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By Emil J. Kremzier

SUMMARY

A method of evaluating the ratio of aircraft thrust minus drag to
ideal thrust for any inlet pressure recovery is presented for airplanes
with air-breathing propulsion systems. The quantities required for this
evalvuation include flight Mach number and eltitude, engine total-
pressure ratio and total-temperature ratio, engine air-flow requirements,
and airplane drag. Variation of the ratio of incrementsl chenges in
inlet pressure recovery to incrementsl changes in drag coefficient re-
quired to maintain & given level of airplane or propulsion-system thrust
minus drag is presented. Three types of typical air-breathing engine
having equal air-flow capacities sre compared at given operating points.
Application of the method to the determination of inlet mass-flow ratio
for maximum thrust minus drag is also included.

INTRODUCTION

The air-induction system of an aircraft with an alr-breathing
engine should supply the prescribed air flow to the engine st high pres-
sure recovery with as little external drag as possible. It is often
possible to increase the internal thrust of the propulsion system through
inlet design modifications that increase the operating pressure recovery
of the inlet. If such an increase in pressure recovery is obtained with-
out increasing the airplane drag coefficient, an increase in airplsne
thrust minus drag will result. If, however, an increase in airplane ex-
ternal drag coefficient accompanies the increase in inlet pressure re-
covery, the resultant effect on the sirplane thrust minus drag cannot be
determined without further evaluastion of the propulsion-system parameters.

A method of evaluation of air induction systems combined with arbi-
trary jet engines from considerations of induction-system air-handling
qualities and engine component characteristics is presented in reference
1. Reference 2 presents a simplified method for comparing the perform-
ance of supersonic ram-jet diffusers. The purpose of the present report



2 RACA TN 3261

is to present & method for evaluating the effects of inlet pressure re-
covery and drag on propulsion-system-thrust-minus-drag performance from
considerations of englne over-all "pumping" characteristics.

The analysis presented herein applies to a complete airplane or its
propulsion-system components where selection of, or design modifications
to, the inlet are being considered. Inlet design considerations such as
incorporation of boundary-layer removel systems on scoop-type inlets,
inlet location on the aircraft, and choice of cowl fairing and lip angle
will determine the level of pressure recovery gt which the inlet will
operate together with the assoclated airplane external drag coefflcient.
If the various levels of pressure recovery and drag coefficient for these
design considerations are kmown, the equations and curves presented
herein facilitate the choice of inlet for maximum thrust minus drag.
Other factors that may be affected by inlet design modifications such as
changes in alrplane and component weights or changes 1n engine fuel con-
sumption are not congidered.

SYMBOLS

The following symbols are used in this report:

A flow aresa

AL compressor-iniet flow area of turbojet engine

A% flow area at M = 1.0

CD dreg coefficient, D/qOS

ACD incremental drag coefficient

Cy internsl thrust coefficlent, F/qAq

D drag

F internal thrust of engine and inlet combination

f/a fuel-air ratio

k slope of internal thrust ratic - pressure recovery curve
M Mach number

m mass-flow rate

n/my inlet mass flow ratio, unity when free-stream tube as defined

by cowl 1lip enters inlet

3328
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N/N¥* ratio of actual to rated mechanical engine speed.
P total pressure

‘A(PZ/PO) inlet incremental pressure recovery

P static pressure

45 free-stream dynamic pressure, gg-posz
R gas constant

S airplane drag coefficient reference area
T total temperature, °R

t static temperature, °R

v flow velocity

W, weight flow of air passing through engine
T ratio of specific heats

8 p/2116

8 T/519

i 1+ f/a

Subscripts:

0 free-stream

1 inlet entrance

2 diffuser exit

e nozzle exit

i ideal inlet operation, P,/Py = 1.0
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ANATYSIS

One type of propulsion-system effectiveness can he determined from
the difference between internal thrust and .the associated configurstion
or component drag. If a fully expanded exhsust nozzlel with no total-
pressure loss 1s assumed for simplicity, the propulsion system internal
thruet is related to the efficiency of the air induction system. With

the station designations of figure 1, a thrust parameter for air-
Cp + 2

breathing engines is derived in appendix A. This parsmeter is
UTe/TZ

g function only of free-stream Mach number and propulsion-system over-

all total-pressure ratio. A linear approximation to eguation (BZ) for

the intermnal thrust ratio F/Fi wes made in appendix B for a limited

range of inlet total-pressure recovery (fig. 2). This range is probebly
applicable to most inlets designed for the Mach number range consgidered
herein (up to free-stream Mach number Mg of 3.0). For higher Mach num-

bers, other approximations to equation (B2) may be necessary.

3328

A set of curves for the evaluation of ideal Internal thrust coeffi-
cient CF,i (based on free-stream tube area for inlet pressure recovery

Py/Py of 1.0) and slope of the thrust ratio - pressure recovery curve

k of figure 2 obtained from the equations derived in the appendixes is
presented in figure 3. The curves in quadrant I (fig. 3) may be entered

Cp,1 + 2 -

Reading to the
‘vTe/TZ

right in quadrant IT with Te/Tz yields CF,i' Entering quadrant IIT
Cr +:a)
CFy1 t Y py/py=0.667
together with CF 12 determines k in quadrant IV.
2

with (Pe/PO)i =P, /P, and My to obtain

with (Pe/Po)i and M, gives the ratio , which,

Generalized engine pumping characteristics for a typical turbojet
engine are presented in figure 4. From curves such as these,” engine
total-pressure ratloc Pe/PZ and total-temperature ratio Te/Tz can be

determined for any corrected-engine-speed . ratio Eé@éé and used with

figure 3 to obtain CF,i and k, as dlscussed previcusly. Knowlng Xk,
the variation of internal thrust ratio with inlet pressure recovery

lThe assumption of a fully expanded exhaust nozzle results in values
of propulsion system thrust coefficient substantially the seme as those
obtained with a sonic nozzle for flight Mach numbers up to about unity.
As flight Mach numbers sre increased into the supersonic region, however,
considerably higher values of thrust coefficient are obtained with the
fully expanded exhaust nozzle. -
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PZ/PO is defined. If the generalized engine characteristics are un-
available, the engine total-pressure and total-tempersture ratios for a
given set of engine operating conditions can usually be obtained from
the engine manufacturers' performance chaxts.

In order to evaluate the thrust minus drag of an aircraft, the con-
figuration drag must also be knowh. A convenient expresgion for the

evaluation of thrust minus drag is F:E D The quantlty F/Fi has been

i
discussed in the preceding section, so that only D/Fi, which is defined
as follows remsins to be considered:

D __ OB
Fi  Cg,ifo,1

Airplane drag coefficient Cp will, of course, be influenced by such

factors as the aerodynamic shape of the eirplane, the flight Mach number
and altitude, and the inlet mass-flow ratio. The inlet size is deter-
mined from inlet-engine matching criteris (ref. 3}. Once the inlet size
has been selected, the drag associated with the inlet will be determined
by the sir-flow requirements of the engine. Typical turbojet-engine air-
flow requirements are shown in figure 4(b) as a function of corrected-
engine-gpeed ratio. In order to evaluate an alrplane drag coefficient

at a given flight Mach nuber and sltitude, the variation of drag coef-
ficient with engine air-flow reguirements must be known.

With engine air-flow requirements obtained from figure 4(b), the
ratio of 1desl free-stream tube ares to compressor-inlet flow area
AO i/Ac can be determined from the curves of figure 5 based-on contin-
J

uity relations: WEW/E

0.02022 m

(8% /a0

AO,i/Ac =

Knowing the compressor inlet flow area Ac’ it is then possible to solve
for AO i
2

The evalustion of QF i has been discussed in the preceding section
2

and S is 2 known quantity for a given aircraft. Thus all quantities
necessary for the determination of D/Fi have been discussed.

By definition, CF,iAO,i = Fi/qO' Consequently, the term QF,iAO,i
mey also be evaluated by dividing the engine ideal thrust by 4p, Pro-
viding such information is more readily available than that presented
in the foregoing paragraphs.
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The quantity for a given airplane-engine combination has

-D
Fi

been shown to be a function of inlet pressure recovery and airplane drag.

For an increase in inlet pressure recovery a.nd./or 8 decrease in airplane

drag, ET.;]?' obviously increases. If the inlet pressure recovery and

airplane drag simultaneously increase or decrease, their combined effect

E ; D is not immediately spparent end the individual terms must be
i
evaluated to determine the trend of this quantity. It can be pointed

out, however, that if F ]s: D

i
pressure recovery and drag coefficlent would increase the propulsion
system fuel consumption because of the increase in size of the free-
stream tube of air passing through the inlet at a given engine operating
point (appendix B).

on

remains unchanged, an increase in inlet

It may be of interest to cbtain the increment in inlet pressure
recovery required to overcome a certain increment in airplane drag coef-
ficlent associeted with an alrplane design modification. For this con-

dition, the quantity E F-'iD remains constant:
- P ¢
F_F__D =k _PE + (1 -x) - 75— _ES = constant (1)
1 0 F,1°0,1
or
) AC
A&LFTE':B.'A.ISE)-E—_]A)_S—_:O (2)
i 0 F,1%0,1
then
AC
LA _§_2_> | M8
o/ Cr,ifo,1
and
Alpa/®o) g (3)
£Cp kCp 380,31

For a given airplane then, where S remains fixed, the quantity
A(Po/Pg)

—EB_— is a function of the factors Xk, GF,:L’ and Ao,i as determined

3328
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in the preceding sections. Thus, if the engine pumping characteristics

A(P,/Py)
(fig. 4) and compressor-inlet area A, are known, &g can be

evaluated for any free-stream Mach number, altitude, and engine opersat-
ing point.

As will be discussed later, equation (3) can also be aspplied to the

evaluation of inlet mass-flow ratio for maximm F % D.
i
Illustrative Example
A(P2/Pg)

An i1llustration of the evalustion of can be obtained by

AT
D
considering a turbojet engine (no afterburner) with pumping charascteris-
tics as shown in figure 4. For this example, the following assumptions
are made:

Free-stream Mach mumber, My . . . . . . . « ¢« o v 0 v o0 2.0
Altitude (isothermal region of atmosphere), ft . . . 35,000 and above
. T T
t,OR(ref.4).........................3920
t/T (ref. 4) . .« « .« v 4 4 e e e e e e e e e oo ... 0.5556

From this informstion, Ty = T, = 706° R and +/6 = 1.166. Corrected

engine~speed ratio

N/+/6 1.0 _
3% - L.ie6 ~ 0-8%7

From figure 4,

Po/Pp = 1.41
and

To/Tg = 1.97

Entering quadrant I in figure 3 with P /Py or (Pe/Po)i of 1.41 and
Mg of 2.0 and reading across into quadrant II with T./T3 of 1.97,
yields a value for CF;i of 1.15. Quadrant III may then be entered
with the same values of P./P, and My (1.41 and 2.0, respectively) to

+ 2
obtain the ratio (CF—” With this ratio and Cp i
CF,1 P,/P,=0.667.
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already determined, k may be evaluated in quadrant IV. Dashed lines
wlth arrows have been drawn on figure 3 to indicate the procedure to be
followed in resding the curves. For thls example, a value of k of
1.37 is obtailned.

From equation (3),

A(P3/Pg) 5 /80,1

Cy, KCp 1ho,1 L.37%1.15

and
A(Py/Pg) s
e = 0.634 ——
D A0,1
A(Ps /P A~
Variation of ( 2/ O) 0,1

ye 3 with free-stream Mach number My is pre-
sented in figure 6. Curves for the turbojet engine with afterburner and
for a ram-Jjet engine have alsoc been included. A nozzle-exlt total tem-
perature T, of 3500° R was assumed for these two engines. The com-
parison for all these engines is based on equal air-flow handling
capacities.

A(P,/Po) Ay 4
Values of e é on the curves of figure 6 are a function
D

only of the engine total-pressure and total-temperature ratlos for a
given flight Mach numbef and altitude. For the operating conditions
A(P5/P
chosen, the value of Ag/ O) A?gi
for the turbojet engine (no afterburner) is approximately twice that for
the ram-jet engine or turbojet engine with afterburner. This comparison
would change, of course, for a change in the operating point of any of
the engines. For a turbojet-powered airplane using the wing area as a
reference, a typical value of S/Ao,i might be 25. The quantity

A{Po/Pg)

N for this value of S/Ao,i at a free-stream Mach number of 2.0,
D .

is 15.8 (fig. 6). To maintain a constant value of = F"iD then, an in-

at a free-gtream Mach number of 2.0

crease of 0.001 in drag coefficient would reguire an increase of 0.0158

- A(Pa/Po)
in inlet pressure recovery. If ~Xp for the actual airplane is

greater than 15.8, the pressure-recovery increase will outwelgh the in-

cregse 1n drag coefficient and ¥ ; D will increase. The converse of
i

this statement is also true.

3328
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Inlet mass-flow ratio for optimum thrust minus drag of the inlet-
engine combinetion may also be obtained from eguation (l). Maximm

(32)
a(m/mn)

to equation (3) in differentisl form and, if expressed in terms of inlet
mass-flow ratio, . .

thrust minus drag occurs when = 0. This relation leads directly

a(P5/Py) S acp,

alm/my)  XCp,ilo,: dlm/mg) (4)

From the sgsumptions of the foregoing example, Eﬁg—szs—— = 15.8. A
70,1

ac
reslistic value of ——r—c (at M, = 2.0) would bé on’the order of -0.5
a(m/mg)

based on cowl-lip ares (see ref. 5, e.g.). If the reference area is con-
ac

verted to wing ares, ilm 20) becomes -0.0167 for a ratio of wing area to
a(Po/Pn)
cowl-1lip area of 30. Thus EIE§£6%_ = =0.264 for the preceding condi-

tions. Consedquently, the point on the inlet pressure recovery - mass-
flow~ratio curve where the slope is equal to -0.264 defines the inlet
F E D 45 obtained. For
i

the inlet of filgure 7, this mass-flow ratioc is gpproximately 0.82 as
determined from the point of tangency of the dashed line (slope = -0.264)
and the pressure-recovery curve. The optimum mass-flow ratio obtained
in this manner represents a more rapid process than that of calculating
the thrust minus drag for a range of mass-flow ratios to determine the
maximum value. Veristion of inlet drag coefficient (based on inlet cap-
ture area) with mass-flow ratio is also included in figure 7. This
variation is not necessarily linear as shown for the typical inlet chosen,
but a linear spproximation to a nonlinear drag coefficient curve can
probebly be made for the range of inlet mass-flow ratios concerned. It

F -D

¥y

occurs in the region between critical (minimum drag) and pesk pressure
recovery. . .

mass-flow ratio for which a meximum value of

is interesting to note that the mass-flow ratio for maximum

CONCLUDING REMARKS

The derivations and the curves presented herein permit evaluation
of the ratio of aircraft thrust minus drag to ideal thrust In order to
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facilitate the choice of inlet for its propulsion system. An equation
for the ratio of incremental changes in inlet pressure recovery to asso-
cieted incremental changes in configuration drag coefficient required to
maintein a constant level of thrust minus drag is presented. This equa-~
tion is also applicable to the determination of inlet mass-flow ratio
for meximum thrust minus drag. The method applies to any air-bregthing
engine where total-pressure ratio, total-temperature ratio, and air-flow
requirements are known.

Lewls Flight Propulsion Laboratory - _
National Advisory Committee for Aeronsutics
Cleveland, Ohio, June 29, 1954 _—

T'xzon
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APPENDIX A

DERTIVATION OF THRUST PARAMETER FOR ATR-BREATHING PROPULSION SYSTEM

For a power-plent installation with a completely expanded exhaust
nozzle at each flight condition (fig. 1), the internal thrust is given
by

F = mve - mv (A1)

In coefficient form hased on the free-stream tube area of the air flow
passing through the engine, equation (Al) becomes

—Zie’ 2

oxr

ro-1 1/2
O >
Me |YReTo [ 1+ 7 — Mo
Cp = 20 i~ |7 R T T -2 (a2)
Mo {ToRoTo 1+ Te "ty 2
2

Transposing terms and converting exit Mach number to pressure-ratio
relations yields '

1/2
r.-L
ero ol i) ?
+ 2 2 (Pe) €
= 1- (= (a3)
fele /2 Yo Te ot Fe
"\ Bolo

For a completely expanded exhaust nozzle, p, = py and, for equation (A3):

Consequently, equation (A3) can be written as
1/2

Ta-1

To - 1 2 1/2 =

Cp + 2 2l —— My 2 l_(P_o%)Ye

1/2 Y. -1 P, P
(reReTe) / Yo < °
i sioms

(AZa)
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CF + 2

Cfeaeme)lf ?
u S——————
: YRoTo
free-stream Mach number and over-all power-plant total-pressure ratio,

TeRe)l/z _,

P./Pp- For this analysis, it was assumed that p,(

Tofo,

and the thrust parameter becomes & unique function of

Te = 1.32, eand Yo = 1.40.
The over-all total-pressure ratio Pe/P0 may be expressed as

Po = Pa Fo

where Po/P, is the inlet pressure recovery and P./P; is the engine

pressure ratio. Thus for a given engine pressure ratio, the effect of
inlet pressure recovery on over-all total-pressure ratio, and, conse-
quently, thrust parsmeter, can be determined.

3328
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APPENDIX B

EVALUATION OF VARIATION OF INTERNAL THRUST WITH INLET
PRESSURE RECOVERY

If, for a given engine at a given operating point, the engine total-
pressure ratio P./P,, total-tempersture ratio T./To (T./Ty = T./T4),
and free-stream Mach mmber M, are known, the variation of F/Fi with
Po/Pp can be determined from equation (A3a) with the aid of equation

Pe Pg
My, and po/Po (function of M,) are inserted into equation (A3a), a
velue of Cp i is cbtained. For values of P,/Py < 1.0, Cp can be
determined by inserting the appropriate values of P./Py into equation
(A3a) as determined from equation (A4). For each value of P,/Pg
assumed then & value of CF/CF,i can be obtained. Now

(A4). For Py/Py = 1.0 When these values of Pg/Pg, T./Ts,

F _ S Crfo

= = . (Bl)
F; = Cp,19%,1 Or,i%0,1
and
Ay mp  PaAp(A¥/Aj)
By,1 mp,i  Pp sAp(A¥/Rp)y
At a given engine operating point, Mz is constant; consequently,
A%fn, = (a%/A5)4 a:me,.‘on/‘on,i = Pz/Pz’i = P,/P,. Therefore,
F P2 Cp
- e (B2)
i 0 R,

Variation of F/F; with P,/P; .1is shown in figure 2 (solid line)
for Mg = 2.0, P./Pg = 2.38, and T./T, = £.0. The curve is seen to be
nearly lineasr and could be spproximated with a straight line (long
dashes) drawn between the end points at F/Fi =0 and 1.0. This approx-

imstion would introduce some error, however, particularly in the middle
region of the curve. A more accurate spproximstion can be obtained by
assuming a linear variation of F/Fi for values of Pz/PO between

0.667 and 1.0 (short dashes) which is in good agreement with the actual
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curve (solid line) for most of the useful range of inlet pressure recov-
eries obtaineble at free-stream Mach numbers up to sbout 3.0. This
straight-line spproximation for F/Fi can then be written

F P2
g k 5 + (1 - k) (B3)

where k is the slope of the curve and is given by

t- (F/Fi)Pz/Po=o.667 Cp
k = 0.353 m=3- 2(%;:; (B4)

P,/Py=0.667

For convenience, a set of curves obtained from equation (B4) and the
equations of appendix A have been presented in figure 3 for the deter-
mination of k.
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Internal thrust ratio, F/F;

NACA TN 3261

-————— Theoretical variation

e —e— Firdt lineexr approximetion

== === Linear spproximatlon used
in analysils

. 4
/
) /4

0 .2 .4 .6 .8 1.0
Inlet total-pressure recovery, Pp/Pq

Figure 2. - Thrust ratic variation. Engine total-pressure
ratio, 2.38; engine total-temperature ratio, 4.0; free-
stresm Mach number, 2.0. ’
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Figure 4. - Generalized engine characteristies for typlcal
turbojet engine.
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Figure 6. - Parameter relating ratio of incremental pressure recovery

to incremental drag coefficient to meintaln constant thrust minus
drag. Isothermal region of atmosphere.
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Figure 7. - Typlcal inlet-pressure recovery and
drag coefficlent varistion at free-stresm Mach
number 2.0. Drag coefficient based on inlet
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