes:

| 2)

A pv (G + 5 v )+ H = A ppvy (CpT, + % vza) (3)

From the equation of state,
:
LP (4)

L =RT or CpT =

2
P e

Introducing Eq (4) into the energy equation and eliminating the

temperature,

pwhy (5

Since the mase flow is given by,

PR cppwhe 6)

we can rewrite the momentum equation in the following form:

m(Va'v‘)=Az (D|-Dz) (7)

Let h be the heat added per unit mass, i.e.,

h = HE/m (8)
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then Eq (5) may be written as follows:

o e T R SR S0 SR

i 2ATIY SR TN (9)

The heating ratio 0H will be defined in the form

CH = Heat added per unit mass
Total energy of entering gas per unit mass
h
or C. = 10
R L T g
= e N
Since
P 2
— 10b
)’P a (10v)
the expression in Eq (10)
-\ o 2 i 2 7 i e (10¢)

then using Eqe (1) and (2) to replace p, endp, in the expreassion below

Yok X |p ~ppwt s Wt
Y1 P C V-1 p W

Vo
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e ° T N T R 2 , vg & 2, vp
Fi e B LR Wy Ly

2
7 p 3 a V. 2 Vi 2
ﬁ?ﬁ = T-% l:—vf(|+ yM,zl . rm 'vlg' :] (104)
and also

2
a - 2
fo I (ZZI)Mlz(:'Z)

2 -1 (10e)

Substituting the five Eqs QlOa) to (10e) in Eq (10), we obtain:
2 =
Y-l .2 o g By 2 Vv, 2 -l 2
(|+0“)(|+TM|)ﬂ = )-,-_-’i EHyMl)—vf - rm, (—vf):] + TL(T)M ( )
or grouping terms,

7+l

o' (2" - eymd F + e =

—M+Cy) = O

(11)

The solution of this quadratic equetion will give two roots for
the velocity ratio, .;Z ; one representing supersonic flow. The follow-
1
ing discussion rulees out the use of this larger root.

Ueing the energy equation,

dh = d(-—é— g - (12)
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Bernoulli's equation,

pvdv = —dp or _gle_ = =vdv
the continuity equation,
d(pv) = O or d_vv_ o %:B

the equation of state,

P RT

and rewriting the energy equation (12) in the form

dh = vdv + -ERp-d(RT)
. Y P
dh = vdv + = d(P)

& ot it B . !
dh vdv + ¥ [P 3 P]

we obtain, on substituting Eqs (1) and (14) into Eq (16),

Y p dv
dh = vdv + 7: I:—vdv + -FT]
- i L )
dh = vdv E ¥ + Yoy (P ) 72]

Then, since

Page 8

(14)

(15)

(16)

(17
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Eq (17) becomes,

3 ok | I
dh = vdvE Yo -+ Y1 m:'

or collecting terms and rewriting,

vdv = -.11 dh
EEP"ﬂ (18)
This expression gives the variation of velocity with the addition

of heat.
A esimilar relationship for the variation of Mach number with heat

eddition is obtained in the following analysis:
2 v2 2 E.
d(M) = d(-3) = —;yz-dv - -z-‘d(o) (19)

where

5 P dp  _ p dp
d(a?) ydig) yl:P PP]

d(oz) = 7|:vdv + —-?,i:I

2

de®) = —yvdv + - dv
d(a®) = -yvdv + % (19a)

Substituting Eq (19a) in Eq (19), we obtain
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(20)
and finslly, subetituting this in Eq (18) and rewriting, we have
o 4
dMy = - s dh
[ﬁ”] o (21)

BEge (18) and (21) show that for subsonic flows both the velocity
end Mach number will increase with the addition of heat. However, for
Mech numbere greater than unity, the denominators of both expressions be-
come negative, showing that heat must be subtracted from the flow for
either the velocity or Mach number to further increase, From these fects,
the impoesibility of obteining supersonic velocities by eontinuous heat
addition to subsonic veloclty flows in & uniform pipe becomes evident.
For this reason we can di-regaéd the larger root of the solution of

Eg (11), and the .solution for the smaller root takes the form,

Y-1,2
_vﬂ = .L-—l kg E M|
vi (Y‘l'l)M. V[Y‘i |)M| 2 (Y + n. MF (n+ cﬂ) (22)

It can be seen that en increase of the heating ratio, CH' will cause
a continual gein in velocity up to the point where the value under the
radical becomee zero. Any further increase in CE results in complex veloc-
ity retioe and is thue impossible. Therefore, the maximum increase of

velocity, which corresponds to the attainment of sonic velocity after com-
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bustion, is given by

2
2 I+ yM ;
:l % —_LLZ (22a)

(Y +1) M,
and
V=) .2
2 1+S4m
2 s - WA
() 2()""—”'“1!_ (1 + Cy (23)

By assuming & constant ratio of specific heats, (y = 4/3), it is
possible to plot curves of the velocity ratio a2gainet Mach number for
various values of the heating ratio. Such a plot is shown in Fig 2,
which gives the velocity increases theoretically obtainable by addition
of heat in the tail pipe.

A similar set of curves, showing velecity ratio attainable vs rpm
with fuel burned in the tail pipeA(gal per hr) as a parameter, were
made using General Electric Company test data for an I-14B unit. These
curves (Cf Fig 3) were determined using the following assumptions:

(1) combustion 100 per cent complete; (2) thorough and complete diffu-
sion of the heat added over the entire mess of air in the tail pipe
takes place instantaneously; (3) no losses due to friction.

An effort was made to obtain actual measured values of mass flow for
the unit with the nozzle off, However, satisfactory static pressure
readings along the length of the tail pipe could not be obtained, ﬁrob-
ably because of the turbulent flow and severe warpage conditions existing

along the tail pipe. An assumption was made that the mass flow remained
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the same with the nozzle removed, and thus General Electric Company data
could be used. From the data given in Ref 4, values of mass flow, total
energy, and Mach number of the gases entering the tail pipe for various
engine speeds were determined. Ueing these values and assuming various
quantitiee of fuel injected in gal per hr, velocity ratios v1/v2 were
computed, using Eq (22) derived previously. Since the mase of fuel in-
jected in the tail pipe wee neglected in the derivation of Eq (22), the
ratio of thrust with burning to the thrust without burning ie directly
proportional to the calculated ratio v,/v, and is shown in Fig 3.

A pressure drop scross the combustion flame occurs as a direct re-
sult of the increase of momentum of the stream by the addition of energy

as heat. This pressure drop may be computed in the following manner.

The loss in total pressure is given by:

SR T TR P 5

R - P = p|(|——:l3) + zlp' v - -:-Iz) (2ka)
ELE.J.A=“-_:;)+ ;YP;, Fu - <5

PI;|P2 St = _:?) + %Mlz(l -—:f) (24%)

The momentum equation in the form given by Eo (7) may be modified
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P 2,V P
R RUREES

Py
or
-— -23 B 2 lz. -
( P|) TM| ( v, l) (25)
Substituting (25) in (24b):
2
s it o 1 % 7'M|(_!z =1)
P| 2 vl
or
P, - v2 P-P
= -} = (26)
<M, 4 ¢

Pressure drops across the flame front were obeerved, varying from
about 2 1b/sq in at 12,000 rpm to 5 at about 16,000 rpm, These were of
a qualitative nature and could not be checked accurately with the theoreti-

cal values.

IV. COMEUST PROBLE

One of the mejor problems encountered in tail pipe combustion ie
the completion of burning before the fuel has been swept out of the tail
pipe or has passed a combustible mixture ratio zone. Since normal veloc-
ities and temperatures encountered in the tail pipe are of the order of
1000-1200 ft/sec and 1000°F respectively, & given particle of ges or fuel

will be inside the 4 ft pipe for only three to four thousandths of a
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secoend. Thie interval is on the border line of ignition lags for most
fuels, even at this temperature.
There are several suggested means of solving this problem; these
are:
(1) Mechanical - Introduction of turbulence to retain & given

fuel-air mixture in s desired location for longer times.
This can be accomplished by the use of flame holders,
baffles, and flame tubes. Such devices can and ususally
do attempt to control mixture ratios by proper design to
obtain maximum combustion rates. Another method would
increase tail pipe length, thue affording & greater length
of time aveilable for combustion. Such systems inherently
introduce drag losses in the stream with consequent losses
of thrust.

(2) Increase the gas temperature - The normal effect of rais-

ing the temperature on any fuel ie to decrease the ignition
lag. One method of increasing the temperature in the tail
pipe is found in the use of pilot burners where air and
fuel are mixed, ignited, and burned under well-controlled
conditions, the products of combustion then being used to
raise the temperature of and ignite the larger or main
fuel-air mass. The degree of drag losees attributable to

a system of this type will largely depend on the method

of installation.

(3) Chemical - The ignition lazs of fuels can be greatly de-
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creased by the use of certain chemical compounda: The use
of additives is the subject of a current research at the
Jet Propulsion Laboratory.

(4) Selection of fuels - Ignition lag is a specific property of

a given fuel and should be considered when a selection is
made., The heating value of the fuel must, however, be kept
in mind at the same time, inasmuch as several fuels with
low lags and excellent mixture ratio characteristics have
poor heating values.

It might be mentioned that these latter two methods, being concerned
with the fuel alone, will cause no lossee of thrust when the unit is in
normal operation. Should a fuel other than that useed in the engine burners
be employed, the fuel system of en aircraft installation might become '
prohibitively complicated and cumbersome. Additives may, in addition to
improving tail pipe burning characteristice, improve the combustion charhcber-
istics of the regular unit. X

Another problem associated with auxiliary combustion is the effect
of flame instability. This not only ceuses rapid thrust variations but
produces moderately severe buffeting conditione in the region adjacent

to the jet exhsust. This problem might be solved by proper fuel selection.

V. EQUIPMENT

With the exception of & few preliminary combustion investigations
which were conducted on a General Elect;ic I-A Turbojet engine, the in-

stallations and tests described were made on G.E. I-14 unit No. 36 at the
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Jet Fropulsion Laboratory.
The unit was instrumented in the following manner:
(1) Pressures:
(a) Compressor discharge to burners No. 2 and No. 7

(b) Main fuel to unit burners
(¢) Turbine exhaust, static*
(d) Tail pipe entering, static*
(e) Tail pipe exit, static*
(f) Teil pipe exit, total®
(g) Pilot burner, air supply, static®
(h) Pilot burner fuel
(i) . Main auxiliary injector fuel
(J) DNitrogen pressure of auxiliary fuel tanks
(k) Ambient pressure.
(2) Temperatures:
(a) Compressor discharge to burners No. 2 and No. 7
(v) furbine exhaust
(¢) Tail pipe entering
(d) Tail pipe exit
(e) Bearings
(f) Ambient temperature.
Most temperatures were measured using thermocouples with

cold junctions in ice water. TFig L shows the instrument

. Measured by mercury manometers; others by bourdon type gauges.
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panel used in these experiments.
(3) Fuel flow rates were measured by timed observations on
tank sight gl;saec, the main unit fuel and the auxiliary fuel
having separate supply systems (Cf Figes 5 and 6).
(4) Thrust wes measured on a conventional Caltech hydraulic
thrust jack.
Becauee of severe warpage encountered in the thin material of the
tail pipelund tail cone walle, it was found that the static pressures
were totally unreliable, except as indications of relative changes,
All indications pointed to the presence of considerable turbulence through-
out the tail pipe, with some evidence of separation near the entrance.
Because of this, there exiets the poseibility of error in the thermo-

%

couple temperature indications.

VI. TAIL PIPE COMBUSTION SYSTEM

The installation as finally developed is shown in Fig 7. This system
wae the result of a gradual development from injectors alone to the use
of a pilot burner, flame tubes, and a fuel wash syetem on the cone. Some
of the modifications employed will be touched on briefly in a discussion
of experimental development.

The pilot burner is shown in detail in Fig 8 and the general method
of installation ie shown in Fige 7 and 9. The air supply to the burner is
provided by a semi-circular air scoop of 1.75 in diameter riveted to the
tail cone about 8 in aft of the turbine. This scoop feede ram air from

the turbine exhaust to the air inlet passages shown in Fig 8. These
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passages force the air into the pilot burner tangential to the walle,
giving it a violent swirling motion which gives a well defined helical
path down the tube of the pilet burner, An M-b injector, menufactured
by Spreying Systems Company, Cbicago. Illinois, ie centrally located in
the forward wall of the burner, and a spark plug is located about 4 in
aft of the injector. Fuel and ignition lines to the pilot burner pass
down through the tail cone supporting bolte inside the straightening
vanes and thus introduce no drag into the stream.

The four mein injectors, fitted with GG-5 nozzles, alsoc manufactured
by the Spraying Systeme Caompany, Chicago, Illinois, are loéated one be-
hind each atra;ghtening vane., The injection is upstream and slightly
inward towerd the pilot burner and flame tube.

Additional fuel ie run on the teil cone from four 1/16 in nozzles
discharging directly on the cone surface in the spac? between the cone
and the inner edge of the agraightening vanes. Fuel linee supplying
these four nozzles are led in through the straightening vanes and thus
offer no dreg in the tail pipe.

Fuel flow to the teil pipe combustion unit was controlled through
separete velves for each of the injector systems from pressurized tanks.

The fuel used in both the main unit and the tall pipe during these
tests wae kerosene with the following properties:

T 5 5 T §
Color 30

Sulphur 0.1
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Engler Distillation

Initiel - 360°F
10 Per Cent 388°F
50 Per Cent 418°F
90 Per Cent 460°F
95 Per Cent 488°F
End ' 498OF

VII. EXPERIMENTAL DEVELOPMENT

As mentioned before, there was a considerable amount of work done
before satisfactory combustion characteristics were obtained. While
date were taken during these investigations, they have not been presented,
inesmuch as the development at that time h;d not progreesed to the point
of offering tangible results in thrust increase.

The first attempt was direct upstream injection, with only the four
main injection nozzles insetalled, Thefe was no.e#idence of combustion
with this attempt, nor after a spark plug was installed in what was hoped
to be the vicinity of & combustible mixture. Very little oxporlmcntagion
clearly dictated the necessity of some type of pilot burner.

Several ideas for pilot burners were contemplated. The pilot burner
finally selected was developed by Ivan Weeks, of the Jet Propulsion Labora-
tory staff. Fig 10 showe the setup used for breliminary investigations
on this burner to determine the optimum scoop and injector size. Inasmuch
as this particular type of burmer operates well over wide variations
of inlet air flow, and because of the fact that it could be conveniently

buried in the tail cone structure, it wes selected over other types that
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project directly into the stream,

When the pilot burner was inetalled in the tail cone structure, the
tail cone wash injectors were installed in an attempt to utilize the heat-
ed surface of the tail cone to seeist in raising the temperature and vapor-
ization of the fuel. Such a system should have additional advantages,
in that some of the fuel and vapor will lie within whatever boundary layer
exists, thus greatly reducing the translation velocity of those particu=-
lar portions. Thia fuel and vepor passing along the skin of the cone should
pase directly into the turbulent wake astern of the pilot burmer into the
best region for combustion.

.The next attempt, utilizing the pilot burner and the cone wash and
the maein injectors, produced some, but limited, results. Generél ignition
of the fuel from all injectors was obtained, but at very low thrusts only.
Even slight increases of velocities over those corresponding to 200 1b
thrust exce;ded the blow=-out point of the general combustion. It should
be meﬁtioned here that the pilot burner continued to burn up to the maxi-
mum output of fhe unit end would ignite at any rpm,

From these tests it became evident that a greater volume in which
the fuel/eir ratioes and temperatures could be reasomably controlled was
required. Some type of flame tube was thus necessary, preferably being
of such a design as to pick up the cone wash, some of the fuel from the
main injectore, and not permit excessive quantities of air in the mixture.
The -traight cylindrical flame tube previously desecribed vas selected
first, but while this wes being fabricated, a divergent conical perforated

tube which was available was tested. This conical fleme tube as installed
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ie shown in Fige 11 and 12.

The divergent tube brought about a little improvement but still failed
to support combustion with thrustllin excees of 300 1b, about 10,000 rpm.
While a part of the fuel almost certainly entered the cone, too much air
was aleo entering to meintain necessary inflammability ratios. Fig 12
shows burning in the conical flame tube.

The installation of the streight perforated tube seemed to clear
up a greater part of the difficulties gncauntered. From runs made with
the teil pipe removed, the path of the wash wae visible and appeared to
behave as predicted, 2 mejor portion of the wash fuel running down the
cone and iﬁto the flame tube. Fig 13 shows the straight flame tube with
burning being carriéd on. The spray angles of the main injectors were
reset to point in more toward the come, to keep the atomized fuel closer
to the pilot burner heat source.

With the system developed to this point it was possible to hold
combuetiqn up to 16,000 rpm, within 500 rpm of the upper design limit
of the unit, with every indication that it could have been pushed higher.
As a safety measure and to prevent excessive deterioration of the engine,
16,000 rpm was set as the upper limit of the operation under any condi-
tions.

With the installation as sbove, burning appeared to be guite satis-
fectory, with blue flame filling a greater portion of the tail pipe.

At the ssme time, however, the exhaust flame projected beyond the end
of the tail pipe, representing a useless loss of energy. To obviate

some of this loss the tail pipe length wae doubled by the addition of an
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extra pipe. This act 2lone brought about practically a 100 per cent in-

crease in thrust gain. This installation is shown in Fig 14.

VIII. OPERATING TECHNIQUE

As mentioned previously, fuel was supplied to the tail pipe combustion
system from pressurized tenke. For operation of the system, three valves
were used: one to control fuel to the pilot burner, one to control fuel
to the cone wash, and one to control fuel to the main injectors. TFuel
tank pressure could be varied as desired. Fig 4 shows the control panel
for the teil pipe combustion system.

For operation of the tail pipe combustion system, fuel pressure to
the pilot burner was reduced by a reducer valve from main ﬁank pressure
to ebout 5§ to 10 1lb/eq in and the fuel valve opened slightly until ignition
wee started by means of the spark plug.

With the pilot burner lighted, the cone wssh, which was at main
tank pressure, was then started, the control valve being opened until
combustion started. With a smooth combustion established in the flame
tube by burning of the cone wash fuel, the main injector valve was
opened slowly until the main injector fuel ignited. One point is note-
worthy here. If combustion was not established by the cone wesh fuel
first, the main injector fuel could not be burned at all., Also, at low
rpm the cone wash fuel could be increased to the point where the main
fuel flame could be extinguished, apparently due to flooding the area
of the flame tube, At higher rpm, say 14,000 to 16,000, thie could not

be done, probebly because of greater air flow rate. Hence, the flame
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tube and cone wash are indispensable for succe;srul operation of the pre-
sent system.

Once combustion was started, the control valves to the main injector
and cone wash were opened until the maximum combustion wes established in

the tail pipe. A further opening of the main fuel velve would then cause
all combustion except the pilot burner to be extinguished. Just prior to
the point of extinguishing the comﬁuntion by excessive fuel, a noticeable
vibration of the flame could be felt and heard. From experience, the in-
tensity of this vibration was used to judge when the maximum fuel was
being injected at any rpm.

Pressures used to the various nozzles varied about as follows:

Pilot burner: 10 1b at 12,000 rpm to 30 1lb at 16,000 rpm.

Cone wash: no geuge, equal to main tank pressure minus drop
through control valve and lines (i in copper
tubing).

Main injectors:

10 1b at 12,000 rpm to 50 1b at 16,000 rpm.

Main tank pressure:

100 to 150 1b/eq in.
At rpms in the viecinity of 12,000, when fuel injection rate wae the
maximum used, some vieible blue flame wae emitted from the end of the
8 ft tail pipe, such flame extending perhaps 1 ft beyond the tail pipe.
At higher rpﬁ, say 16,000, the flame length was shortened until little
or none wes visible at the end of the tail pipe, indicating that with

increased temperature and pressure across the flame front, burning t ime
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decreased and the flame front probably moved closer to the injectore.

IX. RBESULTS AND DISCUSSION

After all data were corrected to standard conditions by methoés out-

lined in Ref 5, the finel results showed & net gein in thrust of 23 per
cent with tail pipe combustion over that of the normal unit. A corres-
ponding gain in thrust of 51 per cent over the unit with a straight tail
pipe was obtained. Both figures quoted correspond to operation at 16,000
rpm, Curves of percentage‘thrunt increase plotted against rpm are shown
in Fig 15. TFor the above gains in thrust, corresponding increases of

78 per cent and 54 per cent in specific fuel consumption were required.
The actual thrusts obtained are shown in Fig 16. Ourvee of specific
fuel consumption are shown in Fig 17. Thrust calibration curves for the
original unit with nozzle on and nozzle off are shown in Fig 18. Cali-
bration runs of the unit with the auxiliary tail pipe combustion system
installed showed a nagligibie loss of thrust due to internal drag, as
compared with the original unit. This curve is shown in Fig 19. ZEngine
fuel consumptions for various conditions of tail pipe combustion are
shown in Fig 20. Curves showing relative fuel consumption of the engine
and tail pipe are shown in Fig 21.

Fig 3 shows that the maximum possible thrust increase over the
straight tail pipe is 84 per cent at 16,000 rpm. In this investigation
the maximum increase in thrust obtaimed at 16,000 rpm was 51 per cent
or, in other words, 61 per cent of tﬁe theoretical maximum increase was

obtained,
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Going again to Fig 3, it is found that a 51 per cent increase of
thrust at 16,060 rpm requires 100 per ceﬁt efficlent combustion of 85
gal per hr of fuel in the tail pipe. Thie value, when compared to 270
gel per hr actually injected gives a heat addition efficiency of about
32 per cent. This low value can be explained By any or all of the several
following reasons:

(1) Incomplete combustion.

(2) Loss of unignited fuel.

(3) Incomplete mixing of the streams, with resultant non-
uniform heat distribution throughout the mass of gas in
the tail pipe.

(4) The failure to contain the combustion within the tail
pipe, which is evidenced by the existence of flame areas
outside of the pipe.

Some of the abgvo mentioned losses might be reduced by further ex-
tension of the tail pipe. Ae discussed before, doubling of the tail
pipe length'doublod the thrust gein., The calibration of the unit with

"and without tail pipe burning in & single 4 ft tail pipe is shown in-Fig
27, which may be compared to the similar calibration for the 8 ft pipe

as shown in Fig 16. Any increase in tail pipe léngth will increase the
time avallable for combustion, subsequent heat distribution, and stream
mixing, thus improving the heat addition efficiency, with consequent
gaine in thrust and reduction of epecific fuel consumption., Comparison
of Fige 16 and 22 will show that the losses attridutable to the increased

length are negligibdle,.
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The fact that the installation of the tail pipe combustion system
caused no appreciable decrease in thrust appears rather strange. However,
it ie felt that there existed a region of considerable turbulence just
aft of the unmodified tail cone of the unit. The pilot burner exit and

flame tube were installed in just this region and thus would cuase very
little additional lose. Likewise the main injector nozzles being installed
in the wake of the straightening vanes would produce small loss=s while

the remainder of the system was buried in existing structures.

It was found that the effect of combustion in the tail pipe was to
reduce the engine epeed by about 1000 rpm. It is thought that this wae
due to the fact that the combustion increased the back pressure on the
turbine and thus decreased the work output of the turbine. This recuires
e decrease in rpm to reestablish equilibrium conditions between the com-
pressor work reoguired and the turbine output. The pressure drop due to
combustion ie due to the acceleration of the gas in the tail pipve. To
restore the engine'rpm to its previ&ua value, the throttle must be opened,
which results in higher turbine temperatures at a given engine speed
than would be encountered without tail pipe burning. This requires a
greater fuel consumption on the part of the engine to maintain the given
speed. The magnitude of the necessary increase is shown in Fig 20. It
should be noted that these events may lead to excessive turbine blade

temperatures.

X, CONCLUSIOHS

As a result of this work the following conclusions have been drawn:
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(1) As installed in a G.E. I-14 turbojet unit with the ex- .
hunut‘nozzlo.removed, the tail pipe combustion system de-
veloped here is capable of burning kerosene over the en-
tire operating range of the engine.

(2) The maximum thrust increases obtained were 64 per cent
over the straight tail pipe and 42 per cent over the normal
unit with the nozzle installed; both maximums occurring
at 12,000 rpm. Corresponding specific fuel consumption
increases of 53 per cent and 6b per cent were required.

(3) The increases of maximum thruet obtained were 51 per cent
over the straight tail pipe and 23 per cent over the normal
unit with the nozzle installed, both values representing
operation at 16,000 rpm. Corresponding specific fuel con-
sumption increases of 54 per cent and 78.5 per cent were
required. |

(4) Doubling tail pipe length improved the thrust gains ob-
talnable with tail pipe injection approximately 100 per

cent.
X1. RECOMMENDATIONS

In view of the results obtained, the authors submit the following
recommendations:
(1) That the tail pipe fuel injection system be modified and
amplified to permit greater rates of fuel flow for the

tail cone wash, At full rpm the cone wash valvee were
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A

fully opened. It is posaihlé that more fuel to the cone
wash would permit further fuel to be added through the
main injectors.

(2) Further investigation of the effect of additional increase
in taill pipe length should be made.

“{3) At 16,000 rpm it was noticed that the outer tail cone in
the viecinity of the cone wash lead-in lines was at a dull
red heat, indicating the poseibility that because of in-
creased temperature and pressure across the flame front,
the flame front moves nearer the fusl injectors. As a
check on this hypothesis, 1t.1a suggested that experiments
be carried out using quartz inserts in the tail pipe to
facilitate actual observation of the flame front during
the combustion.

(4) Further experimentation should be made to determine if the
pilot burner size used ie the optimum, since there exists
the possibility thet a larger pilot burner would be bene-
ficial.

(5) In further investigations, it is recommended that more
main 1nject6r nozzles be placed in the -tream,-theso to
be used at high rpm to obtain a more even and more sym-
metrical distribution of fﬁel flow in the tail pipe.
Similarly, the distribution from the cone wash should pos-
gibly be made more symmetrical.

(6) Further investigation to determine whether other fuels
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might be selected which would improve tail pipe combustion
should be made., This should include investigation of cer-

tain additives to decrease combustion time lags.
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FIGURE 4. CONTROL PANELS.



P P LAB. Project MX527 Report No. 3-1 ;’iogesz':S
JFPL- GALCIT g.

FIGURE 5. FUEL TANKS.
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FIGURE 6. CONTROL PANELS AND FUEL TANKS.
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FIGURE 9. END VIEW OF STRAIGHT FLAME TUBE AND PILOT BURNER.
(PILOT BURNER AIR SCOOP IS VISIBLE IN UPPER RIGHT
HAND QUADRANT OF EXHAUST ANNULUS)



P P LAB. Project MX 527 Report No. 3- | Puge 40
JFL-GALCIT

Fig. 10

FIGURE I0. PILOT BURNER TEST.
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FIGURE Il. END VIEW OF DIVERGENT FLAME TUBE AND PILOT BURNER.
(PILOT BURNER AIR SCOOP IS VISIBLE IN UPPER HAND
QUADRANT OF EXHAUST ANNULUS, NOTE THE MANNER IN
WHICH THE FACE OF THE PILOT BURNER HAS BEEN ETCHED

BY THE SCOURING ACTION OF THE SWIRLING FLAME.)
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Report No. Fig. 12

FIGURE 2. SIDE VIEW OF DIVERGENT FLAME TUBE WITH BURNING.
(NOTE SPRAY PATTERN FROM MAIN INJECTORS.)
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FIGURE 13. SIDE VIEW OF STRAIGHT FLAME TUBE WITH BURNING.
(NOTE SPRAY PATTERN FROM MAIN INJECTORS AS
COMPARED TO THAT SHOWN IN FIG.12.)
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FIGURE 14. EIGHT FOOT TAIL PIPE INSTALLATION .
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