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SUMMARY

The failure of turbojet aircraft vropulsion units to aceelerate
rapidly to high thrust operation when emergencies arise in slow speed
flight has restricted their use in airer.ft applications, and has also
concentrated considerable attention upon their acceleration characteristics
in an effort to produce better results. This thesis presents a method
of computing the accelerution of a particular turbojet by making use of
complete performance curves of the component parts of the turhojet.

The method presented here does not permit computation of the
acceleration for & particular operating condition as deteriined by those
vafiables usually considered independent; namely, (1) Flighﬁ conditions
of velocity, density, pressure, and temperature, (2) Engine rotor speed,
{38) Fuel rate of flow, and (4) Tail coune area ratic. Computation-using
these four independent variables was originally attsmpted in preperation
of this thesis. However, extreme complication in the compuﬁations dictated
that turbine inlet temperature and air mass rate of flow, which are
normally dependent variables, should be considered independent. Fuel
rate of flow and tail cone area ratio are therefore considered dependent.
Therefore, in order to match a particular operating eondition, it is
necessary to meke a family of computations for various turbine inlet
temperatures (constant for each set) over a range of assumed air mass
flows.

Computations have been performed for the Westinghouse X19B axial
flow turbojet to illustrate application of the method and to show
qualitative and quantitative effects of variation of tail area matio,

rat twoy differmtiturbine inlet temperatures.
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-INTRODUCTION

During emergency conditions which arise in aircraft lending
approach, & rapid increase in thrust is imperative. However, current
turhojet engines are notoriously slow to accelerate from low to high thrust
conditions. Although a large volume of information is availeble concerning
equilibrium running conditions of turbojets, comparatively little has
been published concerning acceleration. Accordingly the purpose of this
paper is to develop a method of computation of acceleration, and of thrust
during acceleration of a turbojet engine; and further, to ascertain quali-
tative effects on acceleration and thrust of variation of tail area ratio

and turbine inlet temperature.

SCOPE

The basic method developed in +this analysis is general and may
be applied to any turbojet operating condition. However, thias msthod
does not encompass thrust augmentation devices such as afterburning.
Application of the proposed method is contingent upon complete experimental
performance data for the compressor, combustion chember, and turbine, as
separate units, and in addition upon knowledge of diffuser and nozzle
effiéiencies. The method is based upon the assumption that the steedy
state performance data can be applied instantaneously, even under non-

stationary running conditions. Hence the accelerations ars considered
as "slow" changes, and elthough this assumption is probably valid, the

final justification must come from comparison with tests.



The computations presented are restricted to a single flight
condition. For this flight condition effects of variation of motor spesd
from idle to military rating, and of tail area ratio from 0.8 to 2.0,

are evaluated at two different turbine inlet temperatures.



'{2e , and the compressor temperature ratio)Tz/Tz, were found from
Figures 13, 14, and 15, With these values it was possible to
deternine: o
' 3

2) B=§ (—g\

v T T (2)

c) Wc.z—(zc aAca’Z
P, was assuned to be 0.98 Pz. (See Figure 12). T, was then taken
as the value desired: (2000°R for one case and 2200°R for the
Bocond case). From these data it was possible to compute

6;2 Dth
A4

N..m VRT
t aAt 4

The turbine performance charts, Figures 16, 17, 18, and 19 were

entered and from them was obtained:

Ps
a) A
b) L+

Ts
c) T
a) Mg

From these the following were computed:
P
a) Ps 2 PQ( P4.)

o T = T(F)

 _ P
a) —P;-—-—Pi-.

(Unless p'S/ P, exceeds the critical-then see

Appendix II)



PRUCEDURE

In order to compute the acceleration of the rotor of the turbojet
engine it is necessary to kndﬁ both the nower required to drive the
compressor, Wc, and the power output of the turbine, W,. The excess
power, neglecting power required for the accessories, is then the power
availeble for the acc-leration of the rotor. In operation, the magnitude
of these powers is détermined by the independent variab es: (1)Flight
conditions (2) Rotor speed, n, (3) Fuel rate of flow and (4) Tail area
ratio, AgfAs, However, for the purpose of calculation, the indevendent
variables have been chosen to be: (1)Flight conditions (2)Air mass
rate of flow (3)Turbine inlet temper:ture, T,, and (4)Rotor speed,
leaving fuel rate of flow and tail area ratio as dependent wariables.
This is completely explained in the discussion.

The first step used in calculating W, and Wy was to find the

e
entrance conditions of the compressor. »Flight velocity of the engine
was assumed to be 100umph. Sea level standard conditions of density,
pressure and temperature were assumed. Then assumiﬁg isentropic flow
through the diffuser, a plot of Mz, Tg, and Pg, versus air mass flow,
m, was made by the use of a Mollier diagranm. (See Figure 11) A
particular rotor speed was then assmed. Values of mass flow from
the lower Limit of +the compressor stall to the upper limit of the
critical flow were chosen. The compressor flbw parameter,[l., and

speed parameter, G:, were calculated for each mass flow, and then

the compressor pressure ratio, PS/P , the compressor power coefficient,
2



With this information the nozzle chart Figure 20 was entered

and M, T6/‘l‘5, and Ag/As Were determined. From these data
- Te

and

The acceleration of the turbojet rotor was then computed as

"= We=-We

4.%*N T-p

and the thrust

F= rm(v,- v,)
for values of iy less then one. When P5/P6 exceeds the critical
bressure ratio then the pressure at the nozzle outlet, PG, exceeds
atmospheric pressure, Po, and & pressure term in amount A(,(Pb- R,)
is added to the thrust. Under this comdition, Mg= 1L O , and
the expression for the thrust becomes:

F= h'n(ag—\/o) + Ac(R-R)
Where PG is determined from the known magnitude of P5 and from that
pressure ratio, P5/P6, which mekes the value of Mg equal to unity.

From the plots of the data obtained from the above calculations

(See Figures 1, 2, 4, and 5) it was then possible to compute the
acceleration time for the rotor by teking time increments of the order

of & half a second and meking the computation in a step by step process.



SOURCE OF DATA

The computations of turbojet acceleration and thrust which are
presented in this paper were mdde from information obtained from the text
on jet propulsion used and prepared by the staff of the California Institute
of Technology. The curves which were used are reproduced in Figures 13-20.
The accuracy of the data presented in these curves has not been Verified
since the exact éource of the information was not clearly determined,*
however the qualitative character of the data is known to be eorredt and
is satisfactory for the purpose of illustrating the metihod of computation
and the nature of the results.

The.moment of inmertia of the turbine and c¢> mpressor rotor, amnd the
operating rangeé of speed and temperature were based upon the specifications
for the Westinghouse X19B Turbojet engine. Determination of the gas constant
band of the mean ratio of the specific heats was obtained from an NACA
report.** Pressure drop across the combustor was obtained from
Westinghouse AGT Report No. A-302 of Cctober 1946 and is shown in

Figure 12.

*Phese curves were derived from early experimental datea on the
Westinghouse X19B turbojet engine.

**pinkel and Turner, NAUA ARR 4B25



RESULTS

PROCEDURE FOR COMPUTATION OF TURBOJET ACCELERATION

1. Given the following stmospherie fiight end diffuser conditions:
PG Y T.Q) MO, ‘7d
2. Assume the independent variables n and h.*

3. Compute Mz) Tz, and P

_ 2 (. L1, 2
e-e y+ &Mz 7(4!”—! l) -rzz*;;li_f'z"_ﬂ"_
e l+x-‘=z—'M;J ’*d}z—'M:

9 :

rl.l._x::-,Mz (%) M = m
= e ° 2
=R Pl ERA T

| 1+ > M.

4, Coupute non~dimensional compressor paraneters rc‘_ and G—; s

e mIg
e N

_ D
Q— az

5. Enter compressor perfommance charts for the particular turbojet

under consideration (See Figures 13, 14, and 15). From these

charts detemine:

B
a) Compressor pressureratio, B
2
b) Compressor power coefficient, ...(Zc
\ . T
¢} Compressor temperature ratio, =

Tz

6. From the above data determine the following:

#gee discussion on selection of &
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7. Enter combustion chauber performance chart for the particular turbojet

R
under ccnsideration and detemine pressure ratio "/P3 (See Figure 12, .

Compute 8,3 P a)
-5 (3

8. Compute r-‘t and

FI%) §o

= ..2.?._.. RT.
&Atb‘z‘_“

Den
= =
G4 .
Note that ‘: involves introducing another independent Variable,-,;_.

For analysis of thls subject see discussion.
9. Enter turbine perfommance charts for the particular turbojet under

consideration (See Figure 16, 17, 18,and 19). From these charts

determine:
Ps
a) E_
b) ._.Q.t
c) -,:;%

a) Mg
10. From these date compute the following:
P:X
a) Ps= 94(—;31

b) We=_:RAia,

o To- B(F)

11. Compute nozzle pressure ratio,

Pb_ Po

12. Enter nozzle performence chart (See Figure 20) and detemnine M‘,,

T‘/T’; and A"/A; s Bach installation will have a different chart

depending upon nozzle geometry. However, for short tail pipes eand



small area ratios flow is nearly isentropic. ihen nozzle efficiency
is known, the foregoing quantities may be detemmined by computation
similar to those for the diffuser.

13. From these data compute the following:

Te = T'S(I‘_)

Vo = M YRT,

14. Turbojet acceleration ,

n = .
47rnT.P

15. Turbojet tkrust

a) Wuen Mg<lo+ F= Y‘n(vc—\/o)

. RBs ) '
b) When Pexceeds the criticel pressure ratio and M‘=l-0:
6

F= rm(a,-%)+ A (R-R)

(See ‘appendix. II)

Application bf this met‘nod{ to the particular cases selected for
demonstration produced the ultimate results shom ir; Figures 1, £, 3a,
end 3b. The effects of tail area ratio and rotor speed on thrust and
on acceleration are shown in Figures 1 and 2, which were derived from
Figures 7-10. Figures 3a and 3b show effects of rotor speed and tail

area ratio on time required to accelerate to a particular engine speed.
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DISCUSSION

The metlhiod of computation pronosed in this »aper is simple in
form, but the calculations are lengthy and the mebthod regquires some
practice to estimate quickly the proper range of mass flows to sslect
for the calculations. This is to be e#pe;t:i #iiie Lae mass flow is
not, 1. fuct, an independent variable. IHowsver it has been chosen
&8s suéh for the purpcse of ease of computation. The independent
variables in the unsteady state condition are: (1) Flight conditions
{velocity, density, temperéture and pressure) (2) Rator speed
{3) Fuel mass rate of flow and (4) Tail areea ratio. (This contrasts
with the steady state or ecuilibriwn condition wﬁere the iotor speed
is a dependent varieble].

In the method outlihed in this paper the fuel msass rate of‘flowv
has been repiaced as an independent varieble by the uss of & constant
turtine inlet temperature. The independent variables wed then are:
(1) Flight conditions (2) Air mass rate of flow (3) Turbine inlet
temperature end (4) Kotor speed. . Since the flight conditions have been
held constant throughout the series of computations mede here, there
remain only three independent variables.

As a starting point in the celculation a rotor speed and turbine
inlet temperaiure are selected. Then for each sir mass flow chosen,
values of t&ilvarea ratio, acceleration, and thrust are obtained. This
mekes 3ail area ratio, acceleration, end thrust a function of the alr mass

rate of flow. Other sets of calculetions may be obtained by varying the

rotor speed and the turbine inlet temperatiure and repeating the procedure.

~13 -



The geomstiric confimraticrn of the unit iunoses certain natural
imita-ions upon the selection of tis oir wes rote of flow., If A is

chosen too low, the compressor o_erates in 4 stalled conditions. This

is obviously undesiravle. Under certein conditions of higher ma.s flow
& sach number of unity is rsached &t soxe point in the unit anc a
condftion of critical flow ex.sts due to sonic velocity in the furbine
nozzle tinroat. This occurs when the velue of{ztexceeds a critical
value (In this case 0.482) and ic clearl. shown in Figure 10. Under

certain conditions of hizh h when the criticul flow limi% is not vesched,

%

a value of may be chosen 80 5 thwt the stagnotion prassure in the

tail

bt

yine is less Than

pressgure. This obvious v iz a

naysicall; 1upossible condition and occurs whe too ki b a vilue of

ig selected. The fallacy does nob become & mavent in the caleuleations
until the poin. Ofsniry intc the nozzle chart (Ficure 20), vhen the

tail area rutio arnears to be somethine "greater than infinite”.

The turbine inlet temerature is conirolled dire tly by the nass

rute of fuel flow into tle corbustilcon chaer. ovever, since the
caleulati-n of the turbine inled tem-ercture 1s o vrocecs imvolving tihe
Pal

tins value of Liae fusl it vas

I

combustion efficiencise and tas oo
A

T Ao 2 T S e - R T P - A 3 e p A
not :zonsidered to be wltalnm the scope of tiis report Lo carry ous iisse

rzl culetions. The asumpticn was tuerefore mude © ot & sulTicient awount

of fuel was consumed in order o _rovide the required Té. In order to

ascertain

-~ 14 -



allowable for continuous oneration of the Westinghouse X1¢B (1960°R)
and for a Ty of 200°F highsr.

Exget infommetion regardins pressure & ron across the combustion
chaviber was not avallabhle until -after celceulsti-ns were canpleted.

The estimate used in these calculationsé%feaog)was subsequently
found to arsree reascnable well with data from tests made on the combustion
chamber of this unit by iestinchouse. (See Firure 12).

Ko allowance has been made in this analysis for mass of fuel
added, air leakage'betueen coupressor and turbine, or power reqguirsd
for accessories. The effects of these small guantities tend to compensate
each ctaer.

Figures 1, and 2 show the effects ou acieleration and tarust of
variation of rotor speed and tail area retio st a partidular turbine
inlet tempersture. Comparison of these two churts shows thet temporasrily
exceeding the peak continuous allowable temperatures-of the vestinghouse
X198 produces & slight increamse in acceleration at low rotor speed, but
also introduces the daneer of operating within the compressor stall.

It is ipteresting to note that acceleration may be obtained only
at the expense of thrust. This further aggravates the problem of thrust
requirements under emergency conditions.

Converzence of lines of consiant talil area ratio as their ma-nituds
increases shows that increasins tail area ratio above 2.0 rroduces only
slisht sain in acceleration.

Figures 3z and 3b show the effects of rotor speed and tall area
ratio on time required to accelerate to a particular engine speed.

Because the accelerations is & fun:ticn of the small differernce between

- )8 -



large turbine and compressor powers, accuracy of the results is subject
to question, amd should be verified by experimental data,

Pertinent extracts from a report on flight tests of a X19B unit
conducted by the Glenn L. Martin Company are shown in Figure 6. Since
manual control of fuel flow was used in these tests, & constént turbine
inlet temperature could not be naintained. 4n effort was made, however,
to follow a procedure which would produce maximum acceleration. No
rational estimate of turbine inlet temperaturesused in the tests is
possible. However, since meximum acceleration was their goai, it is

presumed that t.ese temperstures were at or near the meximum allowable

(1960°R) during most of the run. Tail area ratio was held constant,

but at a value not specified. However, estimates derived from &
photograph of this installation indicate the mil area ratio was
approximetely &£.0. Acceleration times, then, would be roughly comparable
to tiose shown in Figure 3&, for a tail arsa ratio of approximately 2.0.
The egreement is close enough thet quantitative values may be considered

ro\ughly correct, and the qualitative effects may be considered reliable.

—‘6—
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2.

3.

4.

5.

6.

7.

CONCLUS IONS
Acceleration characteristics of a turbojet may be computed by the
method presented in this report, provided adequate experimental data

for component parts is available.

Results obtained through use of this method agree closely enough with
eiperimental data so that éuahtitativa values obtained may be considered
roughly correct, and qualitative erfeéts may be considered relisble.
This method@ is not epplicable for prediction of a schedule of accelera-
tion for a turbojet under actusl operating conditions until extensive
calculatipns have been made over a complete range of turbine inlet
temperature and flight cpnditionn.

Increasing tail srea ratio increases acéeleration'bﬁt with diminishing
effect as teil area ratio gets larger.

Tncreasing pesk temperature increeses acceleration at all:rotor speeds.
Tha relative increase is much greéter at higher speeds.

Increasing peak temperature tends to induce earlier compressor stall,

Accelerﬁtion‘or e turbojet under any condition is slow when compared to

 a reciprocating engines
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