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RESEARCH MEMORANDUM

ANATYTTCAL COMPARTISON OF A STANDARD TURBOJET
ENGINE, A TURBOJET ENGINE WITH A TATL-PIFE
BURNER, AND A RAM-JET ENGINE

By Richard P. Krebs and John Palasics

SUMMARY

The calculated performance of a standard turbojet sngine, a
turbolet engine whose thrust is augmented by tail-plye burning, and
a ram-Jet engine are compared, Computations for the performance of
the turbojet engines are bhased on an anglytical extension of exper-
inental data obtained from an investigation of s turvoJet engine
incorporating an ll-stage axial-flow compressor and a single-stage
impulse turbine in the altitude wind tunnel. The three types of
engine are considered to be cpersting at maximum output for any
given set of flight conditions.

The three engines -sre compared on the basis of net thrust per
unit frontal area and aspecific fuel consumption at an altitude of
30,000 feet for flight Mach numbers up to 2.0. Ths effect of
changes 1n altitude from sea level to 40,000 feet wers caloulated
at Mach numbers of 1.2 and 1l.8.

At static conditlons, tail-pipe burning incressed the net
thrust of the standard turbojet engine about 60 percent. At flight
speeds greater than the speed of sound, the net thrust was mors -than
doubled. Greatest percentage increages in net thrust with tail-plpe
burning could be obtained at low altitudes and high flight Mach
nvmbers, The net thrust per wunit frontal area of the augmented
turbojet engine and the ram-jJet engine were equal at a f£flight Mach
number of 1.2, At thils flight speed the ram Jet had a specific
fuel consumption based on net thrust approximately 45 perceunt
greater than the augmented Hurbojet.
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INTRODUCTION

Because of temperature limitations of the turbine, the fuel
burned in the combustion chamber of a turbojet engine is limited to
an amount corresponding to s mixture less than one-third stoichio-
metric, When additional fuel is burned in the tail pipe, the over-
all fuel-air ratio of the engine may be raised to stoichiometric
and the thrust developed by the engine greatly augmented, Experi-
mental investigations (reference 1) have shown that in some cases
the thrust can be more than doubled by means of tall-pipe burning.
The effectiveness of tail-pipe burning is particularly good at high
flight speeds.

Operatlon with the tall-pipe burner so increases the thrust of
the turbojet engine that 1% is comparable with that of a ram-Jet
engine at supersonic flight speeds., An evaluation of the thrust
per unit frontal sres and specific fuel consumption of these two
propulsion systems hasg therefore been made.

: A comparieson 18 made of a standard turhojet engine, a turbojet
engine whose thrust is auvgmenied by tail-pipe burning, and a ram-jet

engine, Engine porformance was celculated at an altltude of

30,000 feet for flight Mach numbers from O to 2.0. The effect of

changes in altitude from sea level to 40,000 feset on net thrust pexr

unit frontal ares.and specific fuel consumption woere calculated for

Mach numbers of 1.2 and 1.6, : -

The performance characteristics for the standard turbojet
engine and 1ts components were obtained from an investigation of a
gtandard turbojet engine incorporating an li-stage axlal~flow com-
rressor and a single-gtage impulse turbine in the Cleveland altitude
wind tunnel, The results of this investigation were extended from
actual opsrating conditions to Tlight conditions of higher Mach
numbers and lower altitude, The performsnce characteristics for
the rem-Jet engine were computed entirely from theoretical consid-
erations and on the assumption that the burner-inlet velocity was .
constant.

BASES OF ANALYSIS

The statlons used in the performance analysis of the three
engines are indicated in fizure 1. Corresponding stations in the
standard turbojet and the sugmented turbojlet engines have the same
numbers, Only four stations are required for the analysis of the
ram Jet,. -

\ o,
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Standerd turbojet angine. - The analysis of the standard turbo-
Jet engine incorporating an ll-stage axial-flow compressor and a
gingle-stage impulse turbine (TG-180) is besed on experimental data
teken at simulated altitudes from 5000 to 40,000 feet and flight
Mach numbers from 0 to 0.88., These data have been extended to
simulated sea-lsvel conditions and flight Mach numbers up to 2.0
by weans of the following assumplions:

1. The engine is opereted at limlting conditions of 760U rpm
and a bturbine-inlet temiersture of 2000° R, which approximate the
physical limitations of the turhine get by the manufacturer. The
teil-pipe nozzle outlet srea is adjusted to maintain limiting con-
ditions of the engine,

2. Corrected air flow Waf6z/5; is a function of corrected
compreegsor speed N/qféé and is indevendent of altitude and ram-
pressure ratio Po/pg - (fig. 2). (All symbols are defined in the
appendix.)

3. Compressor efficlomcy n. 1s a function of only corrected
compressor speed (fig. 3).

4, The compressor gressure coefficient W 1s a function of
only corrected compressor speed. (fig. 3).

5. The combustion chamber has & combustlon efficiency of
100 percent, The total-pressure ratio across the combustion
chamber P4/?3 is a function of only correcied compressor speed
(fig. 4).

6. Turbine efficliency ny Dased on total outlet pressure
is a function of corrected turbine speed N/qfaz and is inde-~
pendent of altitude, ram-pressure ratio, and tail-pipe nozzle
outlet area, Because the engine speed and turbine-inlet temper-
ature are fixed, the turbins efficiency has & single value of
0,803.

T. The diffuser and the tail-pips nozzle sre 100-percent
efficient.

&, The enthalpy rise through the compressor is equal to
the entbalpy drop through the turbine, Accessory power, bearing
friction, and thermal radiation are neglected. .
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9. The mass flow of gas in the taill plpe ls tsken equal to the
mass flow of air at the compressor Inlet because the mass of air
used for cooling and discherged from the engine was approximately
equal to the mass of fuel burned.

10. A convergent nozzle is usgsed st the end of the tall pipe.

11, The engine completely assembled Wiuh nacelle has an outsldse
dlameter of 40 inches,.

Turbojet engine with tail-nipa buwrner, - The greatest gain in
thrust with tall-pine burning is obtained when the engine is
opersted at limiting conditions (engine aspeed, 7600 rpm; turbine-
inlet temperature, 2000° R)., The tail-pipe nozzle outlet area is
80 adjusted that englne limiting condiltions are maintained as the
Tlight Mach number and fuel flow are varied. In addition to the
assumptions listed for the standard turbojet engine, the following
aggumptions are necessary for the analysis of the turbejet engine
with s taill-pipe burner: :

1, The over-gll fuel-air ratio for the engine and the tall-
pipe burnsr is stoichiometrio.

2, Combustion in the tail-pipe burner is 100 percent effilclent.
The inlet velocity and the temperature~rise ratio across the tail-
plpe burner produce negligible momentum-pressure losses,

Ram-Jet sngine., - Performance sanalysis of the ram-jet engine
is based on theoretical considerations, The followlng specific
aggsumptions have been made to facllitate a comparison of ram-Jjst
and turbojet engines:

1. The ram-Jet engine operates with no pressure losses other
than the momentum-pressure loss assoclated with combustion.

2. The burner-inlst diameter 1s 36 inches and the outside
diemeter complete with nscelle 1s 38 inches,

3. The raw Jet is operated with stoichicmetric fuel-alr ratio,

4, The burner-inlet veloclty 1s held congtant at 175 feet per
second by verying the tail-pipe nozzle outlet area. This value
for burner-inlet veloclty was chosen as a maximum value for effi-
cient combustion from the results of the investigation discussed
in reference 2.
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5. A convergent nozzle 1s used %o discharge the burned gases
from the ram-Jet engine.

Turbojet and ram-jet engines. - The fuel used in all three
engines is asswed to have a lower heating value of 18,600 Btu per
pound; a hydrogen-carbon ratio of 0.170, snd a stoichiometric fuel-
alr ratio of 0. 068. For all flight Mach numbers for which the
total-pressure ratio across the turbojet emgine 1s greater than
unity, the 100 percent efficlent nressure recovery assumed for the
inlet diffuser of all three engines provides s grester advantage
for the ram-jet enginoe than for the turbojet engines.

RESULTS AND DISCUSSION
Effect of Flight Mach Number on Engine Performance

The performance of a standard turbojet engine, a turbojet -
engine with a tail-pipe burnmer, and a ram-Jet engine was calculated
over a range of flight Mach numbers from 0 to 2.0 at an altitude
of 30,000 feet for operation at iimiting conditions.

Standard turbolet engine. - The performance characteristics
of a standard turbojet engine were determined on the basis of the
rreceding assumptions and the dsrivations in the appendix. Jet -
and net thrust per unit frontal area, total-pressure and totsl-
temperature ratios across the engine, and fuel-air ratio are shown
in figure 8.

The Jet thrust per unit frontal ares Fj/Ar &t an altitude

of 30,000 feet increases from 200 pounds per square foot at a flight
Hach number My of O to 1205 pounds per square foot at a flight
Mach number of 2.0. A minimum net thrust per unit frontal area
Fn/Af of 183 pounds per square foot occursg at a flight Mach number
of about 0.3 and reaches a maximm of approximately 413 pounds per
square foot at a flight Mach number above 2,0. Increased flight.
speed results In a decrezse in fuel-air ratio f Ffrom 0.0186 at a
flight Mach number of ¢ to 0.0143 at a flight Mach number of 2.0.

As the flight Mech number increases, the total temperature at
the compressor inlet To increases and the compressor Mach number
decreases for a fixed engine speed. As a result the total-pressure
ratlo across the engine DPg/P, decreases as the flight Mach mumber
increases. Because the compressor-inlet temperature rises with
increasing flight Mach number, the tobal-temperature ratio across
the engine TE/Tg falls, asg shown in figure 5,
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For the stendard turbojet engine, the
ere such that the ratio between compressor
and compressor efficlency 17, 18 constent
rected compressor speeds (fig. 3).
that, 1f the ratio 1/nc ig constant, the total-temperature drop
across the turbine ATy, and therefore the total-temperature rise

across the compressor AT,, and the work put into the compressor uy
the turbins per pound of air are all constant. With a fixed turbine-
inlet temperature.and turbine temperature drop, the turbine-outlet
temperaturs ls constant, Another effect of the constancy of W/hc

1s thet the tail-pipe nozzle outlet ares must be constant to main-
tain limiting conditions in the engine, :

compressor charscteriatics
pressure coefficlent
over a wide range of cor-

In the appendix it is proved

TurboJjet engine with tail-pipe burner. - Limiting conditions
for the. turbojet engine with a tall-pipe purner are the same ss
for the standard turbojet engline with the added condition that the
over-gll fuel-aly ratio is stoichiometiric., The Jot thrust FJ
for the turbojet engine with & tail-pipo burner was computed from
equation (19) in the appendix. The values of tall-pipe nozzle
outlet velocity V,4 and tali-plpe nozzle outlet area Ao change
appreciably from the values in equation (11) because of tail-pine
burning. ZEquations (10) and (15) show that, aside from changes in
the ratio of spec;fio heats at the tall-plipse nozzle outlet 7107
both A;q and V,, vary with the square root of the total temper-
ature at station 10 AJTlo. Accordingly, tail-pipe burning increases
the Jet thruat develioped by the standard turbojet engine by a facior

approximately equal to the sguare root of the temperature ratio
across the tail-pipe burner 4 7.

Conslderable increase in net thrust per unilt frontal area
available from %$sil-pipe burning, especlally at high Mach numbers,
is shown in figure 6 and the following table:

Mach (Net thrust per unitiIncrease
number|frontal area in net
(1b/sq 1) thrust
Standard | Turbojet |{percent)
turbojet | with '
tall-plpe
burner
0 200 316 58
1.2 263 560 113
2.0 400 1180 195




NACA RM No. E6L11 Oy, 7
z-‘-—-#i

The percentage incieasse in nét thrust presented in this table
is not comparable with that given in resference 1, The engine inves-
tigated in reference 1 and the engine used as the basie of this
analysis diffsrod considersbly in performance. The net thrust
devoeloped by the standard engine of thls analysis wae about 26 per-
cent higher than the net thrust of the engine of reference 1 for a
range of flight Mach numbers from 0.2 to 0.6. This difference in
net thrust is sttributed to the prsssure drop In the tail-pirpe
burner (reference 1) and to smell dlfferences in the performance
characteristice of the compressor and the burbinse and in the area
of the tall-pipe nozzle.

The specific fuel consumption based on net thrust for the
three engines operating under the same conditlions as for figure 6
is shown in figure 7. The specific fuel consumption for the
gtandard turbojet esnglne increases from about 0.96 pound of fuel
per hour per pound of net thrust at a flight Mach number of 0 %o
1.68 pounds per hour per nound of net thrust at a flight Mach
nmumber of 2.0, The spescific fuel conaumption for the engine with
tail-pipe burning averages about twice that of the standsrd engine,
varying from 2.28 to 2.68 over the sams range of flight Mach
numbers,

A comparison of figures 6 and 7 gives the following informa-
tlon: At a flight Mach number of 0, tall-pipe burning increases
the net thrust 58 percont or from 200 to 318 pounds psr unit
frontal area., Under the same conditions the specific fuel con-
sumntlion increases from 0.968 to 2.28 or about 138 percent. At a
flight Mach number close to 1.0, tail-pipe burning increases both
the thruet and specific fuel consumption about 100 porcent.

Comparison of ram-Jet and turboJjet enginea, -~ For a comparison
of the ram-Jjst engine with the standard turbojet and the augmented
turbojet engines, the assumption was mads that all three engines
were rumning at limiting conditions. The limiting condltions for
the ram Jet consisgt of a congtant burner-inlet veloclty of 175 feet
per sscond and provision of sufficient fuel to give a stoichio-
metric fusl-alr ratio, .

Figure 6 shows that both the ram-jet and the standard turbojet
engines produce a net thrust per unit frontal area of 210 pounds
por square foot at a flight Mach number of 0.73 and that the ram
Jet and the augmented turvojet hoth produce a net thrust of
570 pounds per unit frontal area at a Masch number of 1,22,

At a flight Mach number of 2.0, the ram Jet develops a net
thrust per unit frontal area of 1670 pounds per square foot, which
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is 41 percent greater than that produced by the augmented turbojet
engine and the gpecific fuel consumption of the ram Jet exceeds that
of the aummented turbojet by 7 percent. Although the net thruats

of these two engines are equal at a Mach number of 1,22, the specific
fuel consumption is about 45 psrtent higher for the ram Jet (3.62)
than for the augmented turbojet (2.50). (See fig. 7.)

Additional calculations show that the pressure ratio across the
standard turbojet engine is 1.02 at & Mach number of 2.6. At this
Mach number the net thiust per pound of sir developed by the aug-
mented turbojet and the ram Jet should be nearly esqual if both are
burning sufficient fuel to consume all the oxygen in the air, Cal-
culations show that st & Mach number of 2.6 and an altitude of
30,00Q feot, the net thrust per pound of air for the augmented
turbojet engine is 86.5 pounds of thrust per pound of alr per second
ag compared with 83.5 for the ram Jot. The discrepancy 1s attri-
buted to departure of the value of the pressure ratio across the
engine from unity and to the momentum-pressurs loss in the rem Jet,

Effect of Altitude on Engline Performance

The effect of changes in altltude on net thrust and specific
fuel consumption based on net thrust are shown in figures 8 and 9,
respectively, at flight Mach numbers of 1.2 and 1.6 for the throe
engines. At sach Mach number the net thrust per unit frontal area
for the standard turbojet engine decreases about 67 porcent for an
increase in altitude from sea level to 40,000 feet. The net thrust
decroases T2 percent for the augmented turbojet engine and 76 per-
cent for the ram-Jet engine over the same range in altitude.

The effect of tail-pipe burning on not thrust decreases as tho
altitude increases (fig. 8). At a flight Mach number of 1.2
(fig. 8(a)), for example, tall-pipo burning incroases tho net thrust
134 percent at sea level, wheroas the Increase at 40,000 feet 1is
only 108 percent.

The specific fuel consumption (fig. 9) for the standard turbo-
Jet engine and for the turbojet engine with a tail-plpe burner at
Mach nmumbers of 1.2 and 1,6 decreases gbout 12 psrcent as the alti-
tude increaseas from O to 40,000 feet, The specific fuel consumption
for the ram Jet is nearly constant for all altitudes from sea level
to 40,000 feet at flight Mach numbers of 1.2 and 1.6,
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CONCLUSIONS

An analysis was made of the computed performance of a standard
turbojet engins, a turbcjet engine augmented by tail-pipe burning,
and a ram-Jjet engine, It 1s concluded that & turbojet engine whoas
thrust ls augmented by burning fuel in the tail pipe 1s an advan-
tegoous systen for the propulsion of aircreft at subscnic and low
supsrsonic speeds. At thess spoeds, the augmented turbolet engine
gives higher thrusts per unit frontsl area than the standard turbo-
Jet engine and hss a higher thrust per unit frontal area and a
lowsr specific fuel consumption than the ram-Jjet engine., GCreatest
percentage increases In net thrust by means of tall~plpe burning
are cbtained at Tow altitudes and high flighl Mach numbersa,

At static conditions, burning sufficient fuel in the tail
nipe to ralse the fuel-eiyr ratic to stolchiometric increases the
net thrust of the turbojet englue about 60 percent and at flight
velocities sbove the spesd of sound the net thrust of the augmented
turbojet engine 1s mors than donble that Tor the atandard turbojetb
englne. A flight Mach number of about 1.2 must be reached before
the net thrust per unit frontal area for a ram-Jjet engine is equal
to that of an augmented turbolet enzine and at thils flight speed
the ram Jet has about a 45 percent higher specific fuel consumption
based on net thrust. At a Mach number of 2,0 the specific fuel
consunption of the ram-Jjet engine excoeds that of an augmenitsd
turbolet engine by 7 percent, whereas the nst thrust per unit
frontal area is 40 percent greatsr, '

Alrcraft Engine Research Laboratory,
National Advisory Committee for Aeronsutics,
Cleveland, Ohio.
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APPENDIX - ANALYSIS OF THREE JET-PROPULSION ENGINES

Symbols

The following symbols were used in the analysis:

A cross-sectional area, sg ft

a voloclty of sound in gas, ft/seo

Cp specific heat at constant pressure, Btu/1b °R

D dismeter, ft

Ty Jet thrust, 1b

Fy net thrusit, 1lb

T fuel-air ratio in cambustion chamber of standard
turbojet engine

8 accelsration of gfavity, 3z2.2 ft/sec2

ky,ko,kz,ky  constants

M Mach number

N engine aspeed, rmm

n number of stages on compressor

P total pressure, lb/sq £t

P static pressure, 1b/sq ft

R universal gas constant, 53.4 f£t-1b/1b °R
i total temperature, °R

t static temperature, °R

v velocity, f£t/sec

W mass flow of air, 1b/sec
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¥4 ratio of specific heats

5 pressure correction factor P/2116 (total pressure
divided by NACA standard sea~level pressure)

) efficiency

e temperature corrvection factor T/519 (total tempera-

ture divided by temperature of alr at NACA standard
gea-level conditions)

p static density, 1b/ou ft
T tail-pipe-burner temperature ratio, Tg/Ty
Vi average compressor pressure coefficient per stage,

ratlo of isentropic increasge in energy of alr
across comprassor to isentroplc increase in energy
1t would have moving at rotor tip speed dividod by
number of compressor stages

Subscripts for turbojet englineay

c compressor

T frontal

t turbine

0 smbilent or free stream
2 compressor inletd

3 compressor outlet

4 turbins inlet

5 turbine outlet

T tail-pipe-burner inlet
8 tail-pipe-burnsr outlet

10 tail-pipe-nozzle oubtlet

il
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Subscripty for ram Jeot:

T frontal

0 ambient or free stream
1 diffuser inle%t

2 . burner inlet

3 burner outlet

4 tall-pipe-nozzle outlet

Equatione for Analysis

Standard turbojet engine. - The mathematical analysis for the
standard turbojet engine follows the assumptions llsted in BASES OF
ANATYSIS, The pressurs and temperature ratlos across the engine
were derived from the agsumptions that the enthalpy rise across the
compres3sor is equal to the enthalpy drop across tie turbine and that
the mass flow of alr in the compressor 1s equal to the mass flow of
gas in the turbine,

Weop e (Ts - Tp) = Weop y (Tg - Ts) (1)

and from the definition of cowpressor efficiency, turbine efficiency,
and pressure coefficient given in the Tollowing eguations:

3\ 70
()

Ty

-1

(2)

(3)

(4)
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from which

¥ o= 2 (5)

where

(6)

K1 = 7350 X 518 75 & ®

When equations (2) and (3) are inserted in equation (1)

1
~2
Q
1
e
.

r 741

/ P 7c

'2,

! - 7Y
= 1 - —

™ Cp,t Mt T4 Py

and by means of squation (5)

4 , 2

Pg\ ¥ Ch0 Tz ¥ Ky N

5= =1 - (N
Py : Cp,t T4 Nc Mt B2

But
7%

X 2\rg-1
Bhi IR () el “1“)‘“
cp,t Ty Me Mg o2

and again using equation (5)
7o 74

) >—T
Ps Py /1 Vi E,z>7c ’1 opo To ¥ iy N2>7t 1 o
———— + ———— -

2 & Cp,t T4 Mg Mg Oz

Py Pz

e L DR L AL

e -
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When computations were made using equation (8), 7, was taken as
1.4 end the value of ¢y was taken corresponding to the turbine-

lnlet temperature at a fuel-aslr ratio of 0,015.

The relation between the turbine-outlet temperature and the
compressor-inlet temperature was derived from equations (1) and (2)
iewritten in the form .

—

73'1
c Eé 7o -1
-T5 T4 P’c Fz
Tz T2 Cp,t Mo

or by equation (5)

2
Ts Ty cpolg VN

(8)
TE TZ Gp’t Nic 92

The tall-plpe nozzle outiet area was calculated from the
relation

W
P10 V10

Mg =

Becauss the product of the pressure across the engine P5[P2 and

the rem-pressure ratio Po/py corresponding to the flight Mach

number was always grester than critical, the velocity of the gase
at the tall-pipe-nozzle outlst was sonic or

Vio = 210

From the iscentropic relations betwsen total and static tempora-
tures and pressures at a Mach number of 1,0, the equation for taill-
»ipe nozzle outlet area becomes

710+l
e o - 10100
10 W 10 -
Ao = 14— 10
10 \/8 710 P10 ( e ) (10)

Jet thrust and net thruet were computed from the following
relations:
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"T
W
Fn =z (Vip = Vo) + A1p (P10 - Po) (12)

In these equations Vg, Vip, eand Pyg 8re evaluated dy means of
the rollowing relations:

r..'__...._...
Vo =¥pAf70 8 R %o (13)
P,
10
Plo = - 710 (14)
Yana~1
b -1V 10
(1 10
)
] 271p 8 R Ty
Vi = (15)
70 + 1

In equations (14) and (15), y;, was taken as that value cor-
responding to the static temperature at station 10 and a fuel-alr
ratio of 0.015. The actual fuel-air ratio was found from known
values of Ty and T, by means of figure 5 in reference 3, The
srecific fuel consumption based on net thrust was computed as
follows:

3600 Wf

o (16)

gpecific fuel consumption =

Over & range of corrected compressor speeds from sbout 6350 to
8550 rpm, the turbine-outlet total temperature and the tall-pipe
nozzle outlet area required to maintain limiting conditions on the
engine wers found to be constant, The temperature drop across the
turbine was given by

Q
51\. kl Sf"p,c N

ATy = T4 -~ T = Qa7

Cp,t e

At limiting conditions all the varisbles on the right-hand side of
eguation (17) were constant except Y and gg. The ratio \y/nc
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was constant over a range of corrected compressor speeds from 6250
to 8500 rym as shown in figure 3. Therefore, the temperature drop
across the turbine was constant and, because the turbine-inlet tem-
perature T, hed been assumed constant, the turbine-outlet temver-

ature Tg was also constant,

With T, and ny essumed fixed and ATy shown to be constant,
P5/?4 was fixed, At limiting conditions there was always sonic

veloclty at the turbine-nozzle throat, so that W4 T,/P4 was fixed
and :

W . W
= =k and = = X
By ¢ Bg © O
Eguation (10) could then be written
710%1
T Y ~
: 10 10

For a fixed tall-pipe temperature,the tail-pipe nozzle outlet
ares was constant as long as the ratio 1 /n, was constant.

Turbojet engine with tail-pipe bwmer. - The final total tem-
perature of the gas after burning sufficient fuel in the tall pipe
to ralse the fuel-air ratlo for the engine and the tail-plpe burmer
to stoichiometric was computed from the charte of referenco 4. The
tail-pipe nozzle outlet area was given by the relation in
eguation (10).

Jet thrust and net thrust were computed from the following
relations:

Fy =2 (L.0BTTS - £) Vig + A1g (P10 - o) (19)
Fn = Fj - g"’o (20)

Specific fuel consumption based on net thrust was found by

specific fuel consmumption = 244 W (21)

N - S
QL NP A
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Ram- Jot engine. - The momentum-pressure losses in the burner
were determined from charts developed from equations given in ref-
ersnce 5. The total temperature after cambustion with stoichio-
retric fuel-air ratlio was obtained from the Hottel charts of
reference 4.

For the case where the sonie velocity of the gas in thes tall-
pipe nozzle was not encountered, the area was defined by the
relatlons .

T“f

M=o,
T
4
£, = 22
4 74 - 1 2 ( )
R
! 74'1

P\ 74
2 4
YAy ('5‘) "
4 4

ard py. was equal to the atmoapheric static pressure. The formules

uged for Jet thrust and mnet thrust for subsonic tail-pipe veloclty
are

74‘1
74
1.06775 W P4> :
e LT LY R, (== 23
J g 4 N[ 74 88Ty <P4 (23)
74'1
74
. 1,06775 W .. Py W
P, = ——-gf—— NMial 74 8 R Ty (ﬁ) -2V (24)

After sonic conditlions were reached in the tail pipe, the Jet
thrust was given by ’

Fy =38-’ L.08775 V4 + A4 (24 - Do) (25)
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and the net thrust by

~

Fo=21, 06775 Vg - 8 Vg + A4 (B = Do) (26)

0@21
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Jet and net thrust per unit frontal area, Fy/Ap and Fy/Ar, 1b/sq ft
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Net thrust per unit frontal area, Fp/Ag, 1b/sq ft
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Net thrust per unit frontal area, Fp/Ag, 1b/sq ft
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