
A REPORT ON INCREASING 'l'HE l'HRUSX OF A :.I:URBOJEl' ENGINE 
BY COHBUSXION OF FUEL IN IHE XAIL PIPE 

'.L'hel!lis by 

Lt. Comdr. C.E. Gibson, U.S.N. 
Lf.. Comdr. E.L. Knapp, U.S.N. 
U.. Comdr. R.B. Woodhull, U.S.N. 

In Par+ial Fulfillment. of •he Requiremen+.s 

for +he Degree of 

California Ins•i+u+e of ~echnology 

Pasadena, California 

1945 



P. P• LAB. Project MX527 
JPL-GALCI'l' Report No. 3-1 

TABLE OF CONTENTS 

I. Summary and Acknowledgements • 

II. Introduction .••.. 

III. Theoretical Analysis . 

IV. Combustion Problems.~. 

V. Equipment. • • . . . . 

VI. Tail Pipe Combustion System .• 

VII. Experimental Development . 

VIII. Operating Technique •• 

IX. Results and Discussion • • • 

X. Conclusions. . • 

XI • Recommendations • 

Referencea . . 

J'igurea . . . . 

Page i 

Page 

1 

2 

3 

13 

15 

17 

19 

22 

24 

26 

27 

30 

31 



P. P. LAB. Project MX527 
JPL-GALCIT 

Figura 

- -~IDJ 
Repo_rt No. 3-1 

LIST OF FIGUUS 

Page 11 

Page 

1. Showing Nomenclature Used in Theoretical Analyaae. • • • • . 31 

2. Theoretical Velocity Ratios Obtainable with Heat Addition. • • 32 

3. Theoretical Maximum Thrust Ratio GE I-14B Unit 
Straight Tail Pipe • • • . 

Control Panels 

Fuel Tanks • • 

4. 

5. 

b. Control Panels and Fuel Tanks. . . . . . . . 
7. Tail Pipe Combustion System. • 

8. Pilot ~urner • • • • 

9. End View of Straight Flame Tube and Pilot ~urner 

10. Pilot ~urner Test •• 

11. End View of Divergent Flame Tube and Pilot Burner •• 

12. Side View of Divergent Flame Tube with Burning 

13. Side View of Straight Flame Tube with Burning. 

14. Eight Foot Tail Pipe Installation. · • • 

15. Per Cent Gain in Thrust with Tail Pipe Combustion. • 

lb. Thruat Obtained with Tail Pipe Combustion •• 

17. Specific Fuel Combustion •• 

18. 

19. 

20. 

Test Data: G.E. I-14 Engine No. 3b, Thrust vs EPM • 

Thrust Change with Tail Pipe Combustion System 
Installed, No Burning. • • . • • . . •.• 

Fuel Consumption of G.E. I-14-~ Engine with and without 
Tail Pipe Combuation • • . • . • • • • • • 

21. Fuel Consumption ~th Tail Pipe Combustion 

22. Thrust Obtained with Oombuation Four Foot Tail Pipe. 

. . . 

33 

34 

35 

'36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 



P. P. LAB. Project MX527 
JPL-GALCIT 

I. SUMMARY AND ACKNOWLEDGEMENTS 

The purpose of thia work vas to develop a means of increasing the 

thrust of a turbojet engine by burning kerosene in the tail pipe.• 

· A combustion system was developed which gave the following resulta: 

(l) Maximum thrust increase using a G.E. I-14 engine was 

64 per cent over straight tail pipe thrust corresponding 

to 42 per cent increase over the normal engine thrust. 

This increase ~s accomplished at an engine rpm of 12,000. 

(2) Increase of maximum thruat obtained vas 51 per cent over 

the straight tail pipe thrust corresponding to 23 per cent 

over the normal engine thru.t. This increase ~s accom-

plished at an engine rpm of lb,OOO. 

(3) For the thrust increases mentioned in (1) and (2) above, 

increasea of Specific Fuel Consumption were 66 per cent 

and 76 per cent respectively over normal engin~ SFC. 

This experimental work was performed at the California Institute 

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 st~ff of the Jet Propulsion Laboratory for their 

asaiatance and helpful suggestions. In particular, they wish to thank 

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

• This report ~· prepared in partial fulfillment of the requirements 
for the degree of Aeronautical Engineer from the Guggenheim Aero
nautical Laboratory, California Institute of Technology. 
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II. INTRODUCTION 

Since the thrust variation of a turbojet vith forward speed is quite 

small, a unit designed for flight operation will have available for take-

off only a slightly greater thrust than that developed at top speed~ 

Comparing this with a conventional engine where the thrust decreases radi-

cally with increasing speed, it can readily be visualized that the take-

off thrust of the . turbojet will be much leas than that of a conventional 

engine-propeller combination, with approximate·ly the same or even inferior 

high speed performance. This characteristic of the turbojet results 

in notably poor take-off characteristics. 

It is the object of this investigation to achieve an increase in 

the thrust delivered by a turbojet unit by developing means of reheating 

of the exhau•t gases leaving the turbine. This method, usually referred 

to as "tail pipe injection", permits the further addition of heat, with 

ita resultant increase of stream energy, without raising the temperature 

of the turbine blades, which are already operating near their ultimate 

margin of safety with present day materials. 

Some rasearch has been undertaken on this and other means of thrust 

boosting (Cf Refs 1 and 2) with positive results. This report discusses 

some of the theoretical aspects of the problem and presents test results 

of increaae in thrust obtained by the development of a tail pipe injection 

system. 
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II I. THEORiTICAL ANALYSIS 

SYMBOLS 

Values or unite used in computations are given with appropriate items. 

( )l 

t )2 

A 

a 

CR 

c p 

F 

H 

h 

M 

m 

p 

p 

R 

T 

v 

y 

p 

~bscript referring to conditione before combustion 

Subscript referring to conditions after combustion 

Area, sq ft 

Velocity of sound, ft/ sec. 

Heating ratio = Heat added per unit mass 
Total energy per uni~mass 

Specific heat at constant pressure, 0.276 Btu/(lb)( 0 R) 

Thrust, lb 

Total heat added, Btu 

Heat added per 'Wlit mass, Btu/Slug 

Mach number 

Mass flow per unit time, Slugs/sec 

Total pressure, lb/sq in 

Static pressure, lb/sq in 

Gas constant, 53.6 ft lb/(lb)( 0 R) 

Absolute temperature , ~gree s Rankine 

Local velocity, ft/sec 

Ratio of specific heats, 1.33 

Density (Mass per unit volume), Slugsfou ft 
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With combustion i n the tail pipe, there will be a great increase in 

the volume of gas to be handled. However, the normal turbojet unit ia so 

designed that, with its nozzle installed, near sonic velocities are attained 

at the throat at maximum designed outputs. Such a condition would prevent 

the increase of maximum designed thrust by tail pipe injection , once a 

Mach number of one was reached in. the nozzle throat. For this reason the 

noz zle was considered to be removed and the analysis was based on the 

addition of heat in a tail pipe of oonsta.nt cross-sectional area. 

Certain assumptions were made to simplify the problem so that a di-

rect analytical approach could be taken. Namely, the assumptions made 

were: 

ll) Constant specific heat throughout. 

(2) Mass of fuel added is negligible compared to that of the 

gases from the turbine. 

(3 ) Friction losses along the pipe are neg~ected. 

(4) Mixing of gases occurs without -loss in such a manner 

that the entire stream is heated uniformly. 

The following discussion is base d on the theory outlined in Ref 3. 

Fig 1 illustrates the conventions used. 

From the condition of continuity of flow, 

p, v, A, = Pz vz Az 

since A1 = A 2 

(1) 
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Equating the change of momentum t o t he forces, 

p2viA2- Pt v,2AI = A2(p,-p2) 

or, P2"·l- Pt v,2 = p,- p2 

The energy equation, if H equale the heat added, becomes: 

From the equation of state, 

P = RT p or L .L 
CpT= y-l p 

Page 5 

(2) 

{4) 

Introducing Eq (4) int9 the energy equation and eliminating the 

temperature, 

Since the mass flow is given by, 

(6) 

we can rewrite the momentum equation in the following form: 

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

h = H/m (8) 
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then Eq (5) may be written ae follows: 

or by rewriting 

The heating ratio OR will be defined in the form 

Page b 

(9) 

(10) 

CH = Heat added per unit mass 
Total energy of entering gas per unit mass 

or h 
(lOa) 

Since 

(lOb) 

the expression in Eq (10) 

2 
::~+I 2 y-1 2 v, (lOc) 

t~en ustng Eqe (1) and ( 2) to replace p2 and p 2 in the expression below 
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and also 
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tlOd) 

{lOe) 

Substituting the five Eqe (lOa) to (lOe) in Eq (10), we obtain: 

or grouping terms, 

{11) 

The solution of this quadratic e quation will give two roots for 

the velocity ratio, ~ ; one representing supersonic flow. The follow-
1 

ing discussion rules out the use of this larger root. 

Ueing the energy equation, 

(12) 
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Bernoulli's equation. 

pvdv = -dp or 
dp 
p : - v dv 

the continuit~ equation. 

d(pv) = 0 or dv = _ ~ 
v p 

the equation of state. 

p 
p : RT 

and rewriting the energy equation (12) in the form 

d h = v d v + ~D d ( R T) 

dh : v dv + ..L d ( .1..) 
Y-1 P 

dh = v dv + Y~l tdl - f d/] 

ve obtain. on substituting Eqs (13) and (14) into Eq (16), 

Then, since 

dh = v dv + _L_ I_ v dv + ..f. dv] ,_, L: P v 

dh : v dv " - _L + _I_ ( )'p) I _l L Y-1 Y-1 p V1J 

y...£.. 
p 

2 
= a 
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(13) 

(14) 

(15) 

(17) 
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i:q (17) becomes, 

dh = v dv ~ - r ~~ -+ r ~' ;h J 
or collecting terms and rewriting, 

v dv 
Y-t 

= [~Qdh ~-1 
M 
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(18) 

This expression gives the variation of velocity with the addition 

of heat. 

A &imilar relationship for the variation of Mach number with heat 

addition is obtained in the following analysis: 

where 

: 
2 

d(..!..) az 
: 

c 

2v dv 
? 

[
dp - ...2. ~] r P P P 

d (a~ = r [- v dv + ; ~v:J 

-yv dv + v dv MY 

Substituting Eq (19a) in Eq (19), ve obtain 

d(M
2
l = ~l dv - :: [-yv dv + ~d~ 

(19) 

(19a) 
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= vdv 
? 

and finally, substituting this in Eq (18) and rewriting, we have 

y -I 

[~-~ 
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(20) 

(21) 

Eqs (18) and (21) ehow that for subsonic flows both the velocity 

and Mach number will increase with the addition of heat. However, for 

Mach numbers greater than unity, the denominators of both expressions be-

come ne~tive, showing that heat must be subtracted from the flow for 

either the velocity or Mach number to further increase. From these facts, 

the impossibility of obtaining supersonic velocities by continuous heat 

addition to subsonic velocity flows in a uniform pipe becomes evident. 

Fo r this reaaon we can diare~rd the larger root of the solution of 

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

= (22) 

It can be seen that an increase of the heating ratio, CH, will cause 

a continual gain in velocity up to the point where the value under tpe 

radical becomes zero. Any further increase in C results in complex veloc
H 

ity ratioa and is thus impossible. Therefore, the maximum increase of 

velocity, which corresponds to the attainment of sonic velocity after com-
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I + 
2 

~ yM, 
= (22a) 

VI z ( Y -t I) M1 

and 

2 1 + Y-1 M2 
(~) = 2 

2 I 
(I + CH) (23) 

VI (y+ I) M1
2 

By as~ing a constant ratio of specific heats, (y = 4/3), it is 

possible to plot c~ves of the velocity ratio a~inst Mach number for 

various values of the heating ratio. Such a plot is shown in Fig ~. 

which gives the velocity increases theoretically obtainable by addition 

of heat in the tail pipe. 

A similar set of curves, shoving velocity ratio attainable vs rpm 

with fuel burned in the tail pipe (gal per hr) as a parameter, were 

made using General Electric Company test data for an I-l4B unit. These 

curves (Of Fig 3) - vere determined using the following assumptions: 

(1) combustion 100 per cent complete; (2 ) thorough and complete diffu-

sion of the heat added over the entire mass 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 

r eadings along the length of the tail p ipe could not be obtained, prob-

ably because of the turbulent flow and severe warpage condi_tions exiating 

along the tail p i pe. An assumption was made that the mass flow remained 
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the eame with the nozzle removed, and thus General Electric Company data 

could be uaed. From the data given in Ref 4, values of mass flow, total 

energy, and Mach number of the gaeea entering ,the tail pipe for various 

engine speeds were determined. U11ing these '\'a.luee and aesum108 var1ou• 

quantities of fuel injected in g.al per hr, velocity ratios v1/v2 were 

computed, using Eq (22) deriTed previously. Since the ma.as of fuel in-

jected in the tail pipe ~s neglected in the derivation of Eq (22), the 

ratio of thrust with burning to the thrust without burning is directly 

proportional to the calculated ratio v1/v2 and ie shown in Fig 3. 

A pressure drop across 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 c omputed in the following manner. 

The loss in total pressnre i s g iven by: 

~ Pz + I 2 I 2 - = PI - Pz 2PI VI - 21\ v2 or 

~ Pz ~ (I - .Ez) + I 2 ~) - = 2 p1 v1 (I -
I P1 v, (24a) 

PI- Pz 
(I- ~) + 

y p, 2 vz 
6, = 2 YP

1 
v, (I - -) 

PI v, 

P,- Pz 
( I !&) + 

y 2 - ~) • - 2 M1 (I P, Pt v, 
(24b) 

The momentum equation in the form given by Eq (7) may be modified 

to: 
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or 

Substituting (25) in {24b): 

2 
= YM1 ( ~ _ 1) 

2 v, 

or 

Page 13 · 

(25) 

(26) 

Pressure drops across the flame front were observed, varying from 

about 2 lb/eq 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. COMBUSTION PROBLEMS 

~ne of the major problema encountered in tail pipe combustion 1e 

the completion of burning before the fuel hae been swept out of the tail 

pipe or bas 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, a given particle of gas or fuel 

will be inside the 4 ft pipe for only three to four thousandths of a 
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second. This interval is on the border line of ignition lags for most 

fuela, even at this temperature. 

There are several suggested means of solving this problem; these 

are: 

(1) Mechanical - Introduction of turbulence to retain a given 

fuel-air mixture in a desired location for lon~r times. 

This can be accomplished by the use of flame holders, 

baffles, and flame tubes. Such devices can and usually 

do attempt to control mixture ratios by proper design to 

obtain maximum combustion rates. Another method would 

increaae tail pipe length, thue affording a greater length ' 

of time available 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 is 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 product• of combustion then being used to 

raise the temperature· of and ignite the lar~r or main 

fuel-air mass. The degree of drag losses attributable to 

a system of this type will largecy depend on the method 

of installation. 

(3} Chemical - The ignition lags of fuels can be greatly de-
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creased by the use of certain chemical compounds. 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 ia 

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 characteristic• have 

poor heating values. 

' It might be mentioned that these latter two methods, being concerned 

with .the fuel alone, will cause no losses of thrust when the unit is in 

normal operation. Should a fuel other than that used in the engine burners 

be employed, the fuel system of an aircraft installation might become 

prohibitively complicated and cumbersome. Additives may, in addition to 

improving tail pipe burning characteristics, improve th~ combustion character-

istics of the regular unit. 

Another problem associated with auxiliary combustion is the effect 

of flame instability. This not only causes rapid thrust variations but 

produces moderately severe buffeting conditions in the region adjacent 

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

V • J:gUIPMENT 

With the exception of a 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.Jl. I-14 unit No. 36 at the 
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Jet Propulsion Labo~tory. 

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 

(c} Turbine exhaust, static* 

(d) Tail pipe entering, static* 

(e) Tail pipe exit, static* 

(f) Tail pipe e~it, total* 

(g) Pilot burner, air supply, static* 

(h) Pilot burner fuel 

(i} . Main auxi~iary injector fuel 

(j) Nitro~n pressure of auxiliary fuel tanka 

(k) Ambient pressure. 

(2) Temperatures: 

(a} Compressor discharge to burners No. 2 and No. 7 

(b) Turbine exhaust 

(c) Tail pipe entering 

ld) Tail pipe exit 

(e) Bearings 

(f) Ambient temperature. 
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Moet temperatures were &easured uting thermocouplea with 

·cold junctions in ice water. Fig 4· •how a the instrument 

• Measured by mercury manometers: others by bourdon type gauges. 



P. P. LAB. Project MX527 
JPL-GALCIT 

panel used in these experiments. 

(3) Fuel flow ratea were measured by timed observations on 
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tank sight glasses, the main unit fuel and the auxiliar, fuel 

having separate aupply systems (Cf Figs 5 and 6). 

(4) Thrust ~s measured on a conventional Caltech hydraulic 

thrust jack. 

Because of severe warpage encountered in the thin material of the 

tail pipe end tail cone walls, it was found that the static preaeurea 

were totally unreliable, except as indications of relative changes. 

All indications pointed to the presence of considerable turbulence through-

out the tail pipe, Yith some evidence of separation near the entrance. 

Because of this, there exists the possibility of error in the thermo-
1 ,. 

couple temperature indications. 

VI. TAIL PIPE COMBUSTION SYSTEM 

The installation as finally developed is shown in Fig 7. This system 

was the result of a gradual development from injectors alone to the use 

of a pilot ~urner, flame tubes, and a fuel wash system 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 ~neral method 

of ' installation is shown in Figa 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 feeds 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 walls, 
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giv.ing it a violent swirling motion which gi:vee a well defined helical 

path do~ the tube of the pilot burner. An M-6 injector, manufactured 

by Spraying Systems Company, Chicago, Illinois, is centrally located in 

the forward wall of the burner, and a spark plug ia located about 4 in 

aft of the injector. Fuel and ignition lines to the pilot burner pasa 

down through the. tail cone supporting bolts inside the straightening 

vanes and thus introduce no drag into the stream. 

The four main injectors, fitted with GG-5 nozzles, also manufactured 

by the Spraying Systems Company, Chicago, Illinois, are located one be-

hind each straightening vane. The injection is upstream and slightly 

inward toward the pilot burner and flame tube. 

Additional fuel is run on the tail cone from four 1/lb in nozzles 

discharging direct l y on t he cone surface in the space between the cone 

and the inner edge of the straightening vane s . Fuel lines supplying 

these four nozzles are led in through the straightening vanes and thus 

off er no drag in the tail p ipe. 

Fuel flow to the tail pipe combustion unit was controlled through 

separate valves for each of the injector systems from pressurized tanks. 

The fuel used in both the main unit and the tail pipe during these 

tests was kerosene with the following properties: 

A.P.I. 44.1 

Color 30 

Sulphur 0 .1 

) 
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Engler Distillation 

Initial 

10 Per Cent 

50 Per Cent 

90 Per Cent 

95 Per Cent 

Rnd 

460°F 

488°F 

' 498°F 

VII. EXPERIMENTAL DiVELOPMENT 
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As mentioned before, there was a considerable amount of work done 

before satiafactory combuation characteristics were obtained. While 

data were taken during these investigations, they have not been presented, 

inasmuch as the development at that time had 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 installed. There was no evidence of combustion 

with this attempt, nor after a spark plug was installed in what was hoped 

to be the vicinity of a combustible mixture. Very little experimentation 

clearly dictated the necessity of some type of pilot burner. 

Several ideaa for pilot burners were contemplated. The pilot burner 

finally selected was developed by Ivan Weeks, of the Jet Propulsion Labors-

tory staff. Fig 10 shows the setup used for preliminary investi~tions 

on this burner to determine the optimum scoop and injector size. Inasmuch 

as this particular type of burner 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 was selected over other types that 



P. P. LAB. Project MX527 
JPL-GALCIT Report No. 3-1 

project directly into the stream. 

Page 20 

When the pilot burner ~8 · instal~ed in the tail cone structure, the 

tail cone wash injectors we~e installed in an attempt to utilize the heat-

ed surface of the tail cone to aeeiet in raisin~ 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 port.ions. This fuel and vapor passing along the skin of the cone should 

pass directly into the turbulent wake astern of the pilot burner into the 

best region for combustion. 

The next attempt, utilizing the pilot burner and the cone wash a nd 

the main injectors, produced some, but limited, results. General ignition 

of the fue l from all injectors was obtained, but at very low thrusts only. 

Even slight increases of velocities ?ver those corresponding to 200 lb 

thrust exceeded the blow-out po,int of the general combustion. It should 

be mentioned here that the pilot burner continued to burn up to the maxi-

mum output of the unit a nd ;..•ould ignite at any rpm. 

From these teste it became evident that a greater volume in which 

the fuel/air ratios and-temperatures could be reasonably c ontrolled was 

required. Some type of flame tube was thus necessary, preferably being 

of such a design as to p ick up the cone wash, some of the ' fuel from the 

main injectorB, and not permit excessive quantities of air in the mixture. 

The etraight cylindrical flame tube pr evi ously described was selected 

first, but while this ~s being fabricated, a divergent conical perforated 

tube which wa s available was tested. This conical fla me tube as installed 
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The divergent tube brought about a little improvement but still failed 

to support combustion with thrusts in excess o! 300 lb, about 10,000 rpm. 

While a part of the fuel almost certainly entered the cone, too much air 

was also entering to maintain necessary inflammability ratios. Fig 12 

shows burning in the conical flame tube. 

The installation of the straight perforat~d tube seemed to clear 

up a gr~ater part of the difficulties encountered. From runs made with 

the tail pipe removed, the path of the wash was visible and appeared to 

behave as predicted, a major portion of the ~sh fuel running down the 

cone and into the flame tube. Fig 13 shows the straight flame tube "lith 

burning being carried on. The spray angles of the main injectors were 

reset to point in more toward the cone, to keep the atomized fuel closer 

to the pilot burner heat source. 

With the system developed to this point it ~s possible to hold 

combustion up to lb,OOO 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 o! the engine, 

lb,OOO rpm was set as the upper limit of the operation under any condi-

tiona. 

With the installation as above, burning appeared to be quite satis-

factory, with blue flame filling a greater portion of the tail pipe. 

At the same 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 was doubled by the addition of an 
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extra pipe. This act alone brought about practically a 100 per cent in-

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

VIII. OPERATING TECBNIQij& 

As mentioned previously, fuel ~s supplied to the tail pipe combustion 

system from pressurized tanks. 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. Fuel 

tank pressure could be varied as desired. Fig 4 shows the control panel 

for the tail 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 tank pressure 

to about 5 to 10 lb/sq in and the fuel valve opened slightly until ignition 

wa.s started by means of the spark plug. 

With the pilot burner lighted, the cone wash, which was at main 

tank pressure, 1o1as then sta.rted, 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 wash fuel 

first, the main injector fuel could not be burned at all. Also, at low 

rpm the cone ~eh fuel could be increased t o the point where the main 

fuel flame could be extinguished, apparently due to flooding the area 

of the flame tube. At higher rpm, eay 14,000 to lb,OOO, this 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 success ful operation of the pre-

sent system, 

Once combustion was atarted,. the control valves to the main injector 

and cone wash were opened until the maximum combustion ~s established in 

the tail pipe. A further opening of the main fuel valve would then cause 

all combustion except the pilot burner to be extinguished. Just prior to 

the point of extinguishing the combustion by excessive fuel, a noticeable 

vibration of the flame could be felt and heard. From experience, the in-

tensity of this vibr~tion was used to judge when the maximum fuel was 

being injected at any rpm. 

Preesures used to the various nozzles varied about as follows: 

Pilot burner: 10 lb at 12,000 rpm to 30 lb at lb,OOO rpm. 

Cone wa.sh: no gauge, e11uel to main tank pressure minus drop 

through control valve and lines (i in copper 

tubing). 

Main injectors: 

10 lb at 12,000 rpm to 50 lb at 16,000 rpm. 

Main tank pressure: 

100 to 150 lb/sq in. 

At rpms in the vicinity of 12,000, when fuel injection rate was the 

maximum used, some visible blue flame was emitted from the end of the 

8 ft tail pipe, such flame extending perhaps 1 ft beyond the tail pipe. 

At higher rpm, say 16,000, the flame length vas shortened until little 

or none was visible at the end of the tail pipe, indicating that with 

increased temperature and pressure across the flame front, burning time 
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decreased and the flame front probably moved closer to the injectors. 

IX. RESULTS AND DISCUSSION 

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

lined in Ref 5, the final results showed a net ~in in thrust of 23 per 

cent with tail pipe combustion over that of the normal unit. A correa-

ponding gain in thrust of 51 per cent over the unit with a straight tail 

pipe ~s obtained. Both figures quoted correspond to operation at 16,000 

rpm. Curves of percentage thrust increase plotted a~inst rpm are shown 

in Fig 15. For 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 a~e shown in Fig 16. Curves 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 negligible loss of thrust due to internal drag, as 

compared with the original unit. This curve is shown in Fig 19 • . Engine 

f uel consumptions 'for various condi.tions of tail pipe combustion are 

shown in Fig 20. Curves showing relative fuel consumption of the engine 

and tail p ipe are shown in Fig 21. 

Fig 3 shows that the maximum possible thrust increase over the 

straight tail p i pe is 84 per cent at 16,000 rpm. In this investi~tion 

the maximum increa se in thrust obtained at lb,OOO rpm was 51 per cent 

or, in other words, 61 per cent of the theoretical maximum increase was 

obtained. 
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gal per hr of fuel in the tail pipe. This value, when compared to 270 

gal per hr actually injected gives a heat addition efficiency of about 

32 per cent. This low value can be explained by a~ 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 af 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 above mentioned losses might be reduced by further ex-

tension of the tail pipe. As discussed before, doubling of the tail 

pipe length doubled the thrust gain. The calibration of the unit with 

·and without tail pipe burning in a single 4 ft tail pipe is shown in -Fig 

27, which may be compared to the similar calibration for the 8 ft pipe 

aa shown in Fig lo. Any increase in tail pipe length will increase the 

time available for combustion, subsequent heat distribution, and stream 

mixing, thus improving the heat addition efficiency, with consequent 

gains in thrust and reduction of specific fuel consumption. Comparison 

of Figs 16 and 22 will show that the losses attributable to the increased 

leng~h are negligible •. 
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The fact that the install~tion of the tail pipe combustion system 

caused no appreciable decrease in t?rust appears rather strange. However, 

it is 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 cuaee very 

little additional loss. Likewise the main injector nozzles being installed 

in t he wake of the straightening vanes would produce small losse 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 speed by about 1000 rpm. It is thought that this was 

due to the fact that the combustion increased the back pressure on the 

turbine and thus decreased the work output of the turbine. This requires 

a decrease in rpm to reestablish equilibrium conditions between the com-

pressor work re quired and the turbine output. The pressure drop due to 

combustion is due to the acceleration of the gas in the tail pipe. To 

restore the engine rpm to its previous 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 ma~ntain 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. CONCLUSIONS 

As a result of this work the following conclusions have been drawn: 
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ll) As installed in a G.E. I-14 turbojet unit with the ex- . 

hauet nozzle . 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 66 per cent were required. 

t3) The increases of ma.xilliillll thrust obtained were 51 per cent 

over the straight tail p ipe and 23 per cent over the normal 

unit with the nozzle installed, both values representing 

operation at lb,OOO 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-

.tainable with tail pipe injection approximately 100 per 

cent. 

XI. RE.COMMENDATIONS 

In view of the results obtained, the authors submit the following 

recommendations: 

ll) That the tail pipe fuel injection system be modified and 

amplified to permit greater rates of fuel f~ow for the 

tail cone wash. At full rpm the cone wash valves were 
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fully opened. It is possible that more fuel to the cone 

..,ash would permit further fuel to be added through the 

main injectors. 

(2) Further investigation of the effect of additional increase 

in tail pipe length should be made. 

·{3) At lb,OOO rpm it was noticed that the outer tail cone in 

the vicinity of the cone w.aeh lead-in lines was at a dull 

red heat, indicating the possibility that because of in-

creased temRerature and pressure across the flame front, 

the flame front moves nearer the fuel injectors. As a 

check on this hypothesis, it is suggested that experiments 

be carried out using quartz inserts in the tail pipe to 

facilitate actual observation o£ the flame front during 

the combustion. 

l4) ~rther experimentation should be made to determine if the 

pilot burner size used is the optimum, since there exists 

the possibility that a larger pilot burner would be bene-

ficial. 

l5) In further investigations, it is recommended that more 

main injector nozzles be placed in the stream, these to 

be used at high rpm to obtain a more even and more sym-

metrical distribution of fuel flow in the tail pipe. 

Similarly, the distribution from the cone wash should poe-

sibly be made more symmetrical. 

(b) Further investi~tion to determine whether other fuela 
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might be selected Which would improve tail p ipe combustion 

should be made. This should include investigation of cer-

tain additives to decrease combustion time lags. 
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Fig. 4 
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FIGURE 5. FUEL TANKS. 
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Fig. 5 
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FIGURE 6. CONTROL PANELS AND FUEL TANKS. 
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Fig . 6 
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Fig . 9 

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) 
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FIGURE 10. PILOT BURNER TEST. 
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Fig . 10 
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Fig . I I 

FIGURE I I. 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 PI LOT BURNER HAS BEEN ETCHED 

BY THE SCOURING ACTION OF THE SWIRLING FLAME. ) 
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Fig. 12 

FIGURE 12. 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. I2 . ) 
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Fig . 13 
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FIGURE 14 . EIGHT FOOT TAIL PIPE INSTALLATION. 
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Fig. 14 
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