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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEMRCH MEMORANDUM

ARRAN~soFJETENGmm AmFRAMEFoR

By Roger W. Luidens

SUMMARY

ImRmSED RANGE

A nuder of factors affecting engine-airfrsznearrangements sre
evaluated in terms of range. AU the effects considered are related to
the engine internal flow. Appropriate equations are developed and eval-
uated for flight Mach numbers from 1.0 to 5.0, for ram-jet and turbojet
engines with cycle teqeratures from 25000 to 3500° R, and for airplane
lift-drag ratios of 4 sad 8. The foil.owhg are exsqles of the calculated

y results at a flight Mach ntier of 4.0 for a ram jet with a maxm cycle
g teqerature of 3500° R, for an airplane with a lift-drag ratio of 4. Lo-

cating the engine inlet under the tig ticreases range 16 percent. cant-
= the exhaust jet for lift to the opttium angle increases range about
9 percent.. Ustig internal engine nnnents to avoid trti drag may increase.
range by 8 perc=t. Using airframe boundary layer in
shows possible theoretical gains h rsnge of about 17

‘4

INI!ROIfJCTION

This report discusses, from the point of view of

the engine cycle
percent.

the propulsion sys-
tem, some of-the arrangants of the engtie with respect to the airplane
that wiU yield ticreased airplane range. All the effects discussed are
rela.ted to the engine internal flow. The factors of engtie arrangement
considered are inlet location, Jet cant, use of engine moments for trh,
and use of boundary layer in the engine. The purpose of the report is
then twofold: (1} to develop the appropriate equations, and (2) to eval-
uate these equations for several values of the involved parameters to
establish orders of &gnitudes and trends. The quat itative results are
presented as percent change in airplane range as a function of flight
Mach ntier for two values of airplane lflt-drag ratio and for two engine
cycle temperatures.

A nuuiberof the ideas evaluated in this report have been previously
b discussed (e.g., ref. 1) but not evaluated h te- of airplane range.

The developments snd engtie perfo-ce of reference 2 are a background
and basis for the ~resent work.*.

●✍✎
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ANALYSIS AND DISCUSSION
v

The following approach is taken in the.smalysis. A reference air-
plane illustrated in figure 1 is assumed, and the effect of making
changes from the configuration is calculated; The aiz@ane components
such as the wing, fuselage, amd engine rema+ fixed in.size} om_thei–r–
arrangement being changed. !I!hisapproach avoids the p-Toblemof haying.
to evaluate weight changes. The exact arrs.ggement.of+he reference.a~-
plsne will be made clesx in the coume of discussing modifications to
it. Percent-increase in airplane range is ?.hequ~tit.ative measure of_
performance used in the analysis. Other airplane features are mentioned
qualitatively.

—

The detailed mathematical developments-bf the analysis are pre-
sented in the appendixes. Basic to most of+$he analySi6 i6 the.assump-.
tion of small changes. When the calculated changes iqrange become
large, their precision degenerates. Of coufke, large”-chQngesare the
interesting ones. Thus, the accuracy of I_a&gegains my be in question,
but the trends are correct: The symbols used are given in appendix A,
and the mathematical approach to.the range equations $S discussed in
appendix B.

The body of the report explains principles and discusses numerical
results from the analysis. For most of the calculations, a turbojet cy-
cle having a 2500° R turbine-inlet temperat~e was us&d below Mach 3.0
and a ram-jet cycle above Mach 3.0. The curves are ia general plotted
from M = 1.0 to 5.0, for engine cycle temperatures o~no afterburning
for the turbojet, 2500° R final.temperature-for the rsm Jet, and for
3500° R final temperature for both. Airplanes with msximum lift-drag.
ratios of 4 and 8 are Gva.lua.ted.Airplane modifications are discussed
in the following order: inlet locations to.reduce inlet momentum, in-..
let location to increase pressure recovery, jet cant for.lift, engine --
moments for trim, and use of boundary ~ayer~-inthe engine cycle.

—

—..-

,_

-i”
—.—

.-

,-

Inlet Location to Reduce Inlet Momentum

Locating the inlet on the airplane to o>ta@ ~cy~asedrange is
considered first. The following two effects are treated analytically:
(1) the effect of locating the tilet to redg$e met ?QQmentw% ad (2).. .
the effect of locating the inlet to increase 3nlet pressure recovery.
The detailed mathematical development of the.effect on range of inlet -
location to reduce inlet ~mentum iS given M append@.E” The bMic - .,
concepts and results are summarized here. ““

. .. ~=-

The conventional deftiition of thrust {and the thrust deftiedby
the engine manufacturer) is the exit momentum minus the hlet momentum v

in the free stream. (Note that in the reference airplane configuration
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the inlet is in the free stress.) If the inlet is located in the vicin-
ity of a body with a drag that exists without the presence of the engine,
the local stream momentum @ at the 3nlet is less than the free-stream
momentum, and the thrust of the engine is effectively greater than that
defined by the manufacturer. (Alternatively, the airplane drag can be con-
sidered to be effectively reduced.j For exsmple, for a two-dimensional
flat-plate wing at angle of attack, the momentum of a stream tube of air
under the wing decreases below the ftree-streamvalue and the local Mach
number also decreases. On the upper side of the wing, the momentum of a
stream tube or air also decreases, but in this case the local Mach number
has increased above the free-stream value. According to this discussion,
the inlet could be located to advantage almost anywhere in the influence
of the airframe.

One of the more interesting locations for the inlet is under a lift-
ing surface; for example, under a wing (illustrated in fig. 2), where it
can take advantage of the momentum reduction due to both wing angle of,
attack and thickness. Such a case has been evaluated as a function of
flight Mach rnmiberfor two engine cycle temperatures, and the results are

A presented in figure 3. The engine cycle temperature is the maximum tem-

3
perature that exists h the engine cycle before a change is made to the
airplane. According to the developments in appendix D of reference 2,

$ if the airplane altitude is assumed to be the same before and after a
* change, then the cycle temperature must change somewhat. However, if the

airplane altitude is allowed to vary, then the engine cycle temperature
csn be kept constant. Either assumption yields the same result for the

u r~ge gain. The wing was assumed to have a thickness ratio of 4 percent
and a diamond profile. The wing angle of attack is determined by the
airframe lift-drag ratio, the en@ne cycle temperature, and the condition
that the airplane is flying at the msximum product of lift-drag ratio and
engine specific impulse, for maximum range. The relations determining
the wing sagle of”attack are developed in appendix C. Calculations are
presented for two airplane maximum lift-drag ratios (L/D)W. The air-
plsme cruise lift-drag ratio L/D is slightly less than the maximm lift-
drag ratio. The relation of the cruise-to-maxhmxn lift-drag ratio is
also given in appendix C.

Figure 3 shows that the range importance of inlet location increases
with increasing flight Bkch number. For example, at M = 1.0 the gati ~
range is less than 1.2 percent for all the conditions considered. At
Mach 4.0 for an airplane with a lift-drag ratio of 4 cruising at 35C0° R,
a 5.7-percent range gain can be realized, and larger gains exist for lower
cycle temperatures. A qualification is necessary here. The range re-
sults in this section and in subsequent sections above M = 3.4 at.
2500° R and above M = 4.6 at 3500° R engine cycle temperature have prac-
tical significance only if for some reason these temperatures sre the

* maximum permissible engine cycle temperature. The reason is explained in
appendix C. Therefore, this portion of the curves is dashed.
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In general, the available”gains increas& with dec~easing cycle tem-
perature and decreasing airplane lift-tia,gr&.ti.o.me effeet ,of“-lfft- ‘“
drag ratio and cycle temperate may be understood from the principle
that factors that increase the quantity of air handled by the engine tom-
pared with that handled by the wing increase-the importance of inlet
momentum reduction. Thus, decreasing lift-drag ratio and decreasing
cycle temperature both increase the required ‘airflowthrough the engine
and hence the importance of inlet location. “’Theprecedtig calculation
was made assuming no change in inlet pressure recovery (total pressure
at the compressor face or in the combustor d~vided “byTree-stre& tota~-
pressure) with inlet location. It was also assumed tha”tthe lift of the
configuration is not affected by locating the”inlet uti-erthe wing.

Inlet Location to Increase Wlet Pressure Recovery

If the local Mach number ahead of the inlet is isentropical.lyde-
creased, then an increase in the attainable inlet total-pressure recovery
(defined here as the total pressure of the diffuser dis-chargedivided by
the free-stream total pressure) may logically be expected. Appendix F
presents the mathematical relation of inlet location to pressure recovery
and range, as well as the assumed variation of pressure recovery with Mach
number. In the previous discussion of inlet.,.momentum--rncmentumdecreases
associated with local Mach number increases or decreases were equally
acceptable. Howeverj when consideration 3.salso giver.$o obtaining high
pressure recovery, the locations that yield reduced l&ch numbers are more
desirable. Inlet locations under a lifting surface and under the nose of
the fuselage satisfy these requirements. By ~otential~flow theory, re-
duced Mach numbers also exist on the aft converging areas and downstream
of axisymmetric bodies. Again, the case of an inlet under the wing as
compared with the inlet in the free stream is calculated for an example.
Whether in the free stream or under the wing, the inlet itself is assumed
to yield the best pressure recovery available from an inlet designed for
the local Mach number, and having two oblique shocks and a noml shock.
The total-pressure loss through the shock generated by the wtig as well.
as the Mach number reduction is accounted for. The results of such a
calculation are presented in figure 4. The @n at M= 1.0 is zero be-
cause the inlet pressure recovery is assumed independeiitof Mach nuniber
for M less than 1.0. At M = 4.0 for an airplane with a maximum lift-
Wag ratio of 4 (fig. 4(a)), the gain in range is 10.7 @rcent at a cycle
temperature of 3500° R. In gener%l, the effect of airplane lift-drag ra-
tio is in the same order as previously discussed. The effect of cycle
temperature, however, is in the opposite order. This calculation has
been made assuming the inlet momentum to be &e free-stieam value. Thw-,
the gains due to pressure-recovery increase and inlet-momentum decrease
as calculated are additive. The result of this addition, presented in
figure 5, represents the total effect of i@~ location. For exa.m@e,
atM= 4.0 for an airplane with a maximum L/D of 4, “theeffect of in-
let location on range is about 16.5 percent at.3500°. __Theeffect of
engine cycle temperature is quite small. _,

—
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The gain by putttig the inlet under the wing is considered in this
d section. Appendix H shows that, for a canard airplane arrangement, the

canard angle of attack at supersonic speeds may be 2 or 3 times that of
the wing. If the pressure field of the canard can be effectively used,
the range gains may well be lsrger than those shown for putting the inlet
under the wing.

Other gains may be realized by locating the inlet under the wing or
nose of the fuselage. One of these is tbt the direction of the tilet
airflow is independent of airplane angle of attack. A change in airplsne
angle of attack results only in a change h 10CSL Mach number ahead of
the tilet. The inlet csm usually more readi3y adapt itself to a IWch
number change thsm to a chsnge in flow direction. Also, by locating the
inlet in a region of favorable compression, the maximum hhch nuaiberfor
which the inlet must be designed may be reduced. This is important to
the desi~ of the inlet for engine-inlet matching.

Jet Cant for Lift (filet b Free Strem.n)

Lift obtained by canting the exhaust jet downward as illustrated
in figure 6 can be used to obtain increases in range. This effect is

—.

developed in detafl in appendix G. In the reference airplane (fig. 1)
the exhaust jet (as well as the net thrust vector) is alined with the
free-strewn or flight direction.

The exhaust momentum changes in the lift and thrust directions with
the sine and cosine of the sz@e of cant, respectively. Hence, a small
angle of exhaust-jet cant below the flight direction results in an in-
crement of lift but practically no loss in thrust. This ticrement of
lift obtained from the jet is no longer carried by the wing, and the
airplane drag due to lift is consequently slightly reduced. The engine
can now be throttled back slightly, and a range increase generally re-
sults. Clearly, at high angles of jet deflection appreciable thrust
losses exist, and range losses wiJJ.occur. Figures 7 and 8 present per-
cent range improvement as a function of the angle of exhaust-jet cant.
The range increases for sngles of downward csnt greater than zero (the
reference condition is that of zero cant), reaches a peak, and then de-
creases for each case. The circle symbols are at the peak of curves as
detezm.dnedby a separate calculation.

It is interesting to compare the angle of jet csnt with the wing
angle of attack. If the airplane is flying at [(L/D)Il_ and the air-

frame msxtium lift-drag ratio and the engine cruise cycle temperature
are lmown, the wing sngle of attack is determined (see.appendix C). A
triangular symbol is placed on the curves where the angle of jet cant is
equal to the wing sagle of attack. The optimum sngle of jet cant (circle
symbol) is always twice the wing angle of attack. This may also be seen

. . .
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by comparimg equations (Cll) and (G34). However,
available range gain from jet cant is achie%%d by
same angle as the wing. Of course, if the engine

NACARME56104

a

more than half of the —

cant-tigthe jet to the l?.
is at zero incidence

with respect to the wing, this ga~ ~stits~”batmally,=””’~erange fi-
provement for the optimum an@e. .of.letcaQtfis cross-plotted as a func”-
tion of flight Mach number for two airplane’lift-drag”’ratiosand two efi-
gine cycle t~eratures in figure 9. Again~~the range hrportfice of je%
cant increases with increasing flight Mach ymnber. At”’M = 4.0, for 6X-
ample, the range gain for an airplane with a“maxim~ lift-drag ratio-or
4 is 8.8 percent for engine cwise cycle teqerature isf3500° R. The
gain is greater forlower cycle temperature-sand less=for higher lift-
drag ratios.

. .. .--- ..__ .-
.... —.- .,-

The effects of lift-drag ratio and cycle temperature are in the or-
der determined by the ratio of exit momentum to a&p@ne gross weight.
That is, low lift-drag ratio and low cycle temperature both increase the
size of the exit momentum compared with airplane gross weight and result
in increased importance of jet cant. This order is the same as that pre-
viously obsened with respect to tilet loca~i’&nfor decreased inlet ““
momentm .

.—

—
—

-.+

“.._ 8’
4
4

,—
—

—
—

Combined Effect of Inlet Location qd Jet Cant for Lift .. ._ . _

Under the assumption thst the configuration exte~nal lift is not- .
changed by placing the inlet under the wing, the effects of inlet loc-a~
tion and jet cant for lift with the inlet .@ the free~stream are additive-
s calculated eveu though the inlet is und~ the wing. If, however, ~ ~
keep the lift of the configuration consta.n~,la doynwa~dcant of the ex-
haust jet is required (i.e., to conserve the downward_momentum of the~alr~
deflected.by the wing), then the effect of.~~etcant for lift fk modified.
Under this assumption, the additional advafltageof jet cant for lift 1s
somewhat reduced although the best angle of..jetcant remains the same.
The angle of jet--cantto conserve the downward momentum (associated
with lift) of the air entering the inlet ig.show in-figwes 7 and 8 as
the square..snnbols~ The available range gqin from opttium jet cant iS-
then the difference between the values at the circle and square s@bols.
This is illustrated graphically in figure ~(f).. ~

.-.

Consider.two examples at M = 4.0 for an airplane having a maximum
lift-drag ratio of 4 and an engine cycle temperature of 3500° R. The
addition of the separate.effectsof inlet location under the wing and-
canting the exhaust jet to its optimum value gives a range gain of 25.3
percent. This corresponds to the first @ss&ption mentioned above: “-
Using the second assumption mentioned abov~xgives arange gain of 18.1
percent. This result was obtained using equation (E2~), the results “-
shown in figure 4, and the reduced range $Q$n shown 3....figure 7(f). ._

d

.=

p:
-

.- ...

..

—

.- ~.
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Engine Moments for Trim
4

Moments from the engine internal flow may be used to trim the air-
plane and 5n mamy cases with a consequent improvement in range. The
problem of trim drag applies primarily to airplanes that are required to
fly at both subsonic and supersonic speeds. Consider a conventionalJy
arranged airplane that is designed for tail-off neutral static longitu-
d~l stability at subsonic speeds (fig. 10(a) and the reference airplane
of fig. 1). When the airplane flies to supersonic speeds, the airplane
center of lift shifts rearward, resulting in a nose-down moment about the
airplane center of gravity. For the conventionally arranged airplane
(tail aft of the wing), this moment mustbe counteracted bya down load
on the tail. The dowm load on the tail must in turn be supported by
lift on the wing. The sum of the drags resulting from the shift in
center of lift is termed the trim drag.

The effect of trim drag on airplane range for a conventional and
several canard airplane arrangements (illustrated in fig. 10(b)) is de-
veloped h appendix H. There are several ways that the engine moments
can be used to avoid or reduce the trim drag. If the engine exhaust is
at the rear of the airplane, as illustrated in figure il.,the jet may be
canted upward to develop the required down force. (This is of course

t
inconsistent with obtaining lift from the jet by cazdsingit downward as
previously discussed.)

4 The effect on airplane range of canting the jet for trim is devel-
oped ti appendix I. Figure 12 compares the range gain (note that the
gain is negative, hence a loss in range due to trti drag) for several
methods of trinming a airplane and for two values of Cjt. A value of
c/t = 0.05, for example, means that the tail moment arm is 20 thes the

center-of-pressure shift. Each airplane is defined to have the same
margin of static stability at subsonic speeds, the same wing and tail
(or canard) areas, and the same moment arms. The losses in range due
to trim drag depend directly on the wing center-of-pressure shift c
and the tail moment arm t. The curves where a tail or canard surface
is used for trim were essentially independent of airplane lift-drag ra-
tio and engine cruise cycle temperature, although this is not obvious
from the equaticms. However, when the exhaust jet is used for trim,
both the angle of jet deflection and the range gain depend on the air-
plane lift-drag ratio and the engine cycle temperature. The loss in
range for trhmning with .sdu%ust-jetcant increases with increasing flight
Mach number and decreasing engine cycle temperature. These two losses
are in the same order as the gains due to using jet cant for lift. How-

i ever, the loss b range due to trimmfig with the exhaust jet for air-
planes with high lift-drag ratios is larger than for airplanes with low
lift-drag ratios,._.This is the opposite order observed for the gain due

d to jet cant for lift.

Of the airplanes trirmn.edwith a tail, the
canard airplane arrangements show the greatest

conventional and fixed-
and about the same trim-
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drag effect on rsnge (fig. 12). This 10ss ,in
for an airplane with (L/D)B of 4 and c/t
arrangement where the csmard is free floatiiuz

NACA RM E56L04

4

range is about 8 percent
of 0.05. The canard -v”
at subs’onicspeeds and

fixed at supersonic speeds shows a smaller+range reduction ~ue to trim
drag. Using the exhaust jet to trim causes a still smaller r&nge loss
than a fixed-floating csmard below about R = 2.7 formost”of the ex- - ‘“–
amples calculated. It is implied that using the exhaust jet for trim
requires a jet that csn be swiveled, cmted, or deflected by vanes h
flight. If the moment generated at subsonic speeds is small or designed

tfor, the nozzle can be designed at a fixed ”sngle,as will be discussed “- .
subsequently. Also, the range losses shown here fm””jet cant for tr%
do not consider the forfeiting of the gati,that might otherwise ~e hid
frcnncanting the Jet dowgwsrd for lift.

.-.
—

There are other ways of utilizing the,,momentsdevebped by the en-
gine internal flow to avoid trim drag without requir’~ variable”’defEc- .

tion of the exhaust jet and at the same time retaining all or some of
the gains discussed under “inlet location’’”and “jet cant for lift.” The
required mathematical relations are developed in appendix J. When the
airplane flies to supersonic speed, the di%g, and heiicethe thrust, h-
creases. Because the center-of-lift shif~smd thrust increase are con-
comitant, the engine can be arrsmged on the airplane so that the tail-
off moments about the airplane center of @avity are zero at both sub-
sonic and supersonic speeds and the trim drag thus avoided. Three spe- #
cial arrsmgmnts for avoidtig trim drag we illust~ted h figure 13.
The first uses the thrust vector (exit mmentum minus inlet momentum).
The second uses only the inlet momentum. me exit momentum vector passes P

through the center of gravity. The third case uses only the exit mnnen- “’
turn,and the inlet is located at the airplane center of gravity. This

—

latter case has the advsntage that the exit momentum Is a larger vector
than either the inlet momentum vector or the thrust ‘vectorand will con-
sequently require the least offset.

Figure 14 presents the mnount of off6et as a fraction of the center-
of-lift shift, required to avoid trim drag, as a function of airplane
L/D ad engine cycle temperature. To avoid the problem of having to
define the subsonic airplane L/D sad engine operating condition, t~ese ‘“- ‘“
calculations have been made for the Mnittig case of (L/D)b = “. Many

of the offsets shown, particularly at the lower flight Mach n~ers~—maj -
be larger them can be conveniently incorporated in an airplane configm?a-
tion. By using one of these ways of avoitig trim drag, the range loss
for trimming the airplSme tith a lifttig surface (fig. 12) canbe avoided.
The size of the offset for the three cas&6 follows the order previously
discussed. The effects of cycle temperate md afifr= l~t-~ag ratio *
are again in the order of the ratio of tilet or exit momentum to the air-
flow handledby the *g.

.
Thus, lower lift-drag ratios and lower cycle

temperatures reduce the required offset t:.avoid trim drag. .

It should be pointed out that there we
ing trhn drag, such as cs.mberedsnd reflexed

llk~

other techniques for avoid-
fuselages”and shifting ‘ ‘L ‘
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internal weight (such as fuel)

-4 about the center of gravity.

Combined Effect of

Lift, and

within the airplane to reduce the momnt

Ihlet Location, Jet Cant for

Jet Offset for Trim

Of course it is of interest to add together the effects discussed
so far and to see what they mean in terms of the airplane configuration.
Two combinations that are distinguished by the method used to avoid trim
drag are considered. The first conibinationuses the method i~uslrated
in figure 13(c), case III. The second combination uses the method illus-
trated in figure 1-1. The results of conibiningthe advantages of 3nlet
location under the wing, jet cant for lift, amd avoiding trim drag by
using offset of the exit jet (as illustrated by case III, fig. 13(c))
are presented ti figure 15. Ih this figure the trim drag saved is con-
servatively assumed to be that for the floating-fixed canard for tail

: moment arm 20 times the center-of-pressure shift from subsonic to super-
: sonic speeds (c/t = 0.05). As a representative value of the other ef-

fects, the results for the inlet under the wing shown in figure 3 were
added to the range gain due to jet cant for lift between the optimum
anple of jet cant and the angle of cant to conserve configuration lift.

t The combined effect increases with increasing flight Mach number, with
decreasing cycle temperature, and decreasing airframe L/D, as have moat
of the individual effects. At Mach 4.0 for an airplane with a maxtium

4 L/D of 4, the percent increase in range ia 25.6 percent for a cycle
temperature of 3500° R. This large a gain strains the assumption of a
small change made in the analysia, so the precise value of the gain as
calculated is questionable; however, the conclusion that the arrange-
ment of the engine with respect to the airframe can have an important
effect on the airplane range remains valid.

Configurations of airplames that ccmbtie all of the effects so far
discussed are sketched in figure 16. The numbers on the figure are val-
ues taken from the previous calculations for a flight Mach number of 4.0,
and engine cycle temperature of 3500° R, a maximum airplane lift-drag
ratio of 4, and a center-of-pressure shtit on the wing c of 0.15. The
angles and distances are drawn approximately correct. The angles indi-
cated are measured from the flight direction, which is horizontal in the
sketches. Configuration 1 (fig. 16(b)) combines all the effects as they
have been calculated, including the inlet under the wing. In configura-
tion 2 (fig. 16(c)), the engtie inlet is located under the airplane ca-
nard surface rather than under the wing. The canard angle of attack is

t twice the wing angle of attack to yi’eldthe static longitudinal stability
assumed in appendix H. For the case with the canard fixed at both sub-
sonic and supersonic speeds, it would not be necessa~ to increase thed
canard angle of attack for trim at supersonic speeds (see appendix H)
with this arranganent.

--;
.-
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One of the questions
area is large enough
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with this arrangqt is whether the canard _
to “cover” the inl~ with ita pressuxe field,.

Figure 17 presents the ratio of engine-relet stream-ttie area to cmar~
plan area required for the airplane thrust t~ equal.@g and that avail-
able for the inlet-canard arrangement sketched at the top of the figure.
The pressure field of the canard “covers” the inlet up+.m the Mach num+...
ber where the available and required area ra~:iosare equal. For example,
for sm airplane (L/D)m of 4 with 3500° R &uise cycle temperature,
this arrangement cam be used up to M = 3.0~,,The curves also show thatj
for lower airp@ne lift-drag ratios and.lowe~ cycle temperatures, both
of which increase the size of the inlet, the Mach number at which the
available and required area ratios intersect decreases”: These calcula-
tions were made for c/t of 0.10. If the canard moment arm t is in-
creased, the canard surface becomes smaller %d the intersection of the
curves of required and available area ratios would shift to a lower Mach
number than shown. The titeraction of control-surfacemovements on en-
gine performance snd the effect of inlet operating conditions on control
forces are undesirable characteristics of this arrangement.

Airplane configuration 3 (fig. 16_~d))in principle also includes
all the effects discussed. In this case the.inlet under the fuselage
nose is substituted for the inlet unde”r-the‘i?ing.The quantitative ad-
vantage of placing the iglet ~der the nose~epends o~=ihe drag of the
nose. If a radar antenna is required, the airplane noi!emay be quite
blunt, as illustrated, and the drag quite high, and the.co~equent ~- -
vantage of locating the inlet there may be appreciable. In figure 16(e)
(configuration 4), the inlet”is located downstream of Q converging half
axisymmetric body to take advmtage of the r~uced Mach number and-tio-
mentum that theoretically exist in this location. .-

The results for the second combination,”which ccmibineseffects of
inlet location under wing and jet cant for trim (as illustrated by fig.
11), are presented in figure 18. For an airplane with_a maximum L/D
of 4, the range gain,is about 12 percent for.,,3500°R.cxcle t~Perature
at Mach 4.0. These gains are considerably less than those shown in the.
previous summation. —

—

.
.

.—

.—

.L

.——

—
,--—

..

There are no doubt other configurations,.tht incl_@e all the effects
thus far considered and certainly many others that incIude only some of
the effects. It is evident that considerationmust also be given to the
airplane external aerodynamics. --

Use of Boundary Layer h Engine -. .—

J
This section considers the use of the airframe bo-iindarylayer in

the engine cycle. using the aiyfrsme bounds= layer ti the engine cYcle
may be beneficial to the airplane range for&wo reason& ..APreviouF ss!- “.~. W
tion has demonstrated the beneficial effect
duction due to airframe pressure drag. The

r~
“4 ,
W& . .

of engine-inlet momentum re-
airframe friction drag, con-

%
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sidered in this section, results in a similar inlet momentum reduction
and a consequent possibi.lityof improved range. The second reason that
the use of airframe boundary layer may be beneficial to the airplane
range is illustrated in fi.ve 19. The propulsive efficiency of an qir-
plane can be measured qualitatively and qysntitativel.yby the velocity
disturbance it leaves in the air after having passed through it. Con-
sider, for example, an airplane that has only friction drag and is pro-
pelled by a jet engine. The disturbance it leaves in the air is repre-
sented by figure 19. The momentum of the friction drag is equal and op-
posite to the momentum of the engtie exhaust jet for the thrust to equal
the drag. Considerable energy remains in the air in the form of vortic-
ity. If all the boundary layer is taken into the engine and accelerated
back to zero speed (the reference system is fixed in the free strean),
the thrust still equals the drag but no disturbance is left h the air.
This is clearly a more efficient system. The detailed analysis of a
system ustng airframe boundary layer in the engine cycle is consistent
with the previous developments (see appendix K). The results of the
analysis are presented in figure 20 for values of V(CD,ofr/CD,o) of
0.5 and 1.0.

The term v(CD,of~cD,o) is the product of two terms, the fraction

of the drag at zero lift that is friction, and the fraction of the total
boundary-layer-air momentum defect that is captured in the engine. Note
from equation (K19) that the fractional change in range is linear with
the term ~(CD,ofr/cD,O)* The lhiting value of this parameter is 1.0,

which means that all the drag at zero lift is friction drag and that all
the boundary layer is taken into the engtie. For this limiting case
(fig. 20(b)), the change tinmge is twice that shown in figure 20(a),
which was calculated for a value of 0.5.

The more reasonable vslue of 0.5 may be interpreted as, for example,
that about 70 percent of the drag at zero lift is friction and about 70
percent of the boundary-layer momentum defect is captured by the inlet.
The total pressure of this ah witti the engine is assumed to be the
product of the pressure recovery of the inlet in the free stream and the
totsl pressure available in the boundary-layer air. The total pressure
available in the boundary layer has, of course, been reduced from the
free-stream value by friction. For low cycle temperatures, use of bound-
ary layer in the engine shows an advantage above about M = 1.2 for the
turbojet and above M= 2.0 for the ran jet; and, for high cycle temper-
ature (i.e., 3!500°R), above about M = 2.8 for both engines. At
M = 4.0 amd 3500° R temperature, the gati is about 17 percent in range.

Two possible airplane configurations using airframe boundary-layer
air in the engine cycle are shown in figure 21. Ik configuration A
(fig. 21(a)), only the boundary from the underside of the wing is taken
into the engine. Above Mach 1.4, at angle of attack the local dynsmic
pressure and, consequently, the friction forces are considerably larger
on the underside of the ting.?~..c.~qe~with the uPPer side- Thus, a large

g;&~-
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fraction of the momentum defect due to afifrsme friction drag may be
captured in the engine. Several features of this configuration are also
consistent with the previous discussion on airpldne arrangement; namely,
the engine inlet is under the wing, and the engine exhaust effluxes at
the angle of the wing. Still another-pos~ible arrangement for a missile
is configuration (fig. 21(b)). This configuration flies on the lift
developed by the flat bottom fuselage. A large por~ion of the airfrsme
boundary-layer air gathers in the pair of vortices that form on the.lee
side of the body. The engine inlets are located to ingest the boundary
layer in these vortices.

.

It should be appreciated that there are many real problem in try-
ing to handle the nonuniform boundary-layer profiles (frequently referred
to as distortion) in the inlet diffuser ad through the rest of the en-,
gine. This flow distortion may result in “p@rer pressure recoveries thqn
those assumed - poorer compressor perform&nce in th~turbojet.and poorer
combustion in both ram jet and turbojet. .

CONCLUSIONS

The following general conclusions cmbe dram_with regard to the
effect of engine-airframe arrangement on airplane range based on the
equations derived and calculations made in this report. These effects -
are related to the engine internal.flow. ‘Many impo+nt external aero- ,_
dynamic effects that couldbe favorable or unfavorable have not been
accounted for in the presemt analysis.

1. For a given maximum engine cycle temperatur~, the effect on range
of engine arrangement is greater for higher flight Mach numbers and for .
lower airplane lift-drag ratios.

2. The effect on range of inlet location (e.g.; under the wing) is
approxtitely independent of engine cycle temperature when account is
taken of both inlet momentum reduction and inlet pressure-recovery
increase.

3. The effect on rsnge of jet cant to derive lift increases with
decreasing engine cycle temperature.

4. The use of moments developed by the engine ‘internal.flow can
be used to reduce or avoid airplane trim drag.

5. The effects of inlet location, jet csnt for lift, and use of
engine moments for trti, separately or combined, give significant im-
provements in airplane range. For examplej the comb3ned effects give
approxhnatel.ya 25-percent range increase at a flight Mach nuniberof

.
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4.0 for a engine cruise cycle temperature of
with a maximum lift-drag ratio of 4.

6. Use of the airframe boundary layer in

13

35C0° R snd an airplane

the engine cycle shows
theoretical gains h airplane range under some conditions; for example,
a possible gab of 17 percent at a flight Mach number of 4.0.

Lewis Flight Propulsion Laboratory
National Advisory Comrnittee for Aermaut ics

Cleveland, Ohio, Deceniber7, 1956

. .
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APPENDIX A L - .-——

sYMi30Ls .“’

cross-sectional area ..

engine frontal area (compressorfrontal area for turbojet,
=ombustor flow area

free-stream-tube area

1-

1-

CF aI

()
T= F X,CD

2%’ ?)1

()
--Z-qxc

~D

drag coefficient

f& ran-jet)

of air entering

.,

engine

—. .,
—

drag coefficient due to lift.(bxed on ‘-SW]

zero-lift drag coefficient oa..a@@ne .(basedOn Sw)

engine internal thrust coefficient, F/q~

wtng lift coefficient, L/qSw

wing lift coefficient at maximum lift-drag ratio
—

airplane lift-curve slope .==
—— —
..

coefficient---ofmoment = :: .
Moment about airplane center of gravity,

q&~.a. c.

wing center-of-pressure shift, fraction-of mean aerodynamic
chord, positive for a rearw~d center-of-pressure shift
from subsonic to supersonic-speeds –

total airplsme drag in steady level flight

moment arm of airplane drag about airplane center of
gravity, fraction of mean aerodynamic chord
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de

d.in

F

ffg

I

()%X,cl)

k

L

L/D

(L/D)_

%

2P

M

m.a.c.

N

P

15

moment arm of engtie-exit momentum about airplane center
of gravity, fraction of mean aerodynamic chord

moment arm from airplane center of gravity to engine inlet,
perpendicular to the free stream at zero sngle of attack, -
fraction of mesm aerodynamic chord

engine titernal thrust, @e - 00 h appendix D and Qe
Cos e - 00 in appendix G

inlet-location force = QO - Qti, positive ~ up6tra
direction

functions

engine internal specific impulse, F/wf

change in engine specific impulse with engine thrust coeffi-
cient, where T7 is an intermediate variable (see ref. 2)

CD i/C~, equals a constant for a parabolic drag-polar as

~ssumed in this report

lift

cruise airplane lift-drag ratio

maxhnum airplane lift-drag ratio

moment arm of
at subsonic

moment arm to
parallel to
aerodynamic

moment arm of

airplsne lift about airplane center of gravity
speed, fraction of mesm aerodynamic chord

engine inlet from airplane center of gravity,
the free-stream direction, fraction of mean
chord

airplane
at supersonic speed,

Mach nuniber

mean aerodynamic chord

lift about airplane center of gravity
fraction of mean aerodynamic chord

of wing

force normal to free stream

total pressure
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air inlet (see fig. 27) —

.

‘in average total pressure at engine.1
—-.

inlet-diffuserpressure recovery, total pressure at dif-
fuser discharge divided by fre~-stre~-tutal pressure

static pressure —.P
.-

-.

free-stream incompressible d@amic press~e, ~ PO<

airplsae range
-.-.

s surface area

T7

Y

engine cycle temperature —

tail lift force .,:.

t tail moment arm about airplane center of gravity, fraction
of mean aerodynamic chord

—.

flight speedv
.-——

w weight

initial

initial

airflow

.—

‘f fuel weight

aiqlane gross

rate, lb/see

. . —
L’

_.‘G weight.:,

w
a

.,

fuel-flow rate, lb/seeWf

parameter being considered .“”:
..x

sngle of attacka

ratio of specific heats for sajbientairr

wing local surface angle — —

fraction of total boundary-la~&r-momentum defect that
captured in engine . “-

is
——

aangle of jet cant, positive dowward

.
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Subscripts:

%

b

e

fr

in

Max

c Ot

P
4

T

t

w

w

e

o

o’

1

2
*

gles
*

Note:

MAch angle

momentum parallel to free-stream direction,

J (P - Po)~ + Jy-p&’dA
A A

momentum perpendicular to free-stream direction

coefficient based on ~

subsonic speed

engine exit

friction

station just ahead of inlet

msximlm

zero trim drag

supersonic speed

tail

total

wing

station h airplane wake

assmiated with jet cant

station in free stream

engine air in free stresm

airplane prior to modification
.

airplane after modification

Positive directions of distances, forces, moments, and sn-
are given in fig. 6.
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APPENDIXB

BASIC CONSIDERATION OF TBE RANGE EQUATION

The range of an airplane with fixed wei@t ad size iS wed as a
criterion of merit in this report. This appendix develops the basic
conee-ptsfor use of the range-equation for e~alwt ing—
considered in this report.

R

For the cases where changes
considered, differentiating

‘f/wG and V yield

ldR-—=
RdX

The range equation may be

()=V$Iln~ Wf
1 .—

‘G

the modifications
tiitten

(Bl)

—

affecting only airplane l~t-drag ratio are
logarithmically &nd assuming a constant—

—.—

1 4@+M_% --
q5dx IdC$dX

(B2)

where X is any psrameter being considered such as CD or P2/Po.

Reference 2 shows that..ch~ges ~de to SJIeng~e (e”g”~ its bag)
installed in an airpbne initial~ fly~g at..~- (!/D)I Cm be
evaluated either at constmt WG/PSW or at~onstant engine cycle ‘m-

perature. For a given airplane, WG ad Sw are const~t~ so that the

present evaluations are made at constant airplane altitgde where the
airplane, before modification> is flying at the altitude for [(L/D)I]m.

By equattig’the thrust to the drag, .-
—

WG

“m - (B3)

by differentiation
there is obtained

for a constant gross wei@t at constant altit@e ,—
. —

- (B4)

so that the percent change in range may be written.-,

.“

,.

#

v

.

$
-1

s

.—

i.-
—

—.

a

d
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Defining

CF aIB~l.—

()1 %X,CD

19

(B6)

for convenience in writing,

m -wBALD—=
R LD

The terms deftiing B are evaluated for a

(B7)

turbojet engine and a ram-jet
engine in referen=e 2j and the term following the bracket in
(B5) may be evaluated for two configurationsbeing cmpared:

A(L$) _ ~D~W]w= (L~D)&~)I

where the subscripts 1 and 2 refer to the airplane prior

equation-

(B8)

to and
~, after modificatio;j respectively. The cases in which the engine thrust

is affectedly a modification such as jet deflection are dealt with in
detail in the appropriate appendix.

.
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DET!ERMINATIOllOF

RATIO,

Appendix D of

NACA RM E56L04

APPENDIX C
J. —

b

CRUISE LIFT COEFFIC-, ANGLE OF ATTACK, LIFT-DRAG

AND RATIO OF FRICTION DRAG TO TOTAL DRAG

reference 2 gives the foIlowing relation between en-
—

gine md airfrsme parameters at [(L/D)I]m. (A drag polar that is

parabolic and symmetrical about 0° angle of,attack is_assumed in this_ ~

report and in reference 2. This is an approximation,:becausethe con- ~ “.’ >
figurations arrived at in this report may be quite unsymmetrical, as
shown in fig. 16.)

()

CF &C =

7 %X,CD

— —

2

()

CL
1-

CL,opt

()

CL
2

2
CL,opt

Equation (Cl) may be solved for cticL,opt to give _

r 11/2

Defining

for convenience,

<.,

()CF bI
c l-2—~

1 %ix>cD —

CL

%>opt‘+”’
.

The optimum lift coefficient may be determined

rCDA
cL,opt = k

from ‘-

(cl)

.—

M

(C2)

B

-.

(C3)

.

(C4)
.— —.

(C5)

a-xi’.
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and the maximum lift-drag ratio is then

From equations (C5) and (C6),

CL’‘Pt =&
Conibiningeqyations (C4) and (C7) gives

CL
1

2k(L/D)BC
l/2

.

This determines the airplane lift coefficient
the
and

For

21

(C6)

(C7)

(C8)

at cruise conditions if
engine operating co~ditions, the maximum airfrsme lift-drag ratio,
the drag due to lift coefficient k are lmown.

The wing angle of attack is related to.the lift coefficient by

(C9)

da

a wing at supersonic speeds tith no leading-edge suction,

dCL 1—= -
da k

From equations (C8), (C9), and (C1O), the wing angle of attack is

1
%’/=

2(L/D)_c
1/2

(Clo)

(Cll)

The ratio of actual cruise flight L/D to maximum L/D may also be
found by

*

CL CD,O + ‘t,opt=
.

CL,opt CD,O + kc:
(C12)
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For the condition at maximum lift-drag ratio,

CD,O = cD,i = %,opt

and, using equation {C7), .

1
CD,O

= -“

()

~L2
5 ~xk

.

—

Equation (C12) reduces to

*

and, using equation (C4),

CL

CL,opt

2
2

()

CL
l+—

CL,opt

NACA RM E56L04 —

.

(C13)

:.-

(C14)

(C15)

-.

T+T-LD 2
LD_= 1/2

()

(C16)

c 1++

Equation (C2) is plotted in figure 22 for the engine smd tempera-
ture selected for study in this report. Eq~tion (C16) is plotted in
figure 23. For all conditions, except above M = 3.4-at 2500° R engine __
cycle temperature, the cruise lift coeffici&nt is less than the opttium
lift coefficient (fig. 22) and the corresponding cruise lift-drag ratio
is less than the maximum lift-drag ratio (fig. 23), as would be expected.
Above M = 3.4 at 2500° R cycle temperature, the cruise lift coefficient
is greater than the optimum lift coefficient. ‘ITd.soccurs because, in
equation (C2), (Z@CF) is positive, meaning that the engine specific
impulse would increase if the thrust coefficient or engine cycle temper-
ature were increased (see data of ref. 2). Also, the cruise lift-drag
ratio is less thsm but to the right of the &ximum lirt-drag ratio. Be-
cause of these conditions, the airplane range would ~crease if the en-
gine cycle temperature were increased, and/or if the cruise lift coef-
ficient were decreased (increased altitudes), which would also require
an increase in engine cycle temperature to provide the required increased
thrust coefficient. This discussion means that the r~milts calculated”
and presented in the text above M = 3.4 at 2500° R temperature have
practical significance’only if for sane reason 2500° R ia the wximum
permissible engtie cycle temperature. The same argument ap@ies to con-
ditions above M = 4.6 at 3500° R cycle temperature. _

.— .
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The ratio of friction drag to total airframe drag, in terms of the
fraction of drag at zero lift that is friction drag is

CD,ofr

‘fr CD,ofr CD,O ~
— = ~D,t = 9

‘t 2
CD,O + ‘L

From the conditions at maximm lift-drag ratio,

c c
D,o = D,i

= kc2
II,opt

CD,O =
1

()=
2

4k ~

(C17)

(cm)

(C19)

Using equations (C+t)j (C17), and (C18), the ratio of friction drag to
total drag is

CD,Ofr

‘fr CD,O—=
‘t 1++

(C20)
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APPENDIX D

EQUATIONS INTERRELATING SEVERAL ENGINE PARAMETERS

This appendix presents relations.bet~~en several of the engine pa-
rameters that occur in this report snd those present~d in reference 2.

The thrust coefficient
as

F

snd

of the engine for zero jet cant is defined

=CqA=#-@
FFeO’

IF=—..
‘f

(Dl)

(D2)

where
‘o ‘ is in the free stream. By definitim, then,

‘o‘
= 2q~ (D3)—

()

@
Thus, a term that appears in appendix G f~ becomes

G

(D4)

where the values CF and Ao/AF are giveg in reference 2.— .

The term Oti/@e that appears in appendix Eis hence related to

the thrust coefficient by

‘ah 1—=
@e %%

1 ‘“2A0

and

)-1
(D5)

(D6)
.—

.

“
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The term @e/WG in appendix H may be found from

@e Oe ~ (L/D)m

()
—=qE~*‘G

and, using equation (D4) and equation (C16),

%=(+%)
~so, @e/WG may be written

C1J2(1 + c)
2 *=H

1

Similarl.y,the term @fi/WG iS

25 ‘

(D7)

(D8)

(D9)

(D1O)

Also, the following relation results from equating the engine thrust
to the airplane drag:

from which

where it is assmaed that k has the two-dimensional

A numerical value for k is required only in
w tio of engine-inlet area to csxmrd plan area.

is greater than 2.0.

(Dll)

(D12)

value

discussion of the ra-
this application, M

,

n
....-=.
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. APPENDIX E .:: —
a

EFFECT ON RANGE OF ENGINE-INLET MOMENTUM REDUCTION

DUE TO AIRFRAME PRESSURE DRAG

The use of inlet locations that reduce the inlet ‘momentumto the ~
engine to achieve an improvement in airplane range is -discussedherein,
It is assumed that the inlet total-pressure.~ecoveryis not affected. ““ g-
The effect of pressure-recovery change is d@cussed
ing the nomenclature of figure 24, the convectional
applied to the airfksme is

-D = O__+ @._ - 00 - 0.,w -LLL

where the momentum @ is defined as

and integration over A
responding engine thrust

in-appendix F. U6~ ~ ‘-_ ~
definition of drag ““““” _—

—.

(El) _.

.,..

is perpendicular to the free stream. Thecor-
mus~ then be

—
,,

(E2) ,

But the conventional definition of thrust is

F=@e-Oot (E3)

and this definition will be maintained in this ans3ysis. The drag cor-
responding to the conventional thrust definition must then be .

which may be written

-D =

so that the relation
ventional definition

-D=@w -@o (E4)

—

[ 1ow+@ti-Qo -40, - (oh -(PO!) (E5)

of the new drag definition (eq. (EM)) to the con-
(the term in brackets in eq. (E5)) is clear. The

term by which the conventional drag definitky must b<modified as an ...=
inlet location force is defined

-FZ = Oh - Qo, (E6)

lli~$

.. .

.

—

._

m

.
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and, in coefficient form,

or, based on wing area,

43
CFZ = CFZ,AO ~

The term ~Z may now be treated as part of the airfrsme drag; for
example,

27

(E7)

L CL CL
-=—=
D CD -c +kc:

CD,O FZ

(E8)

and, of course, will be advantageous to the L/D if it is positive.

(E9)

y
~ If there is a drag on the airfrsme, @b will be less than Q.~~

yieldtig a positi’vedrag by the definition—

-DZ = @m - @o, (E1O)

so that

or

(E13)

if the engine air inlet is located in “the
wing that has drag, the inlet can be ~ected

This says that, in general,
vicinity of the fuselage or
to feel a reduced inlet moment= compared with the free-stresm value.
This may be titerpreted as an effective reduction in wing or fuselage
drag, as is done in this part of the analysis, or as aa increase in en-
gine thrust.

. ..

Iyy(yp’p+” “’
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Further considerationwill be given to ,@ case waere the inlet is
under the whg. From figure 25, the following relatiogs msy be written
for small deflection angles, assuming no le@jng-edge 6uction, snd not–
accounting for a fuselage upwash: ... .-

(E14)

(E15)

(E16)

From the development in appendix C relating the wtig an@e.of qttqck to
engine operating conditions and airplane L/D,

%=” 1 ‘“
2(L/D)maxcl/2

Considering the previous discussion to relate
tion, the over-all airplane characteristics remafi ch~acterized by

—-
(E17)

to the lbcal wing condi-

fJL ,, .

w== ... (E18j

z. —

and

(E19)

Combining equations (B7), (B8), (E13), (E16), and (E17), snd assuming a
double-wedge airfoil, —

AR—=
R CA .

“(E20~--
.-

[ -.1
2
-1

2A0
1 +~

2(L/D)maxcl’2 “’””

.-

.=

..

—.

—

where z is the thickness-to-chordratio of-the wing.. ~S dev~~ment
has assumed no change in inlet total-pressure recovery (total pressure
at compressor face, or comhustor divided-by free-strefi total pres~ure)
with a change in inlet momentum. The effeci~,ofinlet @essure recove~
is discussed in appendix F.

—
,.. . . ..— .-.

. .

.—
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It has also been assumed that the confi~ation lift has not been
affected by locating the inlet under the wing. There are two points of
view that may be taken here. The simplest is illustrated in figure 2.
The wing lift on the surface a, generated by deflecting air downward~is
lost if the air is captured by the inlet and exhausted in the free-stream
direction. It may be assumed that the lift on the engine surface a’
makes up for the wing lift lost from the surface a. The same argument
may then be applied to the surfaces b and b’. The surfaces a and
b are only a fraction of the total wing area. In this point of tiiew,
the total airplane lift is conserved by considering the lift of the ex-
ternal flow over the engine; the engine exhaust jet is in the free-stream
direction; and equation (E20) applies.

The second point of view that can be taken to conserve the total
lift of the configuration is to conserve the downward momentum of air by
canting the exhaust jet slightly downward. The direction of the flow
under the wing associated with the lift is W, and the downward momentum
of the air handled by the engine would be “

o‘in = O., (G)

(There is also a flow deflection associated with the
drag that is not considered here.) To keep the samet
at the exit of the engine,

*

lRromthese relations and

where ‘Win is the jet

total lift as calculated

# +e s aee

equation (=),

(E21)

wing thickness and
downward momentum

(E22)

(E23]

cant required to avoid changing the wing and/or

without the presence of the engine. The thrust
of the engine has now been decreased because the exhaust jet is no longer
in the free-stream direction. The decrease in thrust is for small
angles

(E24)
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Using this relation and equations (E23) and (D4), equation (E20) becomes

AR ,..
~. r .——

c-@F

2%{[2(L/D~a/1/< f:[l+i][2(L/~~a#l;~} ””-” ‘

(E25) ~
-1

Equation (E25) will yield range increases l~ss.than equation (E20). For _ .’
example, at M= 4.0, (L/D)max s 4.0, and .4cycle temperature of 3500° R,

equation (E20) gives ~/R = 0.0577, while equation (E25) gives
AR/R = 0.0356; Equation (E20) is evaluated in figure_3.

\: ..
“1.

.
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In
reduced
also an
covery.

EETECT ON RANGE OF AN llSCREASEIN PRESSURE

RECOVERY DUE TO INLET LOCATION

addition to the increase in rage that results because of the
inlet momentum when an inlet is located under a wing, there is
increase in range because of an increase in inlet pressure re-
The pressure recovew is defined as the total pressure at the

31

diffuser discharge divided by free-stresm total pressure. This develop-
ment assumes the inlet momentum is that in the free stream. The results
of the pressure-recovery increase (this appemdix) and t@e effect of in-
let momentum reduction (appendix E) are thus additive. Accordtig to
reference 2 (p. 25), the change in range with pressure recovery is

r -1

Ml—=.
RI

[~-(%)x,cD$J @

o 0

(Fl)

where the subscript X is P2/Po. The change in pressure recovery
●

A(P2/Po) may be evaluated if the ting angle of attack (from aPPen~x C)>
wing thickness, and.the inlet pressure-recovery Mach n~er c~acter-

* istics are known.

Figure 26 gives the relation of pressure recovery (p2/pO or

p2/pin) and Mach number for the inlet assumed in this report. The in-

let has the pressure recovery through two oblique shocks and one normal
shock and a subsonic recovery of 0.95. I@owing the wing sngle of attack
and thickness, the local Mach nmhr and local total pressure may be
found from chsrts available, for example, in reference 3. In this case,
for example, the inlet which is normally a three-shock inlet (two oblique
sad one normal) becomes effectively a four-shock inlet by placing it
under the wing. Pressure recovery consequently improves.
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APPENDIX G

.

EFFECT ON RANGE OF EXHAUST-JET CANT FOR L~T

This appendix deals with the use of jet cant to obtain lift. The :.<
point of view is again taken that am airplane of fixed-size components -+

such as wing, engine, smd fuselage, is givn~, and.it.,is desired to find
the change in range due to canting the exhaust jet downward. The inlet ‘“ ~
of the engine is assumed to be h the free”stream. It is convenient h
this case to write the range equation as .- .=—.

R ‘G
=v—ln~

Wf (Gl) “’ ‘-
‘f l-. ~ . —

so
6,

that, by logarithmic differentiationwith respect to jet deflection
the percent change b range may be written for a constant fuel- to

gross-weight ratio: —— ,-
e

m 1 J’dwf
—

—=-—
R

~ de
‘f o

(G2)
>

Again, this change may be evaluated at constsmt smhient flight pressure,
assuming the airplane is initially flying at co~ditions of minimum fuel

R :.

flow [(L/D)I]- for no jet deflection. Also, of course, the mtiimum
.

-.
fuel-flow rate will occur for the jet deflection f3 where dwf/d6 = O.
Equating the forces in the lift direction gives --

WG = ~ + L~-” - (G3)

The definitions of thrust and specific impulse used in appendix D are

F= Qe-#Io (G4) —

and

1=~ (G5)
‘f -

Because the jet cant (3 is now to be a vtiiable, consider a new defini-
tion for thrust and specific Impulse; at a given cycle temperature, .

F’=@ecose-@o (G6)
.

M!?
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and

I’=~
Wf

or,

F’
()

=F~

33

(G7)

((38}

and

()
I’=1~ (G9)

fi equation (G2) the quantity of interest is the fuel-flow rate.
From equations (G4) and (G5), the fuel-flow rate is

Wf=; (G1O)

From equations (G8) and (G9), the fuel-flow rate is

H

FF’
F’ ~F

‘f=P= ~F’ ‘~
T

.

(Gil)

Hence, comparison of equations (G1O) smd (G1.1)shows that the fuel-flow
rate is independent of the definition of thrust and specific impulse.
The definitions given by (G6) snd (G7) willbe used in this section, but
the primes will not be shown.

From equation (Gil), by differentiation,
.

~ dwf 1 dI ~ dCF
.— =- .—— —
Wf de IW+CFde

(G12]

where dI/de is to be evaluated for the thrust equal to the drag; and,
for the thrust equal to the drag,

so equation (G12) msy be writt=

~ dwf ldI ~ dCD

——=-7=
——

‘f ‘e + CD de

(G13)

(G14)
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In subsequent portions of the development, changes al be evaluated
from the condition of zero jet deflection.=

—
w_

Evaluating first the term
drag,

CD

and differentiating,

But

in equation-(G14) involving the airplane
-..

:
4

(G15) .-.= CD,O + ‘c: —

.

.U

‘G. ..:- ‘e”
CL = qsw

(G16) ,,_

--- .—.

so that ,,

dCL ~ dLe
—=
de - &ww:

— (G17)

.1_ (G18)

and, substituting in equation (G16) and making a fraction of the drag
at.zero jet deflection,

From figure 6, the lift due to jet deflection is

‘e = Qe SM e_

and

13Le
..

—=
de

@e COS 8 + dQe Sill8

where the last term is neglected compared with the first
right side of the equatia assuming relatively small .=e,
(G19) becomes —

~ dCD
_—=&wL%
CD d$ D

cos e
‘G

—

‘(G19)

(G20)

(G21)

term on the
and equation

—

(G22)

—

.

.

..-

..

—
.

—

.

s!!
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This is also the change h the required engine
previously pointed out in

.

.

.

The term in equation
be evaluated. The engine
function of the following

eqwtio~ (G13): -

1

()

dcF ~ dCD

q T ‘qF

35

thrust coefficient, as

(G23)

(G14) involving the specific impulse may now
thrust coefficient and specific impulse are a
variables:

+W7); ‘7 = t+) (G24)

so that, by differentiation,

@+); ‘7 = gz(e) (G25)

(G26)

(G27)

Combining eqyations (G26) and (G27) gives

From eqution (G6) for engine thrust,

F= @e Cos

1 ()dCFqT=-
‘7

e

L
5

as a fraction of the thrust coefficient
ilarly, for the specific hpulse,

- @o (G29)

#e
—sine (G30)
‘G

for zero jet deflection. Sim-

L ‘e=-
D WG

sin e (G31)
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Substituting equations (G22), (G23), (G29),

Equations (G22),
tion (G14) to yield

~ dwf
.—
Wf d6’

(G32), (B6),

NACA RM E!56L04

.

and (G31) in (G28) gives -—.

1

()~ (-2kCLcos L1+ sin El)
1

and (D4) may be combined with-,

()%=-
l+?@F

B(2kCL COS o - Sti e)

4
equa-

-. .

(G33)

a
H

(The term B involving the engine perfotice and dezivatives is the ““ k
same previously encountered in the general.,discussionof the range equa-
tions, appendix B.) The deflection smgl.ef’hrmaximm” increase in range i

is found by setting equation (G33) equal to.zero and using the result
~–
w

in appendix C for CL:

tane=2kcL= 1
“ (G34)

(L/D)WC112

Note that, from a comparison of equations (G34) smd (Cll), the optimum
angle of jet cant is approximately twice the wing sngle of attack. .

in
Equation (G33) maybe integrated directly to get.the percent changes -

fuel flow for any deflection angle: . ..-

()AR
Awf

( )[

% 1
Fe’”q’ l+CA B

(L/D)HC1/2 ‘M e + !Os

A simplified form of the results given by equation (G34)
be derived for sma~ angles and optimum csmt. Thus,

e 1-1 (G35)

J
and (G35)

(G36

Assuming a parabolic variation of 4R/R with 0 from zero to optimum
angle of cant with the vertex of the psrabol@ at the opt-lmumangle, the
average rate of change is half the initial .Wlue. ThW, evaluating — —.
(G33) at 0 = O and taking de =

(L!Rll+—=.
R2

e yield
—

.,
.

(G37) -
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If the airplane is flying at (L/D)M, so
equations (G34) and (G35) become

1
t~ e = ,.)n,

and

AR ()%—=l+—R %%

For both small angles and the

and

Nil—=—
R2

37

that (bl/~F) = O, then

(G38)

[ +. 1SiII e + cos e - 1

airplane flying at (L/D)H,

()%1
1+= (L/D)&

(G39)

(G40)

(w)

[Note that, incomparing thesynibo lsofthisappend ixwiththoseof
reference 2, (aI/aCF) = (aI/a~)X,CDO]

The cases just calculated tie for the inlet h the free stresm.
For the inlet under the wing, an interpretation of the present result
is required. The angle of jet cant that is equivalent to deriving no
lift from the jet is givenby equation (E23). Thus, the gain as cal-
culated in this section from zero jet cant to the sagle for zero lift
(appendix E) is in reality nonexistent. The correct gain is the dif-
ference between the gain at my given jet deflection snd the gain shown
for the jet deflection for no chsnge in downward momentum with the ti-
let under the wing.
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APPENDIX H“
—

EFFECT ON RANGE OF TRIM DRAG

This appendix considers-the effect of:trim drag on the range of air-
planes with three trimming arrangements: .::heconventional fixed..tail, a
fixed canard, and a flosting or fixed csnard.

Conventional Fixed Tail

The airplane longitudinal static stability
speeds is then described by the contribution of
stability:

On the assumption that the engine airflow mcxneritm
tera.ctthe moment due to wing center-of-pressure shift, the gab in rsnge
resulting from the elimination of the trii?.drag at supersonic speeds may
be estimated. Figure 10 illustrates the symbols uses. The airplsne--has
a tail to the rear snd neutral tail-off lo—ngitudina~static stability at
subsonic speeds. —-

dCM

()

STt dCL
—= _— —
da SW da T

are used to coun- ‘“

—

with tail on at subsonic
the tail to the

(m)

The airplane weight-to-drag ratio (weight..isdefined as positive upward
only on the left side of the eqwtions fox.airplane weight-to-&rag ratio)
for no trim at supersonic speeds is .. —-

()w CL,W,ot
Eot=

CD)O + “?,W,ot

(m) “-”

where .— -.—.

w
cL,W,ot = —qsw’

— (H3)

This W/D can be compared with the W/D ratio of ti airplane that re-
quired a tail to trim out the effect of w~g center-of-pressure shift
from subsonic to supersonic speed. The c@parison is made_at the S- . ..
flight altitude for the two cases. Summing the mome@s and forces about
the airplane center of gravity at supersonic speeds gives

Z(moments) = - c%-t~’o “
(H4)

,...

Z(forces) = ~ + 7- W= O (H5)

.
—
.—

L

;.
_>

.-
—

.

.-

.-

“.

—

—

——.

.—

.

.,



From the relations (H3), (H4), and (H5),

cL.W.ot
(JL,w = y--

and

CL,T = - CL,W

If it is assumed the tail is designed so

c ‘w-—=
t ST 1“0

that CL,T = - CL,W) then

39

(H6)

(Hi’)

(H8)

and, assuming the same drag due to lift coefficient k for the ting and
tail, the airplane weight-drag ratio is

(H9)

In terms of the lift coefficient on the wing for no trim drag,

(3t=* - (HI-o)

CD,O +

()

z L,W,ot
1 -—

:

The fractional change h weight-to-drag ratio or lift-drag ratio in terms
of the a&plane L/D with zero trim drag is, by equation (B8),

+) (a-mot CD O

5=r=cDo+’w;:y’:)-1 ‘m’)
> )? ~z

()
lt--

.“
,,
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and, from equations (C8), (C14), and (B7),

r
=B

1 l.+
1+

()
2

cl-$

.

-1

NACA RN E56L04

.

.

(H12)

,

As a special case, if the airplane was flying at maximum lift-drag ratio
for the case of no trim drag, .

cD, o = d, opt,w,Ot

and equatim (HIJ_)becomes

?=*-l
2

()
1 --

:

—

(H13)

— .—

—.

.

(H14)

—

4

Fixed Canard
.

For the “fixed-canard” case, the trinming surface is ahead of the
wing and, for stability calculations, the canard surface is fixed with
respect to the fuselage at both subsonic_~nd supersonic speeds. The
canard arrangement is defined to have the_:samelongitudinal stat”ic;ta-””
bility, same wing area, same canard area,.same moment arm, and same lif~ ‘–
curve slope EM the airplane of conventional tail arrangement.

.:
—

The sum of the forces and moments at ,subsonicspeed gives

Z(forces)=~+Y-W=O

where —.

(B16) -
--

.
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Now,

dCM
—=.
da (a%‘(W:

41

(H17)

and, if equation (El) is used to get the sane static stability,
(H17) becomes

equation

-%(:),= - (=), % ‘(=),%t
(H18)

By equation (H8) in the discussion of the conventional armang~ent, and
accounting for the difference in sign of t and c,

c SW
.— =_
t ST 1.0 (H19)

and, assuming the same lift-curve slope

Then, by equations (H15), (H16), (HI-9),

CL,T = 2CL,W (H21)

or ~ = ~ at subsonic s~eeds. At

Z(forces) = O =

for wing and tail and ustig (H19),

- 2C (H20)

snd (H20),

supersonic speeds, then,

%+Y-W

-t%=-3cL -t~
P

-.

Z(moments)=o=-z
P%

or

ST W(+

CL,W “L,T~W - 0~w = (H23)

3cCL,W +
ST

tcL,T~= O

from which, at supersonic speeds,

CL,T = ‘L,W

(H22)

.
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and

“d’+33=%=”-, ‘
The weight-to-drag ratio of the trimmed a~lane is :..

(:)! =*W
) )

or, in terms of the wing lift coefficient“Withno

()w CL,W,ot.
5t=

% w Ot
CD,O + k

n
1+3;

By equation (B8),

NACA RM E56L04 .

—

(H~4)

(H25)

airplane trim drag,

(H26)
. .— .—

and from equations (C8), (C14), and (B7),

(H28)

Fixed-Floating Canard

In the fixed-floating canard case, thecsnard suj?faceis free float-
ing at subsonic speeds but fixed with respedt to the fuselage at super-
sonic speeds. A free-floating canard does ‘notcontribute to the stabil-
ity, although it may produce a force or m~ent. The .angl%of attack, and
hence the lift, of a free-floating canard is determined by a controllable
trim tab on the canard surface. The lift of the free-floating canard

.

s
1%

*

.—

—.

.

—
.
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.

.

must be independent of changes of angle of the ftzselageto which it is
attached. Equation (Hi) expressing the airplane longitudinal static sta-
bility at subsonic speeds thus becomes, because the canard has no desta-

-.-

bilizing effect,

and the final
drag becomes

dCM dCL
—= -—
da &% (H29)

equation giving the percent change in range due to trim

(H30)
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This appendix
at the rear of the

.
—

AI?PEI.’JDIXI ‘:
.-

.

JET CANT FOR AIRPLANE TRIM .—

considers the case where :theengi~ exhaust is located
airplane and has the sane moment arm as the horizontal ti”

tail, as illustrated.~ figure 11. The do~ load required at the rear of
the atipl_anefor trim (discussed ‘h appendiX H), may now be supplied by
deflecting the Jet uIw@. ~is, of -course~is tncon~istent with obtain-
ing lift from the jet as discussed in appe@ix G; how~er, it-is.@ inter-
est to compare the technique for trhmning the airplane with that of uifing
the tail. The following develcpnent compares an airpk.ne with a center-
of-gravity location such that the trim drag .iszero with ~ airplane
trimmed by deflecting the jet upward. ,Bot~=@irplanes’areat the same al-
titude, the first airplane being at the alti~ude for &ximum (L/D)I.

The force % supplied by the conventimal tail for that case in
appendix H is now supplied by the jet, so t@t .- ..-—.

.

— -.

Y= Oe sin 0 (11)

and, from the moments on the airplane, ~ ..
— — *—

from which

c _wGfl=----- —

h- ;:.,
(12)

—

(13)” “–

where 6 is defined as positive for downward cant. Equation (13) may
be substituted in equation (G35), which was originally derived to con- --

—

sider the lift jet, to yield
—

,,,

+=(l+a)B[~+)+-cosarcs~&
nlax

where H is defined by equation (D8).
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APPENDIX J

KMENTS DEVELOPED BY ENGINE INTERNAL FIJ3WFOR TRIM

This appendix discusses in a more general.way thsm appendix I the
moments than can be developed by the internsl engine flow to counteract
the center-of-pressure shift on the wing in going from subsonic to super-
sonic speeds. This discussion is applicable to the cruise conditions at
subsonic and supersonic speeds rather than to conditions of accelerations.
The basic idea is that, as the a@lsne center of lift shifts rearward in
going from subsonic to supersonic speeds, the drag and thrust also in-
crease. Also, the change in inlet momentum as a fraction of exit momen-
tum may be used. Because the center-of-pressure and engine thrust
changes are concomitant, their moments can be arranged to counteract each
other. Figure 13 illustrates in the form of special cases the forces and
moment arms that are considered in this analysis. The equations devel-
oped hold for small angles of attack and are sufficiently detailed for
the

for

.

.

.

.

present purpose.

The sum of the moments (tail off) about the center of gravity is,
subsonic and supersonic speeds, resl?ecti~e~~

To eliminate the trim drag, it is desired that these moments be equal to
zero at both flight speeds. Setting equations (ill)and (J2) equal to
zero and subtracting and using the relations

L=W (J3)

and

D =F=!3e-@ti (J4)

give
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The
ing

N/WA

application ~f equation (J5) is mcst egsily under-stoodby
three special cases.

.-
-,- -.

case I

RM E56L04

4

consider- —
,- .E.—

tj
-1

For case I, the following assumptionq.are m.de: The axisof the
engine is straight and altied tith the fl@t direct~~; dD = 0; —--
dm - Zti sin a= de; and ~ = ~ or .Zin= 0. me aiTPlane W@e_Cof
attack may well be nearly the ssne at super~sonicanii__subsonicspeeds.

—

At supersonic speeds (e.g., at M = 4.o), the angle of attack for best ‘- _
L/D and/or best (L/D)I is rel.ative~ lmge, about 6°. Althou@ the
singleof attack for best L/D is lower at subsonic speed~, the large
engtie size required for supersonic speeds~;makesthej%est (11/D)I at
subsonic speed occur at high altitude with.correspon=ti high an@es of ~:_ ._ e
attack to avoid excess throttl”tigof the engine with~the corresponding
low specific-impulses. -. .. —

Equation (J5) becomes _=,. ... :.

de 1-—= (J6)

c *-* ,.

For the case considered m the ANAL~IS ~ DISC~SIgN ((L/D)b = ‘)) .-
the assumption that ~ = ~ is not required, and equation (J6) becomes

-, —

de L
-—=

c ()5 P

(J-7)

Case II .’
—

h case 11, the inlet ~~ntum
center-of-pressure shift. Assuming
equation (J5) becomes

din - Zfi sin a
=

c

is used to counteract the wing
that _dD = O, de”-=O, smd ~ = ~,

—

(J6) -

.

,—
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The term @h/WE is determined by equations (D5) and (D1O). For the

case considered in the

tion that ~ = ~ is

ANALYSIS AND DISCUSSION ((L/D)b = m), the assump-

not required, and equation (JC) becomes

(S-9)

Case III

For case III, the exit momentum is used to counteract the wing
center-of-pressure shift, and dti, Zti, and ~ s.reset equal to zero,
so that equation (J5) becomes

(no)

. The term @e/WG is determined by equations (D5) smd (D9). For the case

considered in the ANALYSIS AND DISCUSSION ((L/D)b = m), equation (JIO)
becomes

.
de

-—=
c

The angle of jet cant for trim
lated to the Jet offset de in case

Inazl
be used to

(Jill)

6 discussed in appendix I is re-
111 by the relation

de
Sine” tane’T

LI

actual airplsme a combination of these cases would likely
minimize the effect of wing center-of-pressure shift.
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APPENDIX K

EFFECT ON RANGE OF USING AJXFRME BOUNDARY

*

.

LAYER IN ENGINE —

The use of airframe”boundary layer in-the engfie cYcle is considere? ._ ‘~
in this appendix. The airplane components ,suchas wing and engine are .,,::,=
assumed fixed in size. T!hechange in rsng.e.is calcuiat”ed-from tpe c@nge .~~
in engine performance only. The airplane-flight alt~tude and lift-drag
ratio stay constant, so the logarit~ic d~.ferentiation of the ?~ge eq~-

-%
c

tion yields -,,

m

(),

dI—=
R T +=0

where the requtced engine thrust coefficient

>
—. .- -!

.-

(Kl)
—

stsys constant as tidicated.

Consider first the general effect of ,@gesting the airframe bou@arY _
layer on engine thrust and specific impulse; second,~consider the ef~ect
on airplane range. The nomenclature used ~ this development is shown in -
figure 27. The static pressure at the eng$ne inlet is assum&d equal-ko

—. .-

free-stresm static pressure. ~erefore, the moment@ in the bo~dary
layer is characterized by its total press~e Ph. The engine specific

hnpulse and thrust coefficient may be considered a ~ction of the cycle
.-

temperature, inlet pressure recoverYj and inlet momentum:
—

I = f(T7,

~ = g(T7,

Differentiating equations (K2) ~d

p2/po) .%)
(K2)

.

.-

‘Jpf3) ‘j-n) (K3)

(K3) w>th respect to pti/PO gives-. ..

r

(~)T7,p@of&(K4
.

.
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dCn
o =

P;n =

{-)‘o

-“. ..=

.

Conibintigequations (K4) and (K5) gives

. acF

dP~a—
. ‘O T7,@fi

.

49

-!-

(K5)

+

●

From the relation

(K6)

(K7)

for constsnt P2/Po (tiich infers a constant airflow rate Wa) and con-

stant T7 (which infers constant ) differentiationyields‘f/wa ~

(K8)

,..
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anti,
,

using the definition ot.specific..@-@”e,
—

. —

1

[+)1

~F=—
F Pfi

‘o %)%/po _

,’ ..5:

-4

-..

The change of inlet momentum from the ?ree-s!meam valtiedue tO t-& ~--- “

take of boundary layer may”be found from - :

“(no) ‘, , .ah = TPo@o .—

For constant
turn assumes
ferentiation

P2/Po, which is assumed to-imply constaqt ~, which in
a constant combustor-inletMach”number (see ref. 2), dif-

—
.

of equation (KIO) gives -.

aom

[[)1P~ = 2’rPO~Ao

a—
Po ‘7Jp2/p0 [()1

aMin

Ph
a—
‘o p2/po

(Kllj

The term dMin~(pin/pO) may be calculated TYromexisttig tables (e.g.,

—

—
ref. 4) by tak-tigincrements; results are shown in figin?e28. Combintig

.

—
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equations (K9)

““ %!!
-’”- ‘d@a..Ad . . ----

.-

,,-= ‘“ ..._+.L--

and (KU) with (K6) gives tbe general relation

51

The effect on engine thrust coefficient at constant cycle temperature
may be determined from equation (K5) for dT7 = O:

[%31T7=cons:[%ilT7)Qti$9%3* ‘m2a)
Several assumptions maY be made with regard to the term .-

d(p2/po)~(p@o ). F~om figure 27, -

It might be argued

independent of the
which case

that, because reducing

breakdown of the losses

and it is clearly advantageous
A more conservative assumption.

.

p~ red~es ~, p~po is

between stations O and 2, in

(K13)

to use the boundary lsyer in the engine.
is that P2/Pfi is constant at the value
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●

that would exist for no boundary-layer ing@tion; in ~his case, :- ‘- “-
—

.

{)

P2

% ~~
P. P. ‘-

.

()

‘(K14) ‘*
in ~

~ 4

The change in range may be written froni(Kl),

[1AEi1d~f)in—=_
R I Pin —

(-)

(K15) ‘
PO

p
‘o +

where A(Pin/Po) may be evaluated from”the“tiictionti-ag’onthe airplane.” E=

Using equation (KIO) for the inlet momentum,
-K

for a given stream tube of -

air Ao)

(m} “-

where the change in inlet momentum (momentum at the engine-inlet ●

Oin
minus the free-stream moment O.) is the rmmntum defect resulting from

taking boundary-layer air into the ~g~e. :qhus~ letting Dfr equal

the total friction drag, and q the fractti of the &xnentum defect ‘- - .,.-
in~sted,

.,.
‘@in = @f~” :,

k terms of the fraction of airplane dra a~..zero
?)by using the relation given by equation C20 and

F=D= CF $ p&$F> the following is obtaitid:

CD O
‘ fr ;;

(Kl?) —

lift that is”fr”ic%ion,
the fact that —

-..
+. .-...’..... — —

,. -_— —..—
.. ..-.

CD,O
7

1+*

%%

%%—.

{-)‘in ‘F -
‘o

(K18)
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In equation (K18) the term ~/~ may be taken as that for the engine

using free-stream air. These values are given in reference 2. Account-
ing for the reduction in ~AF because of the reduced inlet pressure

recovery P~PO intrduces a second-order correction that further
smplifies t~e =ffe
ing equations (K18

ARl (P2 CF
——

==% PO I

of us
?

the boundazy layer in the engine. Combin-
(D5), K14), and (IU2) yields the final result:

.

.

1

and, from equaticm (K12a) at constant cycle temperature,
-— .

‘% P2 4Ao%l

d

P2
——

a—
r)

~-%+d~

‘O T7,0ti ‘o.
d

[Note in comparing the symbols of this

that (aI/bCF)p2/po,0ti= (al/% )X,CD

= (aI/ap)x,cD.l

CD>ofr

c
~cfi

D.o.

% d%
l+;4—

AF P~

{-)‘o .

(n9)

(K20)

appendix with those of ref. Z

~d [(aI)/(bp2/p2)lT7,0ti
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