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YHEOFETICAL INVESTIGATTION OF THRUST AUGMENTATION
OF TURBOJET ENGINES BY TAIL-PIPE BURHING

By H. R, Bohanon and B, ¢, Wilcox

SUMMARY

A theoretical analysis was made of thrust sugmentation of
turbojet cengines by tall~pipe burning and charts ars vresented
from which tiie thrust sugmentabtion produced may be evaluated from
the normal engine data and the performence of the tail-nipe burner,
Cuirves are also given from which the frictlon and nmomentbtun totel-
progsure losses occwriing in the tall-plpe burner may be calculated
for any set of design and operating conditions, With the use of
the cherta, illustrative caszes are calculzted and curves are pre-
sented showing the effects of the principal design and operating
variables on thrust auvgmentation. When practical valuss of burmer-
design varlables and a burmer-exit temperature of 3600° R wero
assumed, calculations indicated that it is possible to augment the
static sea-level thrust of a current turvojet engine 42 percent
and. the thrust produced at 700 miles per hour 9€ percent. The com-
vutations indicated that thée augmentatlion that would be produced
for a given set of conditions would be approximately doubled by
increasing the alrplane veloclity from zero to one-half normal Jot
velocity. The effect of altitude on the thrust augmentation pro-
duced for s given set of conditions was shown to be slight.

INTRODUCTION

The itslke-off thrust of turbojJot engines is considerably lower
than that of conventional engine-piopeller combinatlions due to the
ilow propulsive efficlency of turbojet engines operating at low
airplans velocities, Tn an attempt to improve the take~off, the
climb, and the high-speed periormance of airplanes powered by
turbojet engines, an investigation of various methods of asugmenting
the thrust produced by this type of engline is being conducted at
the HNACA Cleveland laborstory.

RESTRICTED
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One of the methods being investigeted ls tall-pipe burning,
which consists in providing a tall-pipe burner between the turbins.
discharge and the exhaust-nozzle inlet of the turbojet engine., The
tail-pipe burner, which is located downstream_of the turbine and
therefore does not affect the turbine operating tempsrature, heata
the turbine exhaust gases to a tempeorsture considerably higher than
would be posgible ahead of the turbine because of the tempersture
limit imposed by the strength characteristics of the turbine mate-
rials., The incressed temperature of the gases st the exhaust-
nozzle inlet results in an increased Jet velocity and therefore
grsater thrust. The addltion of a tail-pipe bwurner rosults In a
decrcased total pressure at the exhaust-nozzlies inlet csused by
friction losses and momentum pressure loss due to burning. This
decreassd botal pressure tends to reduce the Jot velocity and
therefors. to reduce the thrust increase produced by the Incrsased
temperature,

An ansalysis of this wethod of augmentestion was made to provide
charts from which the performance of a turtojet engine operating
with tail-pipe burning could be convenlently estimated., The charts
and the enalysls presented in this report ennble the nrediction of
the thruset. augmentation produced when the noimal Jot velocity, the
tall-pipe~-burner temperature ratio, and the tail-pipe -burner prea-
sure loss are known., Additional curves are presented for evaluating
the friction pressure losses and momentum pressurs loss due to tall-
ripe burning. With the use of the charts, illustrative cases are
calculated end curves that show the effects of alrplane veloclty,
tail-pipe-burner inlet velcclty, tail-pipe-diffuser efficlency, snd
burner drag coefficient on thrust augmentation are presented, The
effect of tail-plpe burning on the thrust and specific fuel con-
gumption of a turboJjet engine operating at various airplans veloci-
ties and for altitudes of sea level and 30,000 feet is computed for
8 representaetive case, Tho spocific fuel coﬁﬁumption of thrust aug-
mentation (ratio of change in fuel consumption ‘o chan(_e,e in thrust)
is alsc presented.

SYMBOLS -
The following symbols aro uged in the thsoretlcal analysis:
A cross-secticmal area, (sq f£t)

Ca nozzle-throat area coefficient

AP
fzb

Gv

5 6

Cp tail-pipe-burner drag coefficisent,
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Cy

E

AP

58

exbauvst-nozzle velocity coefficient

friction energy losses, (ft-1b)/(slug)

net thrust of normal engine with conventional tail pipe, (1b)
net thrust of augmented engine, (1b)

Jet thrust, (1b)

fuel-air ratio of tamil-pipe burner (ratio of fuel introduced
in tail-pipe burnsr to air inducted by turbojet engine)

fuel-air ratio of engine combustion chambers
acceleration dus to gravity, 32.17 (£ft)/(sec?)
mechanical equivalent of heat, 778 (ft-1b)/(Btu)

dimensionleys factor that sccounts for effesct of pressure
~ losses on thrust augmentation

mase rate of air flow, (slug/sec)
total pressure, (1b)/(sa £t)
static pressure, (1b)/(sq £t)

average value of gas congtant over sugmentatlicn temperature
rarge, 1715 (£t-1b)/(slug)(°R)

total temperature, (OR)

mass average total temmersture at tail-pipe-burner exit
during augmented operation, (°R)

gtatic temperature, (°R)

velocities relative to alrplane, (ft)/(sec)

airplane velocity, (ft)/(sec)

weight flow of fuel, (1b/nr)

total-pressure loss in tail pipe, APs + APy, (1b/sq ©%)

total-presgure loss due to friction in tail-pive burner,
(1b)/(sq £4)
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AFg total-pressure loss due to friction in tall-pips burner and
diffuser, (1b)/(sq £t) :
APy . total-pressure loss due to momentun increase, (lb)/(sq £t)
¥ average ratio of specific heat at constant pressure to spaecific
heat at constant volume over augmentation temperature range,
1.30
Ne over-all combustion efif'lciency of engine and tail-plpe burner
N4 efficlency of tail-pipe diffuser (ratio of increase in
potentlal energy of gas In passing through diffuser to
r 21
‘R {(p%6>7
t -1
7-175 Pa,5
decrease in kinetic energy), ) -
z's "z V6
o mass density, (slug)/(ou £t)
Subscrivte:
a avgmented
b tall-pipe burner
d tall-pipe diffusecr
J Jet
n exhgust-nozzle throat -
0 ambient atwmospheric coxnditicns
5 exhaust-cone exit ' T
8 tail-pipe-burner inlet
7 tail-pipe-burner exlt

ANATLYSIS - - -

The tail~pipe modif'ications necessary to equin a turbojet

engine for thrust avgmentatlion hy tail-pipe burning are illustrated
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in figure 1., TFigure 1(a) shows the engine with a conventionsl tail
pipe and figure 1(b) the engine with the tail pipe modified for
thrust augmentation by tail-pipe burning. The chief difference is
the addition of a diffuser section between the exhaust-cons exit
(station 5) and the tail-plpe-burner inlet (station 6), and the
installation of the tail-pipe burner section. The ditfuser sectlon
is generally necesgary to reduce burner-inlet velocities to a value
sufficiently low to keep burmer pressure losees at a low vaiue.
Because the exhaust-nozzle area required for the augmented opera-
tion is greater than that for noxm~l operstion owing to the
decreased density of the exhaust geses durlng combustion, the
engine must be provided with some means of varying the exhaust-
nozzle area. '

The analysis of thrust augmentetion by tail-pipe burning can
be convenilently divided into three parts: thrust augmentatlon,
pressure losses occurring in the tall-plpe burner, and reguired
changes in exhaust-nozzle aresa,

The thrust and the Jet velocity of the engine equipped with
a conventional tail pipes are Gesignated the normal thrust and the
normal Jet velocity. The exhaust-cone-exit temperature 1s
unchanged by tail-pipe burning and the total temperature at the
tail-pipe-burner inlet is equel to the totel temperaturs zt the
exhaust-cone exit.

Augmentation

For convenience in derivation and application, the ratio of
the thrust of the augmented turbojet engine F, at any given
operating condition to the thrust F of the normal engine (no
tall-pipe burning and with original tail pipe) at the same oper-
ating oonditions of altitude, airplane veloclity, engine speed, and
turbine-inlet tempersture is used as a primary varlsble. With
equality of these conditions, the turbine-discharge temmerature
and the mass flow of air throuwgh the engine will also be egual
for the two configurastions. It is preaupposed that in each case
the exhauet-nozzle area ls aljusted to give this equality of
conditions. !

In any turbojet englune the thrust is determined by tho mass
air flow through the engine, the fuol-air ratio, the total pressure
and temverature at the exhaust-nozzle inlet, the ambient-gir pres-
sure, the exhaust-nozzle velocity coefficlent,; and the airplans
velocity. During tiarust augmentation with a tail-pipe burmner, the
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exnaugt-nozzle-inlet total temperature will be increased, which will
tend to increase the thrust, but the inlet total pressure will be
decrersed., This pressure loss imposed by the tail-pilpe burner will
tend to decresse the galn anticlpated from the increased temperature.

When the equations for normal and auvgmented net thrust are
developed, it is poseible to find the ratio of augmented net thrust
to normel net thrust Fﬁ/F in terms of the ratio of tall-pipe-~
burner exit temperature to the exhaust-cone exit temperature (tail-
pipe-burner inlet) 13/15, the ratio of total-pressure loss in ‘the
tall pips to exhauet -cone~exit total preasure AP/PS, the ratio of
airplane velocity to normal Jet velocity VO/VJ: and the ongine and
tall-plpe burner fuel-alr ratios fg and fy. The equations for
the ratio of augmented thrust to normal thrust are derived in appen-
dix A subJect to the assumption that exhaust gas behaves ag n per-
fect gas with constant thermodynemic propertiss,

The errors due to this sssunplion sve gulte swa.l. Actually,
the gas constant R changes very littls over the range of fuel-alr
ratios considered. Although the ratio of specific heates ¢ varies
frem 1.27 to 1,33 .over the teuperature range involved, 1t enters
the Jet-veloclty equation (equation (2), appendix A) twize with
compensating effects; the maximum error involved by use of an aver-
age value of 1.39 1s lose than 0,4 percent,’

The final equation for the net- Lhrust ratio, which 1s derived
in apprendix A, is : :

Ta) Vo i'
Eg i K(E‘E (1 + .2 fp) - VB _(1 - fg)
T : .

;
A (12)
1 “=§3 (1 - fg)
where
1y
. a _ 2\ - V4
(zm SIS\ L, Jx -1 Vs _ a2\
« <7- L ovy? et CER gyPrs (l Ps ) ™

(The equation numbers correspond to the equation numbers in the
appendixes.,) 'the factor K accounts for the loss in total pressure
due to the Introduction of the tail-pipe burner, A value of K
equal to wnity represents an ideal cage for which no pressuro losses
are incurred,
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The terms involving fusl-air ratio in equation (12) are neces-
sary to account for the difference in exbaust-gas mess flow between
the normal and augmented cases, which 1s equal to the fuel added in
the tail-pipe burner,

Burr.er Pressure Losses

The total-pressure loss occurring in the tail-pipe burner,
which must be known in order to evaluate augmented performance, can
be estimated by consldering that the pressure loss results from two
cauges: (1) friction losses caused by both the Inefficiency of the
tail-pipe diffuser and the drag of tho burner itself; and (2) momen-
tum loss caused by the increased velocity of the burner-exit gases
during burning. The friction pressurs loss will be present regard-
leas of burning and therefore will tend to penalize the performance
of an engine equipped Ffor tail-pipe burning when the burner 1s not
in use.

The friction pressure loss is determined in terms of the 4if-
fuser efficiency ng, the diffuser veloclty ratio V5/V6, and
the burnsr dreg coefficlent Cp. The exhaust-cone-exit conditions
for the modified configuration (Tg, Ps, and Vg) are assumed to be
equal to those existing at the exhaust-cone exit orn the normal
engine. If the exhsust coné is modified for thrust augmentation,
gtation 5 for the augmented case will be that point for which the
conditions are equal to those at the exhaust-cone exit of the
normal engine.

The momentum pressure logs is caused by the increased velocliy
of the gases at the burner exit when the tail-pipe burner is in
operation. This incressed velocity results in a loss in total as
well as statlc pressure. Because the Jet veloclty end therefore
the thrust are dependent on the total pressure at the exhaust-
nozzle inlet, it is the loss 1n total pressure that is of interest
in this analysils.

Based on the followlng essumptions, the expressions for
friction pressure loss and momentum pressure loss due to burning
are derived in arpendix B:

(1) Combustion occurs in a duct having constant cross-
sectlongl area,

(2) Gas conditions of velocity, pressure, and temperature
ars constant throughout any cross section.,
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(3) Exhavaet gas behaves as a perfect gas having constant thermo-

dynamic properties.
(4) The effect of fuel added is neglected,

The final expression for friction. pressurs drop, which is
derived in appendix B, is

r "
- v-1
' 2
AP Vgl v
=L _q. 2= 16 ¢ (1 - -5 .
- al LCD + (1 - ng) = Yo e
. -

and that for momentum pressure drop is

2
Z Vs \
7= T
RN EE : z
(l 27R _TE_) R.2-1V6
APy 2y TIs
P T 2 2 (s3)
[
1.2l 1+ 2
2R T, y - Vo
\ e R,
where
S = —_
/\/_T_LS_ /R VIs 241 Ve \_[3‘2 {R’VTS v+l Vg - 2R’+1\
V7 Ta\ Ve 2y '\/Tsj \ a \ Ve 2y VTs \7/
'S 221
Y

(32)

In equation (32) the value of the radisal decreaces as -Ta/Ts

increases and an upper limlt for To/Ts 1is reached at which the
value of the radical becomes zero., Any higher value of T,/Ts
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would result in & negative value for the radical and wculd indicate
an imaginary value for V7/«/Ta. The physlcal significance of this

limiting value to velocity is that the gas velocity at the tall-
pipe-burner exit has reached the local speed of scund and no further
increase is possible., This phencmenon of "thermsl choking" is
digcussed in reference 1.

The total-pregsure logs acrogs the burnsr ls the sum of +the
friction pressure ioss and the momentum pressure loss. For the
purpose orf computing the totzl-pressure loss across the burner, 1t
is sufficiently accurate ito use the following approximation, which
is derived in appendix B:

AP APf APm

P5 "Fs ‘P (1)
AP: A .
where fg£ and §EE are defined by equations (18) and (33),
6 : '
respectively.

Pequired Exhasust-Nozzle Area Ratios

The temperature rise and the total-pressure loss occurring at
the inlet to the exhaust nozzle during augmented operation increase
the area required over that for normal operation. For the case in
vhich supersonic flow exists in the sxhsust nozzle for both the
normal and augmented.configurations, the expression fcr the effec-
tive areg ratio for convergent nozzles, as derived in appendix B, is

. /1 e [Tl
N Pg . - '

For the case in whioﬁ the velocity in the exhaust-nozzlé throat is .
less than sonic for both configurations, the expression is

c An.. .
_A,a } Ty
e (s s VETs (0

Because eny Jet englne eguipped for thrust augmentation by
tall~pipe bwrning.will be squlpped with an adjustable-area exhaust
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nozzle, equations (45) and (47) will be of value in determining the
approximate arsa range requlred of the nozzle. The area coeffi-
clents CA,& and Cp may change appreclably between the augmented
and normal cases depending on the design of the adjusteble-area
nozzle, '

For convenlence of epplication, the foregoing relations
recuired to compute the thrust augmentation, equations (12), (7),
(18), and (33) are presented in graph form,

RESULTS AND DISCUSSION
General Curves

The ratio of augmented net thrust to normal net thrust Fa/F,
a8 a function of effective burner-exlt temperature factor

1600 Yo
KTq <-?E;-) (L+2f,) for various values of V} (1~fg), aB expressed
in eguation (12) 1s graphically presented in figure 2, The effect
of nonuniform tall-pipe-burner exit temperature is discussed in
appendix C, Because strength characteristice of turbine materials
limit the turbine-exlt temperature of current turbojet engines to
approximately 1600° R, the value 1600° R was introduced into the
effectlve-temperature factor in order that the value of the effec-
tive tall-pipe~burner temperasture factor in figure 2 would lie in
the vicinity of the actuasl burner-discharge temperaturs, The
factor X has a maximum value of unity, which represents an ideal
system in which no pressure losses are incurred. TFigure 2 shows
that over the renge of tall-pipe-burner exit temperatures undor
conglderation, for a given ratio of ailrplane velocity to normal

Jet velooity VO/VJ, the ratio of augmented net thrust to normal
net thrust Fu/F varies almost linearly with effective burner-exit
temperature factor. Figure 2 indicates that increased airplane
velocity has a bensficlal effect on augmentation produced at o
given effective burner-exit tewperature, the augmentation being
doubled as airplane velocity increases from zero to one-half normal
Jet velocity.

The variation of the factor K, which accounts for pressure
losses occurring in the tail-pipe burner, with normal Jet-veloclty

V3 [1s00
G V Is

pregsure loss Lo exhaust-cone-exit total pressure. AP/?5 is shown

factor for various ratios of tail-pipe-burner total~
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in figure 3., This figure is a graphical reprssentation of squa-
tion (7). The ratio 1600/Tg is introduced in the normal Jet-
veloclty factor to emnable rapid use of the curve, as previously
mentioned., Plgure 3 indicates the desirabllity of kezping the
pressgure lossses In the tall-pipe burner at s minimum, especislly

V3 [ieco
at low values of the Jot-veloclty factor Gy \/'ET" A% a value
5

Vj 1506
o

the tai;-plpe burner fram 5 to 1E percent of the burner-inlet total
pressure reduces the value of K from 0.901 to 0,.88l., A%t a
burner-exit temperature T, of 3600° R, this decrease in the value
of K wresults in an 18-porcent reduction in static-thrust avgmen-
tation and & 1l3-percent decreass 1n thruvst without tail-pipe burn~
ing. Filgure 3 aleo shows & beneficial effect of increased airplans
velocity on augmentation in addition to +that discussed in connec-
tilon with figwre 2, At the incresased Jet velocities that accompany
Increased airvlane velocities, the value of K increases and thus
ralses the effective tall-pipe-burner sxit temperature factor

1600
KT(T \(l+2f)

5

of of 1600, increasing the total-pressurs losses in

The ratio of friction total-pressure lose to exhsust-cone-
exlt totel pressure APf/PS_ and the ratio of momentum toteal-

pressure loss to burner-inlet total pressure ABm/?G can be dster-
mined from figures 4 and 5, respectively., The valus of AP/P5
uged in finding K from figure 3 is simply the sum of APf/P5

and APm/PG.

In figure 4 the ratio of friction total-preasure loss %o
exhaust-cone-exit total pressure Apf/PS is plotted against

1600

burner-inlet wvelocity factor VSIM ~—— for various velues of the
s 2
ALE -

over-all dreg factor Cp + (l—qd){-——é - 1 1. This figure, which
T /
R /

13 plotted from equation (18), indicstes the large friction total-
pressure losses Incurred at high values of the velocity factor

[ 1600

Ve 3
Ve - v——' and of the drag factor Op + (l_nd)(?—é - 1),
N6
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An examination of equation (18) indicates that the conditions
for which the friction pressure logses in the tall~pips burner ere
& minimum are determined by the sum of thne diffuser efflciency ng

and the burner drag coefficient Cp. If the sum of 73 and Cp

is greater than 1, the minimum friction pressurs losses occur for
an infinite diffuser veloclty ratio VS/VCS whereas 1f the sum
of ng and Cp 1s less than 1, the minlmum losses ocour at a dif-

fuger veloclty ratio of 1, In an actual design, this criterion for
minimum friction pressure losses must be conaldered in conJunction
with momentum pressure losses during burnsy operation and practical
conglderations of size and burner-cowhustion characteristics,

The ratio of momentum totel-pressure loss to burner-inlet total
pressure APy/Pg, which 1s calculated from equations (32) end (33),

is shown as a function of burmer~inlet velocity factor Vg x/l%gg
v

for varicus veluss of tail-plpe-burner temperature ratio Ta/rs in

figure 5, The rapid incrsase in momentum pressure losses with
increased bhurner-inlet velocity for a given temperature rstlo across
the tall-plpe burner indicates the desirability of providing a dif-
fuser section before the tail-pine burner. Figure 5 also indioates
that for any burner-inlet velocity there is a limiting tempersture
ratio that can be attained. This limiting temporaturs ratio is
reached when the gas velocity at the burner exit reaches sonic
veloclty and increases as the burner-inlet velocity decreases.

A sample calculation, which illustrates the method of using
figures 2 to 5 to determine the augmentation for a specific turbolet
engine, is given in appendix D,

Illustrative Casges

With the use of the curves previously discussed, illustrative
cages were calculated to show the effect of the varicus design
variables on thrust augmentation of a typical current turbojet
engine. Ths resulis are presented in Tigures 6 to 9. Tho curves
presented in figures 6 to 8 are for sea-level altitude end it was
16800

v
assumed that the Jet-velocity factor -EQ M/ = wag 1520 feet
v =5

Der gecond for statlic conditions and 2010 feet per second for an
alrplane velocity of 1026 feet per second (700 mph)., For toth
oonditions the normal tall-pipe total. temperature Ty wes assumed
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to be 1650° R. The calculationsg for figures € to 8 did not include
the effect of the alded mass flow supplied by the engine end tall-
pipe-burner fuel flows and therefore result in slightly consorva-
tive values of auvgmentation, In figures 6§ to 8 the uppermost curve
represents an ideal case in whici no friction nor mcmentum pressure
losses are incurred. A vertical lins.is drawn on cach flgure at
the normal tail-pipe gas temperature of 1650° R and the point at
which each curve intersects thls line shkows the losa in thrust
produced by the instellatlion of the burner whsn no burning occurs,

In figures 6(a) and 6(b) the ratios of augmented net thrust
to normal net thrust Fa[F a8 g8 function cof tail-pipe-burner exit
temperature T, for various valuss of burmer-inlet velocity Vg

are presented for airplane velocitios of O and 70O mlles per hour,
respectively. An exheust-conc-exit velocity Vy of 7S50 feet per

second, a burner drag coefficient Cp of 1.0, a tail-pipe diffuser
efficlency g of 0.8, and an exhaust-nozzle veioclty coeffi-
cient Cy of 0.975 were assuned for both static and high-epeed
conditions. Figure 6 indicates that the lower the burner-inlet
veloclty, the greater the augnentation that can be obtained for a
given buwrner-exit temperature, For exasmple, an engins having a
burner drag coefficient COp of 1.0 and a burner-inlet velocity Vg
of TO0 feet per second will prcduce a méximum stetic-thrust augmen-
tation of 9.5 percent for an optimum value of burner-exit tempera-
ture compared with 36.5 percent with a burner-inlet velocity Vg

of 400 feet per second and a purner-exit temperature Ty of

3600° R (fig. 6(a)). The Improved performance st the low burnsr-
inlet velocity is due to the fact that losses that are incurred

In the diffusion process are more than compensated for by the
decreased burner pressure losses resulting from low burner-inlet
veloclities, BRecause decreaeed burner-inlet velocitles require
larger tail pipes, the amount of diffusion may be limited by
airplene-installation considerations.

For this csse the diffusor-oxlt diemeter required to glve
burner-inlet velocities of 600, 400, and 200 fest per second are
1,107, 1,344, and 1.885 times the diffuser-inletv diemeter, respec-
tively. A comparison of figures €(a) and 6(b) skhows the beneficial
effect of high airplenc velocity on thrust augmentation. At a
burner-inlet veloclity of 400 feet per second and a burner-exit
temperature of 3200° R, the thrust augmentation increases from
30 percent for static conditions (fig. 6(a)) to 69 percent for an
airplane velocity of TOU miles per nour (fig, 6(b)). Thie effect
1ls even more promounced in burners hevirg s high inlet velocity
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and corresponiingly greater pressure losses, For a burner-inlet
velocity of 750 feet per second and a burner-exit temperature of
3200° R, the augmentation increases from 2.5 percent for static con-
ditions (fig. 6(a)) to 35 percent for an asirplane velcclty of

700 miles per hour (fig. 6(b)).

The effect of burmer drag coefflcient on thrust augmentation
for airplane velocities of ¢ and 700 miles per hour is shown in
figures 7(a) and 7(b), respectively. Curves are included for
burner-inlet velocities of 400 and 700 feet per second, Foxr both
the gtatlc and high-spesd conditlons, an exhaust-cone-exit veloc-
ity Vs of 750 feet per second, g diffuser efficlency ng of 0.8,
and an exhausgt-nogzzle velocity coefficient Cy of 0,975 were
assumed, This figure indicates that the thrmat augmentation avall-
able is very sensitive to burner drsg coefficlent especilally at
high burner-inlet velocities. For exeample, an engine having a
burner-inlet veloclty Vg of 700 feet per second and a burner drag
coefficient Cp of 2.0 will produce only 93. percent of the normal
thrust (7-percent loss) at static conditions for the optimm
burner-exit temperature and 82 porcent of the noxrmal thrust
(18-percent loss) without burning (fig. 7{a)). At an asirplane
valoclity of 1026 fset per second (700 mph) (fig. T(b)), the same
burner with an exit temperature of 3200° R will produce a thrust
augmentetion of 23.5 percent but without bwrning will cause a
lose in thrust of 22.5 percent. = o '

Figures 8(a) and 8(b) show the effect of diffuser officiency
on tiirust augmentation for airplane velocities of O and 1026 feet
per second (700 mph), respsctively. A burner-inlet velocilty Vg

of 400 feet per second, a burner drag coefficient Cp of 1.0, and

an exhaust-nozzle velocity coefficient Oy ©of 0.975 were assumed
and curves are presented for exhaust-cone-exit velocities of 750
and 1050 feet per second. Figure 8 shows that for a diffuser
efflciency of 1.0 the thrust augmentation 1s independent of
diffuser-inlet veloclty; however, as the diffuser efficiency
decreases the effect of increasing exhaust-cone-sxit veloclity l1s
to decrease the possible thrust auguentation, For example, at a
tall-pipe-burner exit temperature of 3200° R, by reducing the
diffuser efficiency from 1,0 to 0,6 the value of the augmented
thrust at zero airplane speed is reduced(approximately 4 and

10 percent of the normal thrust for diffuser-inlet volocities of
750 dnd 1050 feet per second, respectively. A similar decresse
in thrust augmentation is obtained at an airplene velocity of
TO0 miles per hour for the same conditions. '
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In figure 9 the net-thrust ratio FB[F, the speciflic fuel

consumption for normal engins operation 3600 W/F, the augmented
specific fuel consumption 3600 Wg/Fgy, and the specific fuel con-

sumption of the thrust augmentation 3600 (Wa-W)/(F4-F) (increase

in fuel consumption divided Dy increase in thrust) are plotted
ageinst sirplare velcelty YV, for altitudes of sea level and
30,000 fest. For the calculations of thls figure the efrect of the
tall-pipe-burner fusl Tlow on mass flow was included and the fol-~
lowing conditions were assumed: exhaust-cone-exit tempersture Tg,
1650° R; burner-exit temperature T,, 360C° R; exhaust-cone-exit

veloclity Vg, 750 feet per second; burmer-inlet velocity Vg,
400 Teet per second; burner drag coeffilcient OCp, 1.0; taill-pipe
diffuser erficiency 14, 0.8; and over-all combustion efficlency
of the engine and tail-pipe burner 1n,, 0.85. For the calcula-

tions of the data presented in figure 8, the over-all combustion
efficiency 1, 1is defined as the combined combustion efficiency
of the engine and tall-pipe burnsr. The efficiency of the engine
cozxbustlion chambers wWas calculated to be approximately 0.95 and
the efficiency of the tail-pipe burnsr was chosen so as to give
an over-all efficiency of 0,85, Tor all conditions of airplane
veloclty and altitude, the resulting combustion efficiency of the
tall-plipe burner was apvroximately 0.80., The Jet~engine perform-
ance data used in cglcoulating the curves are representative of
current turvojet engines. The fuel flows required for tail~pipe
burning were calculated from the data of reference 2, which con-
sildere the effect of variation in specific heat.

Figuwre 9 indicates the increase in augmentatlion accompanying
increased airplane velocity. Nor exemple, at sea level, when the -
alrplane velocity is increased from O to 700 milss per hour, the
thrust augmentation is increased from 42 to 98 percent. The tail-
pipe burnmer for this case will csuse a loss in thrust without
burning (fig. 8) of 4 percent of the normal thrust under stetic
conditions end 5 percent at an airplene velocity of 700 miles per
hour. For the particular set of conditions chosen, figure 9 indi-
cates that the amount of thrust augmentstion produced does not
markedly change with a change in altitude from sea level to
30,000 feet, the low altitude being slightly better at high air-
plane velocities and the high altitude being somewhat better at
low alrplane velocities. The specific fusl consumption of augmen-
tation is somewhat less at an altitude of 30,000 feet than at sea
level, and the effect of increased airplane velocity is to decrease
the apecific fuel consumption at both altitudes.
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SUMMARY OF RESULTS

Baged on a theoretical analysis of thrust auvgmentatlon of
turbojet engines by tail-pipe burning, the following conclugions are
indicated:

1. By use of practical values for burner-design variables and
an effective tall-pipe-buwimer exit temperature of 3600° R, calcula-
tions indicated that it was.possible to augment the sea-level thrust
of & typlcal current turbojet engine 42 percent at static conditions
and 96 percent at an airplene velocity of 700 miles per hour. The
analysls indicated that the frilctlon pressure logses occurring in
the tail-plpe-burner installation would result in a loss in thrust
of 4 percent for static conditions and 5 percent at 700 miles perxr
hour without burning.

2, For a given set of conditions, the calculated thrust augmen-
tatlion produced was relatively insensitive to altitude; the low
altitudes wero slightly more favorable at high airplane velocities
and the high altitudes were somawhat better st low airplsane
velocities,

3. On current turbojet engines having high gas velocities atb
the exhaust-cone exit it is dssireble in modifying the engine for
thrust augmentation by tail-pipe burning %o install an additional
diffuser sectlon shead of the burner to reduce the gas veloocltles
and therefore the momentum and friction pressure losses occurring
in the tall-pipe burner.,

Alrcoraft Engine Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio,
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APPENDIX A

DERTIVATION OF THRUST EQUATTONS

The Jet veloclty of a turbolet engine ls determlned by thu
total temperaivure and total pressure of the gas at the exhaust-
nozzle inlet and atmospheric statlc pressure according to the
equation

/ 2
_ 2 _27R Ps,0\
VJ qw Cy i Tg 1 - <_§g_) .J (1)

When burning occurs in the tail pipe, the total temperature
and pressure at the exhaust-nozzle inlet are changed and the auvug-
mented Jet velocity becomes

y-11
7
_ 2 2R _{Ps,0
e =) % o1 | (‘ff,r) (2)

When equation (2) is divided by equation (1), the ratio of the
augmented to the normal Jet velocity is

2=t x=1
7 Y
P Py
v T 1'{‘%"9 (”’é)
J,a _ |’a \ P5 / 7 (3)
v, T -1
J 5 1=
7
/ 1-(.1_’329)
Ps

When the value under the second radiocel of equation (3), which
is the factor that accounts for the effect of the pressure loss
occurring due to tail-pipe burning and burner drag on Jet velocity,
1s denoted X, equation (3) may be written as
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v T
-2, [ B (4)
where X 1is
21 2-1
1P\ 7
7. (_1’_&9 s
\ Fs E7
K = (5)
2=z
7
L - (2s:0)
\ P /
2=1
TP
ien the value of (—E"-Q obtained from equation (1) is substi-

P
\ 5
tuted in equation (5) and the loss in total preseure ocourring duse
to tail-plpe burning is teken as AP = Pg - Py, the expression for
X becomes

=1
2 Y
A 1 VJ \ Pg O
T 2R Cy? Ts) Pg - AP
K = - (6)
2
y -1 V3
27R 2 m
7 Cy
By rearrangement equation (6) becomes
_ l-y—
2
[ 29 Gy% T _/_7-1VJ\ _ar\”
K =555 - 1 L - T ,\1 5 ()
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The normal net thrust of a turboJet engins 1s equal to

F =M (Vy- Vo) + MV (8)

In the same manner, the net thrust produced with tall-pipe burning
is

When equation (9) is divided by equation (8), the ratlo of the aug-
mented to the normal net tnrust is
Ya Vi,a (1 +fg +fp) - Vo

-—iﬂ_ = Vj (l + fe) - VC. (10)

Whon both numerator snd denominator of equation (10) are
divided by Vj (1 + fg) and the value obtained from equation (4)

is substituted for Vj o/Vy, the ratio of the augmented net thrust
to normal net thrust is

gl (lrf + ) Vog 1
. AN T Ty 1+ i TV \1 * fe
= . \
i (11)
Yo /1 >

1 - = | oe————
V3 \T + fe

By including the fuel-alr-ratic terms under the radicel and
performing the indiceted dlvisions, equation (11), neglecting
second- and higher-order terms, becomes

T
/\/KT;- (1 + 2fy) -% (1 - £e)
= (12)

~

70
1--",—3"(1'1%)

Fe
F



20 _ NACA RM No, E6LO2
APPENDIX B -

IERIVATION OF BURNFR PRESSURE~IOSS AND
EXHAUST~NOZZIE-AREA EQUATIONS
Purner Preassurs Loss

The leoss in total pressure when burning occurs in a constant
crosg-sectional-area tail pipe can bs conveniently divided into two
parts: The first loss is dus to additional friction and turbulence
and is accounted for by the diffuser efficiency and the burner drag
coefficient. The second loss 1g the momentum pressure loss due to
burning and is determined by the ratio of the outlet to the inlet
gas temperstura of the burner,

By definition, the diffuser efficlency is the lncrease In
isentropically available static-pressure energy divided by the reduc-
tlon in kinetic emergy. Thus, the energy loss in a diffuser is the

2 2
. v v,
difference between the reduction in kinetic energy S -..ﬁ.) and
/ Vs‘a VBZ 2 2

the increase in pressure energy ”d\\‘ir" -5
/v2 ¥R
Ed=(l'na)K*§-*"‘§—' (13)
By definition, the burner drag coefficilent is
AP '
I 91 (14)
D P v 2
2’6

Inasmuch as the energy loss is equal to AP/p for emall pressure
losses, the energy loss due to bwmer drag is

V.2
0

Ep = Cp =~ (18)

The total energy loss due to friction and turbulence in the
diffuser and burner (E3 + Ep) are summed and equated to the
energy released by the expansion through the pressurc ratio (PS/Ps):
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By rear—angement equation (168) becomes

.
r=1

Pg 2 V.2 13
%" - L LCD"—'+(1‘TIG_)"—““—2"‘/J (17
L
The pressure Pg has been so chosen that the pressure losses
between Pg and Pg will include the burner as woell as the dif-

fuser friction pressures loss. The frictlon pressure loss APy is
then equal to (P5 - Pg) and by solving oquetion (17) for this
term and simplifying

Mg V2 : ‘]\\7 -

_I_q . Y- L6 - 2 -
52 =1-41 R T op + (1 qd} J (18)

The momentum pressure loss occurs due to the incresse in veloo-
ity of the gas when it is heated and conseguently nas its density
reduced. In a constant-area pipe, the force necessgary to rroduce
this acceleration must come from a reduction in static pressure, A
logs also occurs in total pressure and it is thle loss that nmust be
evaluated inssmuch as the Jet velocity demends upon the total
pressure,

From the conservation of mowentum between stations 6 and 7,
the followlng equation can be written:

Aps,6‘+ MVg = Apg 7 + MVy (19)

Inasmuch ag the mass flows pest staticns 6 and 7 are equal,
the following 1s true:

Ps.5 Pg T
= 539 = Bl
M= T AVg th AV7 (20)
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When the values of M from equation (20) are substituted in equa-

tion (19},
V2 V2
5 .
Ps,6 <1+R,c ) = vg,7 (1 +§%-7-> (21)

The total and static states at stations 6 and 7 are related hy the
following egquations:

T6 = T5 = 'bG + z“é‘;.,f{}' V62 (22)
- 1 2
T7=Ta=t7+%":§"VT (23)
L.
4Ilk 'IV--L
= 5
Pg = Pg,8 (j%) (24)
2
Ty 71

By converting to total temperature and prossure, equatlon (21)
becomes

X 2
7-1 . . 2 y-1
P 1_2__:__1_X_(:‘;__> 1+ - Ve = P <1_ _:._]:Y:L>
6 29k Ts 7 - 2) ! 29R Tg
R<T5 27R
v.2

14 - 1 (26)
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Wren egqustion (26) is rearranged, the expression for the raitio of
tiie total preseure at the tail-plpe-turnmer exit to the total pres-

sure at the tail-plipe~burner iniet is

2
Vs
Z_ T5
7-1 1+
2 2
y-17s -1 Y
1 - — R -~ 2L=.__..__
P-7 2‘7R T5 ' <y 5
— - [a) (27)
P6 / v7c.
2 T
-4 1+
1 =i T R-Z_=_1_
ayR Ty 2y Tg

In order to determire Vq/4fT,, which must be found before
equation (27) can be solved, aubstitute for Ps,6 and Ps,7 in

equation (19) the values deteimined in equation (20),

= + Vg = = + V. 28
Vg 6 Vo T

When converted to totel temperature, squation (28) becomes

RT¢ - RT, y -3
—_—-C - -Z-————l Vs + Vs = - ~ V-{ + V‘? (29)
Siuplifyling equation (29) erd because Tg = Ty
RT nT A
- + 1y_ a8 1
+’_v6< ks v7( =) (30)

Equation (30) can be rearranged as a quadratic in 'WYLV?E;,
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{Ts
V.2 A7 R{/?‘
T.yx+1_ ‘1 e, Vs f;(]__q__;>
A A I A e
%5 )

+ R

0 (31)

When equation (31) is solved for VT/’\/TB.

i
m Lo 2
E(R Vs oy Ve N %5 [ NT5 yen Ve ) z:a(z‘“l)
Ta\" Vo = 2y o735/ YT Ve 2 4T 7

T : ’
Ve, | 253 |

Y
(32)

Equation (32) gives a value for VTAVE; in terms of Vg/4/Ts
and Tg/Ts and when combined with squation (27) gives a value Tor
PT/?s in terms of the seme variables. Equation (27) can be
rewritten to express the momentum pressurse loss (APm = Pg ~ P7)
es a ratio to Pyg o

2
Ye_
”
—r. T
a0 L+ : z
/1 - 176 R-2221 Xém
AR, \ 2yR Tg 2y Ty
0. — . —- (33)
P .
8 T Voo \
o\7-1 7
z- 17" Tq
\1 T 2R T, 1+ E
R.2=1_T
2y Ta J

The total~pressure loss due to both friction and momentum can
now be found from the separate pressure losses evaluzted by equa-
tions (18) and (33). The total-pressure ratio across the burne» is
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P P P '
% -(5) (%) (3
5 \FP5/\7Fs
When these ratios are expressed In terms of the respective prossure
losses
" APg AP
r- 45 (1 - §r§> (}'; §—E> (35)
5 5 8

When simplified, equation (35) becomes

ap AP ARy APy APy
Fg  Ps Pg

(386)

The third term on the right-hand side cf scuation (36), which
is gquite small compared with the other two, can be neglected without
appreciable error, WNeglecting this term is eguivalent to assuning
that Pc = Pg and results in the total-pressure loss being
expressed ag : '

AP APp APy
et 37)
Pg Pe . PG (

Exhaust~Nozzle Ares

Expressions for the exhiaust-nozzle throst-eres ratics required
for the auvgmonted and normal caees can be derived in the following
menner:

From the conservation of mass, for the normal cage

Opn Cp &n Vn

M= = (38)
and for the augmented case
C. V.
W o= pn_,a “he8 'Aﬂ)a 11,8 (39)
1+ fe + f‘b
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By equating and solving equations (38} and (39) for the effective .
area ratlo, the following expression ig obtained: -

ks (Lrmem)m)m)
Cp by - 1+ fo Pn.a/ \n,a

From the equation of state

Pn Ps,n 'n,a (41)

Pn,a " by ,n,a n

In caeses where the exhaust-nozzle-throat velocity is sonic, the
ratio of the sugsmented 1o normal throat velocities depends only on
the sguare rcot of the augmented to normal totsl-temperature ratio. R
The ratio of augmented to normal nozzle-throgt static pressuros is -
directly proportlonal to the ratio of the sugmented to normal total
pressures and the ratio of static temperatures is equal to the Z
ratlo of total temperaturss. For this case, the ratio of the ‘
denslties 1s :

p P T .
L (42) _
Pn,a P7 Ty ' E
Pn 1 Ta - )
= s (43) i

Pn,a 1 - 4F
-5

Accordingly, equation (40) becomes

Cp,a #n,a- i \ /1 N\(T Ts
"‘“""'c_: An.aﬂ = <1 + of ,1 %EJGEXX/;&) (44)

A,

When it is assumed that fy/(l + f,) 1e approximately equal to £y,
eguation (44) can be reduced to

cA R A.nJa 1+ f "[ (45)
1- 854S

AN
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For the case where the exhsust-nozzle-throat velocity is aub-
sonlc, the nozzle-throat pressure 1s atmospheric static prossure
oy

and the ratlo of augmented to nmormal jet velocities is ﬁ/ X 5%.

(Seo appendix A, equation (4).) The ratio of augmented to normal
nozzle-throat static temperature is, neglecting the effect of pres-
sure losses, equal to the ratlo of augmented to normal total tom-
peraturea. By assuming again that fy/(1 +fg) 1o approximately

equal to fy, equation (40) becomes

C A T
Aa “n,a - (1 + fb) T_a.
5

Cp Ay

/1 T
/222 (4€)

gimplifying

C A P
A,a “n,a 1l ts
A8 " L,a . )
Gy B = fﬂ)‘\/K Ts L

It is assumed in equation (47) that the nozzle-velocity coefficient
is unchanged between normsal and sugmented oporatiomn.
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APPENDIX C

EFFECTIVE TAIL-PIPE-BURNER EXIT YEMPERATURE

In the normal turbojdet engine the turbine and long tall pipe
tend to mix the exhaust gases sufficlently to produce a relativsely
miform temperature distribution and the Jet velocity can be calcu-
lated using this temperature, If the engine is equlippsed with a
tail-pipe burner, however, the temperature distribution may be very
uneven either due to poor fuel distribution or to a deosign in which
the fuel is so distributed ag to ¥ive a hot core of gases in tue
center of the tail pipe and & relatively cocl layer next to the
tail-pipe wall for cooling purposes. In either event some method
must be devised for evaluatling the effective temperature of the
exhaust gases in order to calculate the Jdet velocity,

The effective gas temperature .can be determined by assuming
“that the total ard static pressures are uniform throughout the
cross-gectional area of the Jjet, When the Jet thrust is consldered
a8 the sum of the momentum increase slong sach gtream tube where
sach stream tube handles the same mass flow, the thrust is

F'j,a =M (Vj,a) = I'(Ilv‘j,a,]_ + MZVJ,a,z + ¢ « ¢ + an'j)a’n

where the subscripts 1, 2, . . ., and n indicate individual stream
tubes. '

The Jet velocity Vj g (appendix A, equation (2)) is given
by the expression

it

_ 2 _27R _ PGEO 7
¥

and. by writing siumilar equaticns for the velocity along each indl-
vidual stream tube and eliminating the counstants the oxpresaion for.
Jet thrust becomes

Fy © M AT, =M 4T, 1 +Mp 4/Ta 2+« » o+ I 4fTa 0 (48)

and because M =M} + My + . + « My, the effective temperaturc is
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"(49)

(4 ofTo 1 + My AT, : Mn'{_-—\)z

T, =
a \ M1+M2+lo|%

Bquation (49) is general but in order to be uwseful both the temper-
ature and mass-flow distribution must be known.

For the special case when Tg 1, Ta,2 = « » Ta,n correspond

to equal mass flows (M =Mz = . . . My), eguation (49) can be
simplified to

(50)

— r&——-- 2
T - ('\/Ta,l ATy 2t e . ‘VTa,n)
o =

n

Usually, the mass-flow distribubicn will not te kmown, but for
the case when temperature measurements are taken at the center of
equal flow areas, the mass flow through each area can be found and
the effective temperature distribution determined as follows:

Iet My, Mz, . . « My -te the mase flows for the equal flow
areas, The mess flow in a stroam tube can be exprossed as

My =pp A1 V1 E . (s51)

If +the exhaust-nozzle velocity coefficient is assumed to be
equal to 1, the static temperature in the Jet can be expreassed as

yant
4
/D
0
ta,1 = Ta,1 \-;-‘-) (52)
7
and the Jjet veloclty as
14
] 2R _(7s,0\
V= 5 =1 Ta,1 1 By ] (53)

The msss flow in the stveam tube 1s then
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30
/ -1
Ps.0 27R : Pg,0 7 54)
Pg,0 7 B
R‘ra,l <—-——’—~P7 >

By writing similar equations for Mp, « » + ;, Mn, substituting in
equation (39) and eliminating the constants, the exp"ession for
eff'ective temperature becomes

2
A « e L
Ta,=/ 1+AZ+ *n \ (55)
+ -  p—————— 4' - a » _———.,
Ta, 1 A/Ta,2 NTa,n/

Inasmuch a8 Ay = Ap = .. . s Ap, the expression for effective

burner~exit temperature T, becomes

n 2
(56)

H
i

a - 1

r— == + e
/\/Ta') A\/_& 2 vTaJn

In order to illustrate the effect of this type of en averags,
congider & tall pive in which the central one-half arsa of the taill
pipe has & temperature of 3600° R and the half rear the circuriference
has a temperature of 1600° R, The effective temporature ig not the

arithmetic average of 2600° R but from equation (56) is

[

2 \=< 21 = 48% = 23040 R

L _ . 1
| —===% - = 4o
\ V1600 43600 )/ 60~
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APPENDIX D

SAMPLE CALCULATIONS

The following sample calculabtions illustrate the use of the
figures to evaluate (1) augmented performance from normal perform-
ance data and (2) total-pressure loss occurring in a tail-pipe
burner and diffuser omerating at a speciried set of conditions,

Aungmentaticn

The following exrmple will illustrate the use of figures 2
and 3 in finding the thrust augmentation produced by tail-pipe
burning for a turbolet engine operating at the following set of
conditions:

Airplans velocity, Vg, f£/80c « . » » v v v v v c v v 0 0 o 33

Afr flow, M, 8lugs/S6C . » « « v o « 4o ¢ ¢ + s « 4« - . . 0.889
Fuel flow, W, Ib/Mr . . . . & ¢ v 4 s « « « « « « o « + « « 1850
Burner-inlet tobal temperature, T, %R . . . . .. . . . . . 1680
Not thrust, F, 1D .« . & & ¢ s v 4o s « o » o s + o s & o« o« « 1425
Ratio of total-pressure loss across tall-pipe burner

and diffuser to exhavst-cone-exit total pressurse,

N 2 4 T X

Burter-exit total temperature, Ty, “R . . . . . . . . . . . 29680
Exhaust-nozzle veloclty coefficlent, Cy . . . . . « . « . . 0.975

The Jet thrust ic given by the following expression:

]

Fy=F + Vg

1425 + 0.889 x 733

1425 + 651 = 2076 1b

The Jet velocity can be found from the Jet thrust and mass
flow of exhuust gas:
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Fy
N W
3600 x 32,17

M

2078
= 0.88¢ + 0.018

= 2293 Tt /sec

The Jet~velocity factor, which is used in figure 3 to determine
K, can now be found:

Vs /1800 2293 1600

Cy 'v Ts = 0.975 x 1680 = 2294 ft/sec

By use of figure 3, the Jet~velocity faotor and the ratio of
loas 1in total pressure acrosgs the tall-pipe burner and diffuscir bo
exhaust-cone-exit total pressure, the value of K can be found:

X = 0,915

When the fuel flows are neglected, the effectlive burner-exit
temperature factor for use in ilpure 2 is evaluated as

1600 1600 o
—— = 1 ———— ==
KFE = 0.815 x 2960 X 76680 2580° R

and the ratio of airplane velocity to Jet velocity is

Vo 733
— o medme. o 3l1a
VJ 2293 0,319

When figure 2 18 used with the effective burner-exit tom-
perature and the ratio of alrplanse velocity to Jet velocity, the
ratio of augmented net thrust to normal net thrust is found to be

Thus for the particulsr engine and conditions chomen 1t is poeaible
to augment the thrust produced by 40 percent. If the weights of
the fuel Tlows had been considered, the effect would have becn a
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glightly higher thrust augmentation because the effective buimer-
exit temperature factor would have been increased by the factor
(1L + 2fp) although the ratio of alrplans to Jet veloclty would

have been decreased by (1 - fg).

Burner Pressure Loss

The following exsmple illustrates the use of figures 4 and 5
in finding the loss in total pressure occurring in a tell-pipe
burner operating under the following set of conditions:

Burner-inlet velocity, Vg, FTE/BOC « v ¢« ¢« 4 « 4o s o s s o & 600
Exhaust-cone-exit velocity, Vs, Tt/sec . 4 v 4 4« o 4 . o 1000
Burner-inlet total temperature, Ts, R ., « v & + s « « + « 1680
Burner-exit total temperature, Ty, SR . ¢« ¢ ¢ « o + o « o « 2960
Burner drag coefficient, Cp .+ « « ¢ o ¢« ¢ s ¢ ¢« ¢ ¢« o ¢« « «» 0.8
Diffuser efficiency, Mg o+ « « o v « o ¢« o s s ¢ o o o o o o 0.85

The nominal burner-inlet veloclty for use in figure 4 is

’1600 ’1600
Vs '—T-S— = 600 1680 585.5 £t /sec

and the total friction loss factor is

2
v 2
5 1000
+ (1 - n5) —-1) 0.8+(l-.0.85)< - )
CD na <v62 -\ 6002

i}

"

0.8 + 0,267 = 1.067

By use of the nominal burner-inlet velocity, the total fricilon
loag factor, and figure 4, the ratio of the friction total-
presgsure loss to the exhsust-cone-exlt total pressure is

AP
—f - o0.061
P

5

The ratio of the tall-pipe-burner exit tempsrature to inlst
temperature 1s
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By using this value, the nominal burner-inlet velocity previously
determined, and figure 5, the ratio of momentum total-pressurs loss
to exhaust-cone-sxit total pressure is found to be

= = 0.052
6

The over-all loss in total pressure is equal to the sum of
the friction total-pressure losg and the momentum total-pressure
loss o ST

ap AP APy

?5 TP P
= 0.061 + 0,052 = 0,113

For this particular set of conditioms the loss in total pres-
sure is egunal to 11.3 percent of the exhaust-cone-exit total pres-
SUYe,
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