REPORT 1011

DYNAMICS OF A TURBOJET ENGINE CONSIDERED AS A QUASI-STATIC SYSTEM!
By Epwarp W. Otro and Brrr L. TayLor, IT

SUMMARY

A determination of the dynamic characteristics of a typical
turbojet engine with a cenirifugal compressor, a sonicflow
turbine-nozzle diaphragm, and fixed-area exhaust nozzle is pre-
sented. A generalized equation for the transient behavior of
the engine was developed; this equaiion was then verified by
caleulations using compressor- and turbine-performance charts
extrapolated from equilibrium operating date and by experi-
mental data obtained from an engine operated under transients
in fuel flow.

The results indicate that a linear differential equation for
engine acceleration as a function of fuel flow and engine speed
for operation mear a steady-state operating condition can be
written. The coefficients of this equation can be obtained
either from actual transient data or with a fair degree of ac-
curacy from the steady-state performance maps of the com-
pressor and turbine and can be corrected for altitude in the
same manner that steady-state performance data are corrected.

INTRODUCTION

In a turbojet engine, the various engine variables such as
speed and thrust respond comparatively slowly to changes in
fuel flow—much more slowly than reciprocating-engine vari-
ables such as torque respond to changes in manifold pressure.
Any control mechanism charged with the responsibility of
keeping turbojet-engine variables at a set value is faced
with the problem of changing the fuel flow In response to
errors in the controlled variable at a rate that is fast enough
to bring the variable back to the set value as quickly as
possible but not so fast that excessive turbine temperatures
are encountered. The same problem is encountered when
the control is asked to change the speed or thrust from one
set value to another. Thus, to insure the design of a sue-
cessful control the designer must have information regarding
the response rate of the particular engine variable that he is
interested in controlling.

A study of the dynamic behavior of engine speed, made at
the NACA Lewis laboratory in 1948, is presented herein.

1 Supersedes NACA TN 2091, “Dynamics of Turbojet Engine Considered as Quasi-Staife
System" by Edward W. Otto and Burt L. Taylor, II1, 1850.

This variable rather than thrust has been studied because,
in the turbojet engine, speed is almost analogous to thrust
and can be more easily and more accurately measured. Ob-
viously, other engine variables may possess as many ad-
vantages for use as a thrust-control parameter. A previous
investigation at this laboratory has indicated, however, that
speed is the best parameter available because no other engine
variable exhibits as many advantages as does speed. At
the present time speed is used almost universally as a thrust-
control parameter in turbojet engines.

It was felt that the needs of the control designer would be
best served if the dynamic behavior of engine speed could be
expressed in mathematical form and if altitude corrections to
this expression could be indicated. Also it is desirable to
know whether or not the engine dynemics can be predicted
within reason from the steady-state performance charts of the
engine components. Aeccordingly, the study contained herein
was pursued as follows: A differential equation relating speed
and fuel flow was derived by considering the thermodynamic
and flow processes to be quasi-static. Altitude corrections
were then applied to this equation in the same manner as
steady-state altitude corrections are applied. The coefficients
of the terms of the differential equation were obtained by
plotting accelerating torque as a function of fuel flow and
speed from calculations involving the use of the steady-state
performance charts of the engine components. A typical
engine was then operated under certain transients of fuel
flow to obtain experimental data for & verification of both the
differential equation derived and the coefficients obtained
from steady-state component data.

ANALYSIS

In a2 turbojet engine of the type under consideration, an
increase in fuel flow at constant speed causes an inerease in
turbine-inlet temperature, which results in an increase in
turbine torque. The difference between the turbine torque
and the torque absorbed by the compressor then accelerates
the engine according to the following equation:
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F1auRE 1.—Typileal configuration of turbojet engine.

where « is the angular acceleration, @ is the difference be-
tween the instantaneous torque output of the turbine and the
instantaneous torque absorbed by the compressor, and I is
the polar moment of inertia of all rotating parts. Thus the
effect of a change in fuel flow on engine acceleration is pro-
portional to the effect of a change in fuel flow on the difference
between torque output of the turbine and torque absorbed by
the compressor. From a general comsideration of the me-
chanics of the system, therefore, a differential equation relat-
ing speed and fuel flow can be written. This equation can
then be correlated with data from a typical engine of the type
under consideration. This procedure is demonstrated with
an engine consisting of the components shown in figure 1.
DEVELOPMENT OF GENERALIZED ENGINE EQUATION

For the equilibrium running conditions of turbojet engines,
various engine parameters may be represented by general
functional forms of the one independent variable, effective
fuel flow; that is, N=f(Wpm,), T—g(Wms), and so forth.
(All symbols are defined in appendix A.) The development
of general functional forms relating the variables during
transient conditions of operation requires some bypothesis
concerning the thermodynamic and flow processes during
these periods. The hypothesis made herein is that the proe-
esses are quasi-static; that is, they act like a continuous
series of equilibrium states. Each point of the dynamic state
is an equilibrium condition for the flow and thermodynamic
processes. It follows that a point reached by each component
of the system during the transient corresponds to some equi-
librium point for that component. Furthermore, the point
encountered by the complete engine, being & sum of the com-
ponents, is also some equilibrium point for the complete
engine.

Without eltering the turbojet-engine geometry, equi-
librium operating points other than the equilibrium operating
conditions can be obtained only by applying an outside

load to the engine. The action of an external load creates
an additional independent variable for the dynamic state.
This action may be expressed in terms of some engine
variable, which allows this variable to be considered as the
additional independent variable. For transient conditions
of operation, various dependent variables of the engine
may therefore be considered as functions of the effective
fuel flow and another engine variable,

Becguse this analysis is concerned with the transient
behavior of engine speed, this variable was chosen as the
additional independent variable for the dynamic slate.
Unbalanced torque was chosen as the dependent variable
because of its relation to engine speed. The assumed fune-
tional relation is therefore:

Q=F(W o) (1)

This function may be expanded about an initial point % as
follows:
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When the deviation from the point % is sufficiently small, the
terms containing products of higher derivatives and products
or powers of small numbers become negligible and only the
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first three terms of equation (2) are of significant value.
Furthermore, if the point 1 is a steady-state point ¢, the
initial value of accelerating torque @, is zero.

Yhen the deviations from the steady state are denoted
by A, the significant terms of equation (2) can be written as

o~ sy | AT m+(59), av ©

The accelerating torque can also be expressed as a function
of engine acceleration as

Id(N—N,)_,d(AN)
Q= dt =I dt &

Substitution of equation (4} in equetion (3) and rearrange-
ment give

r46M_ (@) ane
Lo leom(E) ey ®

Equation (5) represents the dynamic behavior of engine speed
in that it gives engine acceleration as a funection of fuel flow
and speed.

A graphical representation of equation (5) for given
altitude and ram conditions is shown in figure 2 (). The
@ =0 line is the steady-state operating line. The slope of

any constant-speed line of figure 2(a) at @=01is b(W - ):l
PRI
and the slope of any constant-fuel-flow line of figure 2 (a) at

@=0is (%%

- Egquation (5) can therefore be rewritten as

1 e g AT 1) — BN ®)

where @, 15 the numerical value of the slope of the torque-
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fuel-flow curves at constant speed and b, is the numerical
value of the slope of the torque-speed curves at constant
fuel flow.

Equation (6) holds only for constant altitude and ram
conditions. Because speed, fuel-flow, and torque can all
be corrected for altitude, however, equation (6) can be
generalized to be true for all altitude conditions. By
applying the standard corrections to the speed, fuel-flow,
and torque terms in equation (3}, this equation can be
rewritten in terms of corrected quantities:

2 (Q
(W n)
L 81\ 6. o

( V=) —

z) N—. = @
L \We/ L

Equation (4) may be written as follows after both sides of the
equation are divided by &; and + '8, and terms are collected:
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Yhen equation (8) is substituted in equation (7) the following

equation results:
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By designating all the corrected guantities with a subscript
¢ and by substituting the corrected curve slopes (fig. 2 (b))
for the partials, equation (9) may be written as

I-Jag d(ANc)=aa,cA(Wf ﬂb)c_ ba.cA-NG
5s dt

(10)

Equation (10) represents the dynamic behavior of the
engine in terms of corrected engine variables at constant ram.

An examination of equation (10) reveals several pertinent
facts concerning the behavior of engine acceleration under
altitude conditions. First, the coefficients @, and b,
are corrected quantities, which are nearly independent of
altitude although they do depend on ram. Second, the
burner efficiency affects the dynamic behavior of the engine.
Burner efficiency may have a considerable effect on engine
acceleration because the efficiency may change substantially
under transients in fuel flow. Last, equation (10) indicates
that the effective moment of inertia I+/6,/8; increases with
increasing altitude. Thus the permissible termperature-
limited acceleration is reduced with increasing altitude.

Equation (10) may be rearranged into the usual form for &
differential equation describing a simple first-order lag sys-
tem:

I8 dAND | \ s _Goe :
aﬂbo.c dt +AN°_b_a'—c A(W.fﬂb)c (11

With the equation written in this form, the coefficient. of
the derivative term is the time constant 7 for the system.
Equation (11) shows that the effect of increased altitude is
to increase the engine time constant above its sea-level value

by the factor +/6:/8,.

EVALUATION OF ENGINE CONSTANTS FROM STEADY-STATE
CHABACTERISTICS

In order to evaluate the slopes a, and b,, calculations were
made for a typical turbojet engine with a centrifugal com-
pressor, a sonic-flow turbine-nozzle diaphragm, and a fixed-

area exhaust nozzle by use of the compressor-performance
charts and the thermodynamic relations in the engine. The
method of making these calculations is presented in ap-
pendix B and is briefly outlined as follows: At constant
ambient conditions, the compressor torque and the turbine
torque were determined for & number of combinations of the
parameters, turbine-inlet temperature and engine speed—
parameters that are common to both the compressor and
the turbine in a direct-coupled engine. The calculations
were made by assuming constant compressor slip factor,
burner efficiency, fuel-air ratio, burner pressure ratio, turbine
efficiency, nozzle efficiency, and percentage accessory and
gear loss. The difference in torque between the compressor
and the turbine at any speed was considered an accelerating
torque, and the parameter turbine-inlet temperature was
expressed in terms of fuel flow. From these data, acclera-
tion could be plotted in terms of engine speed and fuel flow
for a set of constant ambient conditions. Because all the
engine parameters may be corrected for altitude, the caleu-
lations were carried through in terms of corrected quantities.

The results of these calculations for two ram conditions
corresponding to 0 and 340 miles per hour at sca level are
shown in figure 3. The curves of the left-hand plot are
essentially straight lines with variable spacing that cross-
plot to the curved lines shown on the right-hand side. The
curves of the left-hand side are nearly straight lines because
of the constant efficiencies assumed in the calculations. If
variable efficiencies are assumed, the shape of the curves will
be changed depending on the variation of efficiencics as-
sumed.

For the constant efficiencies assumed, the slope a, is nearly
constant over the power range and for large deviations from
the steady-state region. The slope b,, however, changes
substantially over the power range and for large deviations
from the steady-state region. This change in b, indicates
that some of the terms dropped from the expansion (equa-
tion (1)) may have significant value, especially for large
deviations from the steady-state line.
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Because the product of the moment of inertia and the | extent on the operating point of the engine, which is roughly
reciprocel of b, is the engine time constant, figure 3 indicates | defined by the engine speed and altitude. The effect of ram
that the engine time constant depends to & considerable | on both a, and &, is rather small.
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EVALUATION OF ENGINE CONSTANTS FROM TRANSIENT DATA

In order to determine the validity of the preceding analy-
sis, an engine of the type for which the calculations were
made was operated under conditions in which the fuel flow
was rapidly changed through a series of magnitudes in order
to obtain as large a region as possible of nomequilibrium
operation. Inattempting to impose operation of this nature
on the engine, it was necessary to include components in the
fuel system by means of which the fuel flow could be rapidly
changed from one value to another. The system used con-
sisted of two fuel lines from the pump to the fuel manifold
arranged in parallel. The regular engine throftle was in-
stalled in one line and another engine throttle in series with
a solenoid valve was installed in the other line. With the
solenoid valve closed, the regular engine throttle was adjusted
to give a selected lower engine speed. With the solenoid
valve open, the auxiliary throttle wes adjusted to give a
selected higher engine speed. The fuel flows for any two
steady-state engine speeds could thus be established and
nonequilibrium conditions were obtained by opening or clos-
ing the solenoid valve.

Fuel flow was measured by means of a thm-pla,te orifice in
the main fuel line with a differential-pressure gage to measure
the pressure drop across the orifice. Engine speed was

4800 ——

4400 \
\

4000 & 12,000
g

|1

0
3600 11,0007

Fuel flow, W, Ibjhr

/f

3200 @ 10,000 -

2800'% 9,000
5200

I

4800

R
8
\\

4000

/
18,000
/

3
Q

3600~ 1,000 N
2 /

Fuel flow, W, Ib/hr

/ e
3200 E 10,000 /

|V

e spe

2800 9,000
,5 —
2400 8,000

Tims, t, sec

FIGURE 4. —Typical time-domain curves of fuel fiow and engine speed for engine transfent
experiments.

7] / 2 3 4 5 6

measured by a standard electric tachometer indicating
revolutions per minute and time was measured by a clock
reading in thousandths of a minute. The data were recorded
simultaneously by a motion-picture camera at the rate of
12 frames per second. A preliminary investigation of the
response rate of the fuel-flow and speed-measuring instru-
mentation showed that it was capable of following much
more rapid rates of change than those encountered during
the engine runs.

Typical examples of the imposed transients of fuel flow
for accelerations and decelerations together with the resulting
speed-time curves are shown in figure 4. The experimental
data are shown in figure 5 in the same form as the calculated
data in figure 3 except that, for the experimental data, the ac-
tualfuel lowisused instead of theeffective fuel flow. The left-
hand side of figure 5 was obtained from the data as follows:
At a given speed, the acceleration and the fuel flow corre-
sponding to the same instant in time were measured. This
procedurc was repeated for a number of transient runs
resulting from various magnitudes of fuel-flow change. The
right half of figure 5 was obtained by cross-plotting the faired
curves of the left-hand side. The grouping of the data
points from several runs indicates that a unique relation
exists among torque, fuel flow, and speed, regardless of the
manner in which the point is reached.

Near the steady-state region, the experimental data follow
the results of the analysis and the calculations in that the
slope @, is virtually constant over the power range and the
slope b, varies substantially over the power range as indi-
cated in figure 5. For accelerations in excess of about +5
percent of rated speed per second, the engine begins to
exhibit large deviations from the calculated curves.

EFFECT OF ENGINE CONSTANTS ON CONTROLLED ENGINE

In matching controls to engines, the damping ratio is one
of the criterions used to evaluate the degree of matching.
Both engine coefficients and control coefficients appear in
this damping term. For example, if it is assumed thal a

_ control operating on speed error to vary fuel flow according

to the following equation

W= [ B, dit e~ )+ L)

is applied to the engine described by equation (11}, the com-
bined equation for the system becomes

(Fotovm) Ny (Lochl®y ) o

UP ) Qo c M
8v6:N.=BN,+eN,’+oN,"”

where the primes signify derivatives with respeet to time.
The damping ratio for this expression is

ba,c 52+ €
Qo,c M ) (12)

‘/ I+o, )
2 ﬁao,cﬂb-l_o-

Thus if it is desired to maintain a constant value of the damp-
ing term, such as eritical damping, it is evident from an
examination of equation (12) that if an engine coefficient

varies, some control coefficient must be varied in such a




DYNAMICS OF TURBOJET ENGINE CONSIDERED AS QUASI-STATIC SYSTEM

183

1024 1800 .
W,
3z;éz
(Ibjr)
I b
683 200 /q o0
‘% — T~
. A A \\\ l \\
34/ 600 : ~3= 3200
A 5
4 / ~
+ 34 ) Aﬁ// /n/ £ \\\ :
4 M~~._2400
kS
~ & yf/ / \ )
€ -3¢ § -600 v _—
S ) ﬁé/ N T~ /500
T - o —
O M
§ 683 5 -/200 . 4
S l
8 A
=
I
§ ~1024°g -1800
g g 41X
3
33
-g—laes © -2400
b g N/E: >
£ S fre -
8 o o’ §500 of
~1708 ~3000 8 399
410,600 §
v 10,500 -
» 1 1,000
-2048 -3600
-2389 -4200
-2730 -4800
(7] 1000 2000 3000 4000 7]
2% 1072 1100209 15, 2202 8000 8500 SO00C 9500 /G000 10500 1,000 1500

Corrected engine speed, Njy&;, rom

FicURE 5.—Relation emong acceleration or accelereting torque, fuel fiow, and engine speed corrected to compressor-inlet conditions relative to NACA standard atmospheric conditions at sea
lavel ag obtaloed from experimental data for a ram pressure ratio of 1.0

manner that the damping ratio remains substantially
constant. Figures 6 and 7 are plots of @, . and &,,., respec-
tively, as funclions of engine speed for the calculated data
and the experimental data. The slope @,. is virtually
constant and will have little effect on the damping ratio
but b,, may change the damping ratio considerably for
various operating points. If the variation is considered too
great, it will be necessary to vary a control coefficient to
compensate for the variation in b, .. Figure 7 indicates that
b, varies almost directly with engine speed, which would

indicate that one method of compensating for the variation
of b, . is to vary a control coefficient as a function of engine
speed.
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A plot of the corrected engine time constant as a function
of engine speed is shown in figure 8. The time constant for
this engine varies through a 4 to 1 range over the power
range of the engine.

DISCUSSION

In general, the correlation between the calculated results
and the experimental results is considered good and would
be better if an approximation of burner efficiency were in-
cluded in the calculations. This correlation indicates that
for an engine of the type investigated, operating near the
steady-state region, a good approximation of the dynamic
characteristics can be made as soon as the component
characteristics are available. Thus an engine may be
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FIGURE 8.— Values of corrected engine time constant at steady-state point plotted against
englne speed correoted to compressor-inlet conditions relative to NACA standard atmos-
pherie conditions at sea level for caloulated and experimentsl data.

designed, at least to a certain extent, to have good transient
characteristics as well as good steady-state performance
characteristics or at least a compromise may be reached
between transient and steady-state performance if the two
conflict in certain configurations.

Although the correlation in the steady-state regions is good,
the correlation in the region of large accelerations can be
regarded as only fair and in the region of large decelerations
as poor. A possible explanation for the poorer correlation
in the accelerating region is that the engine is approaching
the aceceleration blow-out region in the burners, which is a
region of apparently low burner efficiencies. Temperature
data taken during the experiments indicated that when
excessive amounts of fuel were suddenly added combustion
occurred through the turbine and the tail cone, which would
result in low burner efficiencies during these periods.

The large deviations between calculated and observed
values of deceleration seem to have no obvious explanation.
The very large decelerations observed would indicate that
very large reductions in torque output of the turbine oc-
curred. These reductions can be only partly accounted for
by the normal steady-state effect of & reduction in tempera-
ture on turbine torque. The reduction in temperature that
did occur may possibly have caused a rotation of the
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turbine-entrance-velocity vector relative to the blade to a con-
dition of negative angle of attack. Such a condition corre-
sponds to a high value of turbine-velocity ratio for which
the turbine efficiency is rapidly falling. The existence
of & negative angle of attack together with the inereased
air flow and consequently increased compressor torque that
results from & reduction in temperature gt constant speed
could conceivably cause large decelerating torques. The
existence of a negative angle of attack would also explain
the position of the sharp breaks in the curves of figure 5,
because at low speeds the steady-state angle of attack
is greater than at high speeds, which are near the design
condition; therefore a greater reduction in temperature at
constant speed is necessary to cause negative angles of
attack and a consequent sharp change in curve slope. The
preceding discussion would seem to indicale a possible
explanation for the sharp change of slope for deceleration
points but does not explain the vertical parts of the curves,
which indicate that wvarious decelerations occur with the
same turbine-inlet temperature. A check of the dala,
however, indicated that along the vertical part of a constant-
speed line of figure 5 the deceleration value was consistent
with the rate of change of fuel flow; that is, the deceleration
value increased with increasing rates of change of fuel
flow. Thus, if the burner efficiency reduced as a function
of the rate of change of fuel flow so that the temperature
was reduced, the vertical lines of figure 5 seem logical.

CONCLUSIONS

The following conclusions are drawn from an analysis of
the dynamic behavior of, and from transient data obtained
from, a typical turbojet engine with a centrifugal compressor,
s sonic-flow turbine-nozzle diaphragm, and & fixed-arce
exhaust nozzle:

1. Accelerating torque is a function of fuel flow and
engine speed. A linear differential equation approximately
represents the transient behavior of the engine speed for
accelerations less than approximately 5 percent of rated
speed per second.

2. The transient equation of the engine may be obtained
from the steady-state performance of the engine components
to a degree of accuracy that will permit the prediciion of
the engine transient characteristics as soon as the component
characteristics are available.

3. A trensient equation for engine speed may be derived
including the effects of altitude by the use of correcled engine
variables in the derivation.

4. The manner in which the control constants should be
varied to compensate for the changes in engine character-
istics with altitude and with engine speed may be predicied
from an analysis of the combined engine and control equation.

Lewis Friear ProrursioN LABORATORY,
NatioNaL ApvisorY COMMITTEE FOR AERONAUTICS,
CrLEvELAND, OHIO, July 27, 1949.



APPENDIX A

SYMBOLS
The following symbols have been used throughout this | @r torque output of turbine, Ib-ft
report: total temperature, °R
A exhaust-nozzle area, sq ft t time, sec
a partial of torque with respect to either effective or We air flow, Ib/sec
actual fuel flow at constant engine speed 5% fuel flow, Ib/hr
29 20 W, total gas .ﬂow, Ib/sgc _
3y m) arr,) a acceleration of engine speed, rpm/sec b
. g coefficient of integral control component, __db/hr
b partial of torque with respect to engine speed at con- (rpm) (sec)
stant values of either actual or effective fuel flow | 7 ratio of specific heats
& altitude pressure ratio, P,/14.7
1Y . . Ib/hr
(bﬁ\) € coefficient of proportional control component, Tpm
¢s,c  average specific heat for gas passing through com- | 72 burner efficiency, percent
pressor (assumed at 0.243 Btu/ (Ib) (°F)) 7 turbine efficiency (assumed at 83 percent), percent
e,,r  average specific heat for gas passing through turbine | altitude temperature ratio, 73/518.6 (lb/hr
(assumed at 0.276 Bty (Ib) (°F)) a coefficient of derivative control component, ———I)EIE
H,  lower heating value of fuel, 18,400 Btu/b . engine time constant, sec P
h enthalpy, Btu/lb .
.. . (2% Subseripts:
I polar moment of inertia of rotating parts, 5.427 50 ¢ corrected
(Ib-ft) (sec) (min) (rad)/revolution ' 1 any engine operating point
N engine speed, rpm ) any steady-state operating point
N, set value of engine speed, rpm 0 ambient
P total pressure, 1b/sq ft 2 compressor inlet
P static pressure, Ib/sq ft 3 compressor outlet
Q accelerating torque, Ib-ft 4 turbine inlet
Qe torque required by compressor, Ib-ft 5 turbine outlet
APPENDIX B

ENGINE-TRANSIENT-CHARACTERISTIC CALCULATIONS

In general, the method used to ealculate the characteristies
of an engine operating under transient conditions involves
determining the difference between compressor torque and
turbine torque for assumed values of engine speed, turbine-
inlet temperature, ambient conditions, end ram pressure
ratio. Figure 9 is a chart of typical compressor character-
istics obtained from unpublished data. For assumed values
of ram pressure ratio, ambient conditions, engine speed, and
turbine-inlet temperature, corresponding values of com-
pressor pressure ratio and corrected air flow may be deter-
mined. The torque required by the compressor for the
assumed conditions may then be calculated from the follow-
ing equations:

T, N
T‘_1+0 5079%X10 8( = B1)
Qe=cy.o(T,— Ty TLTTE 60 ®2)

Equation (B1) is developed for an assumed slip factor of
213637—33——18

0.925 and a compressor rotor diameter of 2.5 feet. The
definitions of the symbols used are given m appendix A.

The equation for the torque output of the turbine is
similar to equation (B2) in that it involves the temperature
drop through the turbine, the gas flow, and the speed. The
speed and the gas flow are known from the assumed condi-
tions and the resulting compressor point. The temperature
drop through the turbine, however, must be determined, for
the operating point. In the absence of a complete turbine-
performance map, general thermodynamie relations defining
typical turbine operation must be utilized. A relation be-
tween turbine pressure ratio P,/Py and turbine temperature
ratio /T,/T; is determined by essuming a constant turbine
efficiency as expressed by the following equation:

— = (B3)
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Flreurk 9.—Compressor characteristics corrected to compressor-inlet temperature and pressure relative to NACA standard atmospherle conditlons at sea level, Curves of constunt ratlo of
surblne-inlet temperature to compressos-iniet temperature for engine are superlmposed on compressor-characteristie curves. {Obtalned from unpublished data.}
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Figore 10.—Relation between turbine totai-pressure ratio and total-temperatare retio at
constant turbine efflciency of 0.83.

LI0

For this analysis nr was assumed at 83 percent, and v, was
assumed at 1.33. The resulting relation between +/T/T
and P,/Ps is plotted in figure 10.

Because critical flow exists in the turbine nozzles over the

power range, the corrected gas flow through the turbine
nozzles will have a constant value. For this engine, unpuh-
lished data have indicated that the corrected gas flow will
have a value expressed by the following equation:

WI\/(MQ)(IA =41.6 Ibfsee
@
14.7/\1.4
This equation may be expanded as follows:

> [T Tt .P.e)
Weysis 410vid\p
. })5 =

A

(B4)

e

]

14.7

For an effective exhaust-nozzle area of 1.87 square feet and
with v, assumed constant at 1.33, the preceding eqtiation
becomes

P,
2 s -2
Wt _2' "0 Py -
Ass T,

Ty
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La FiGURE 13.—Relation between englne-pressure ratfo and torbine-pressure ratio for exhaust-
a 1a a0 i 30 <44 8¢ nozzle area of 1.87 square feet.
Corrected gas flow per unit exhoust-nozzle areqa, -
Wo+/8 . .
—T—g °— Ibf@ec)(sq T Figures 10 and 12 can then be used to obtain P,fp, as a func-
ds A R N R i b
FiGCRE 11.—Varietion of exhunst-nozzle presgure ratio with gas flow per unit exhaust-nozzle tion of PJ‘?"' TIJ.IS relatlon 18 ShO.WIl. 1n ﬁgur E 13.
area correeted to total pressure and temperature In the exhanst nozze relative to NACA The turbine torque for each condition for which compressor
standard atmospheric condltions at ses level. (Obtained from unpublished data.) torque was computed can now be found. In this enalysis,
26 it was assumed that P,/P; was constant at 0.95, which

determines P, for each compressor point, and that T/l
was constant at 1.015, which determines 17, for each compres-
gor point. With the use of the value of P, obtained by
applying one of these assumed relations to the value of Py
obtained from the compressor-torque caleulations, +/F,/T
can now be obtained through the use of figures 13 and 10,
guccessively. The turbine torque corresponding to the
assumed conditions of ram pressure ratio, ambient con-
ditions, engine speed, and turbine-inlet temperature can then
be computed from the following equation:

R

fpo
K

I
[s)

Exhaust-nozzie pressure ratio, Ps
-~
©

W, (778) (60
Qe=cy,r (T~ Ty =TT 00 ®6)
L8 L
A The accelerating torque can then be ealculated from the
/ following equation in which 1 percent of the turbine torque
L4 / or power was assumed lost to the accessories and to gear
4 and bearing friction:
] -
L2 A/ Q=0.99 Qr—Qc=Ia _ (B7)
10 — A plot of angular acceleration as a function of engine speed,
To La » =1 0 turbine-inlet temperature, and effective fuel flow W, for
ﬁ' ram conditions corresponding to an airplane velocity of 0
. ] and 340 miles per hour at sea level, corrected to NACA
Fuocee '2'_$$;;Mpmm'mfm" e,hs,mif;;"&f?ﬁ:;ﬁff? sadwm | stendard sea-level conditions is shown in figure 14. The

effective fuel flows were obtained by use of the following
From equation (B5) and figure 11, which is plotted from | equation, which assumes no time lag between temperature
unpublished data, values can be obtained for a plot of Ps/p, | and fuel flow:

as a function of (P,/P;)/+/T,/Ts for an exhaust-nozzle area w _ Wa(hi—hg) 3600

of 1.87 square feet. This relation is shown in figure 12. Fa= H, (B8)

H
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The values of A, and ks corresponding to the assumed tem- | was obtained by plotting the constant-speed lines of figure
perature T, and the temperature T; calculated from equation | 14 and then cross-plotting to obtain the constant-fuel-flow
(B1) can be found|from a table of enthalpies. Figure 3 | curves.
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