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METHODS

A preliminary missian Eum»m of transport veblcles involves determining the values
of vehicle parameters. which yleld maximum payload at a given range. Most parameters
influence wog the structural welght and the fuel weight of the vehicle, usually with
opposing effects on the .gﬁwomm. To determine these effects, the present analysis utilized
& mathematicel -model technique in which computations of structurel weight, eserodynemic per-
formance, and propulsion-system performance were based on vehicle geometry, sizing, and
S.&modou...% parameters. These computations were performed on a digital computer in con-
Junction with a trajectory computation. The integrated computation simuleted the flight
©of the vehicle and properly related the separate problems of structural weight and mission
fuel oosmgﬁ.ou., The mission ground rules used in the study specified teke-off and land-
ing from present-dey runways .Ea. climb and descent within restrictions placed by noise and

- sonic<boom .considerations. - ) @

Anelysis Model

The vehicles chosen for .analysis had large wvolume fuselages, aw»pum&.mu wings, .”abm
suitable tail surfaces. TFig. 3 »a&am&mm one arrangement considered. - The aerodynamic
11f% end drag were estimated’™® primarily from the wehicle geometry with the friction drag
dncluding the effects of the trajectory. The structural ._:.mu.,mw«m and ‘heat-protection
weights were estimated®’® from the wehicle geometry, imposed loads, end temperature envi-
ronment. The eirframe skin and leading edges were considered &o be cooled by radietion;
but ,Hnmmamuo.dwam cooling was considered for the .Hbdmhuwu“ A,mc,u‘wm..omm ©of the wa..o,uﬁmpou system.
‘The ‘propulsion-sgystem .Em,& wes placed in the wing compression field and was .a warisble-
geometry, mixed-compression type. The pressure recovery was estimated but was .also veried
as ‘& paremeter. ‘The englnes were hydrogen-fueled iturboramjets .capable of conversion from

.eﬁ.wpum& 40 ramjet operation in the supersonic speed range. ‘The engine end .exhaust-nozzle

‘performance .and weight were derived from manufacturers' estimated data. ‘The exhaust-nozzle

flow was assumed o0 ‘be in equilibrium.”

Trejectory Considerations

Some of the considerations which effect vehicle trajectory are shown in Fig. 4. The
desired cruise altitudes are indicated by dg.mmmwwm curve in Fig. 4, and the problem is
to select a climb trajectory to the cruise altitude that meximizes the payload weight for
the specified mission. Since many components of the vehicle are sized during climb and
since up to 40 percent of the fuel is consumed in this phase of flight, selection of the
best availeble climb trajectory is importent. Climb trajectories are affected by a vari-
ety of contraints. The trajectories used in this study followed the lines mmwuﬁ.b.m. the
various constraints, since trajectories at higher altitudes resulted in increased fuel
consumption and correspondingly lower payloads. The first constraint indicated ‘E Pig. &4
is thet due to sonic-boom limitations. guomk curves for o<mnw~.mmmpumm of 2 and 3 -pounds
‘per mwcm,um foot are shown. The exact Fea@ﬂoﬁ of these curves 1s affected by many fac-
v&oummm for example, if the vehicle 1s shaped to minimize sonic boom, the lower g@ can.
serve as an approximation of a 2 vaw .&gmﬁﬁ.m As the eirplane accelerates to high super-
sonic ;speeds along a line of constant overpressure, the dynamic pressure increases until
structural considerations dictate some limiting velue. The trajectory then follows this
‘maxinmum Eosm.cwm. dynemic-pressure line until another consideration becomes important. At
£1ight Mach numbers of approximately 5, the internal pressures of the propulsion m%.mwmn_ o
increase rapldly Aomjm“_.um & corresponding vubou..mmm.m in the structural weight of the turbo- .
ramjet ehgine. As a result, the &u.mumoaoﬁ.mm ‘usuelly ere restricted by lines.of constant

internal pressure. Duct pressures -ere also dependent on inlet pressure recovery end on

- .
" wing angle of ettack which affects both the Mach number and _,Huu.ommﬁ.m field in which the

. inlet is located. Thus the constent duct-pressure lines shown in Fig. 4 should be con-

sidered only as examples. The next constraint is .encountered at ,.Emumm. Mach numbers where
.serodynamic ‘heating ‘becomes importent. Typlcel curves for equilibrium temperatures of

.ﬁmooo and 1600° ‘F are shown. These temperatures are, of course, dependent on such things

.as angle of attack and distance from the leading edge. In summary of Fig. 4, an .optimm

climb trajectory will depend -upon numercus constraints and trade~offs involving considera-

. tions ©of structures, aerodynamics, .and propulsion-gystem .wonnogwuo.m. The region bounded

4
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u,mﬁ.mmn .u.m.uwmmma,wmm as 2 to 3 percent ‘of gross am.wm-oww weight is obviausly significant.
For this reason, the discussion will often recognize minimms and meximums of relatively
flat curves.

'For the trade-off results wwm,mmsdm? ‘the vehicles have gross take-off weights of
500,000 pounds and fuselage volumes of 71,500 cubic feet. The climb trajectory is the
lower one presented in Fig. 4 except that the maximum internal pressure is 200 psi.
Unless otherwise shown, the range is 5,600 nautical miles including climb, cruise, and
descent at meximum lift-drag ratio and at minimm power. Most trade-offs are for a

cruise Mach number of 6, except where noted.
Engine

The trade-off in sizing the turbojet, which was briefly mentioned earlier, is .wumu
sented in more deteil in Fig. 7. Vehicle thrust-to-weight ratio at sea-level static
conditions is used as a measure of turbojet thrust loading. As this factor Hm decreased
from 0.6, the engine weight decreases while the fuel consumption increases. This latter A
increase 1s gradual at first but becomes more rapid as the .Hocmu. thrusts lead to long
acceleration times m‘d transonic speeds which, in turn, cause excessive fuel consumption.
A reasonable minimm mﬁﬁ»ﬁkm:& acceleration at transonic speeds might be about 2 H.»..\mmom )
and this limit tends to occur at thrust loadings of about 0.42. At a loading of about
0.32, the vehicles are unable to accelerate through the transonic H..mmu.o:. Although a
thrust loading between 0.l and 0.5 gives maximum payload fraction, these results indicate
that the vehicles are not particularly sensitive to turbojet thrust loading. This result
differs from that encountered by most other aircraft, for example , the supersonic trans-
on&m.“_.o For most aircraft the critical sizing condition, namely when the acceleration
margin is least, determines the complete propulsion-system size, including that of the
inlet and exhaust system. In comparison, the sizing requirement encountered at transonic
speeds by the <m~.u.3,.mm considered here can be met by adjusting only the turbojet size.
The rest of the propulsion system 1s sized for the cruise condition. oommmepmna.._.ﬁ the
welght penalties incurred by increasing the transonic or taeke-off thrust loadings are not

BO severe as have been experienced in the past.

K

The results in Fig. 7 are for a sonic-boam overpressure of 3 psf. The use of a lower
limit on sonic-boom overpressure has also cmmn studied. To maintein a lower overpressure,
of course, it 1s necessary to increase the turbojet engine sizé and weight at the expense
of payload. In this respect, hypersonic transports share a common problem with the m:bmu.f

sonic transports. ‘For the reasons just cited, however, the effects of sonic boom restric-

tions are not nﬁ.,.am 80 important to the over-all mission performance for hypersonic

" transports as they are for supersonic transports.

Inlet

In the discussion of Fig. 4, a trade-off was indicated as a result of the opposing
effects of inlet pressure recovery on engine performence and of internal pressure on pro-
pulsion system weight. In order to examine the effects on the transport mission Hu».m
closely, several pressure recovery schedules were used with a ﬁwmumn.aouq having a maximum
dynamic pressure of 1500 psf. These schedules and the standard pressure-recovery schedule
suggested by the military AEH.-wumoomeup are shown in Fig. 8. The recovery schedules were
designed so that the meximum internal pressure in the propulsion system was held constant
at mm.os of four levels from 150 to 300 wmu... Transport missions (5600 nautical mile H.m..smmv
were analyzed for each uﬂmmmcﬂmémnoa\mww schedule, and weight fractions were determined.
The oms.dndmgocm.tmwm made for cruise Mach numbers of 6 and 8, but due to wing flow-field
effects the Mach numbers at the inlet were about 5.0 and 6.3, respectively. The results
presented in Fig. 9 show the effects on fuel-weight fraction and on propulsion-weight
fraction. Although both effects are added together in Fig. 9(b), “_.s.dmu.:bu. duct pressure,
indicated by the symbols, is responsible for the effects on propulsion-system weight, and
pressure Hmoo<m.~.% 1s responsible for the effects on fuel weight. For cruise at Mach num-
ber 6, the sum of the propulsion-system weight and the fuel weight is not very sensitive
to the two parameters because the two effects tend to cancel each other over the ranges
studied. At Mach number 8 the fuel consumption is not very sensitive to pressure recovery
at levels above 0.1l5; therefore, structural weight dm,oosmm the dominant factor. These
trends are dependent on the structural-weight estimates used, and a different relationship
between structural weight and internal pressure could influence the results. For this

8
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In summary of this particular trade-off, the take-off wing loading giving highest

payload fraction is about 90 psf. According to the present results, however, wing loading .

from ..~o to 120 psf are nearly as attractive.
Wing aspect ratio was also varied in the present study. The range covered was from
Through

the range covered, both of these weights increased contimuously with increasing aspect

1.0 to 2.0 and the effects on wing and fuel weights are illustrated in Fig. 12.
ratio. This trend indicates that the wing aspect ratio of interest will probably be
governed by other considerations, such as landing or take-off. For example, on Fig. 12
the ﬂ.ug aspect ratios that can be used wmu take-off runs of 8000 feet or landing
approach speeds of 160 knots are indicated for two maximum allowsble angles of attack.
Baged on preliminary évaluations, 1t is indicated that conventional take-off and landing
uon:»nmnmbdm can be met with the «mﬁ&.@m studied, but as noted earlier, the problems
associated with the long fuselage may aggravate these operations.

The results presented thus far indicate some of the effects due to variations in the
parameters which influence engine and airfreme sizing. The umﬁwo&amumm parameters of

cruise Mach number and range are also of interest and will be mxmﬁ_.nmw,bmxe.
Cruise Mach Number

Information derived from trade-off studies, such as the foregoing, was used in the
definition of several vehicles suitable for cruise at zmo.w numbers between 4 and 8. The
primary difference between these vehicles is the sizing of. the propulsion system, mainly
in SE.m»Nmm of the inlet, ramjet, and exhaust nozzle. The results of this wwu.ﬁ.oﬁbn,.

‘phase of the present study are shown in Fig. 13. Welght fractions calculated for the air-

frame, propulsion system, fuel, and payload plus reserves are shown as functions  of .ﬁ.ﬁ.um.

Mach mumber. Block times for the 5600 nautical mile range are also indicated at the top

of Fig. 13. The calculations were made both for -stoichiometric fuel-air ratio and, at
higher speeds, for a higher ratio which would provide the added fuel flow estimated to be’
n.mnﬁ.h.o& for inlet and engine cooling. Results.for stoichiometric ‘fuel-air ratio will be

discussed first. These results indicate that a maximum weight fraction for ‘payload -and

reserves AoonF..nm for-a Mach number of 6. The difference for a Mach number of L is ».&bl

tively mg.. about 2 percent. The loss for a Mach nunber of 8 1is greater, about L per- :

cent, and of this only 1 percent is due do‘».nnnmmmom airframe weight. In fact, the

.airframe weight is relatively .»=<B..Hmbd with Mach numbers from 4 to 8, even cg the

wing skin temperature increases from below 800° F to above Hmooo F as indicated at the

"top of Fig. 13.

This point can be clarified by examination of Fig. 14 which shows &

schematic crose section of the structural concept nosm»mmump in this mgmo: ‘The figure. :

.indicates & typilcal structure with insulation protecting a hydrogen tank Ea. a oowo.

. load-bearing mﬁdogm The skin »..msumuw.«ﬁ.wm noted on Fig. 13 require the use of ubmﬁb- :

‘the other part being attachments and supports for ‘the insulation.’
- range indiceted in Fig. 13, the insulation weight does not increase greatly.

"weight changes occur at about 500° and 2000° F.

tion in nro structure, and Fig. 14 indicates the oownomwonﬁsm unit weight wmnmpdw Nﬁ .
also shows that the actual weight of insulation added is less than half of this umumPaS
For the temperature. .
Major unit

Within the range of cruise Mach numbers -

_from & to 8, 1t does not appear that one of these major changes 1s encountered, except.at .

- the fuselage nose end wing leading edges.

‘inlet and engine, however.

A major effect of heating due to increased flight Mach number is encountered in the .
The dashed curve in Fig. 13 shows the result of increased fuel

flow required for inlet and engine cooling. Based on present estimates, this requirement .

“cmoosmn important at a Mach number of sbout 6.7, and at & Mach number of 8, has mede a

i serious inroasd into the payload, causing a uom.soﬁon in the weight fraction won wmﬁ.owo. )

plus reserves from about 1k wmn.omnﬁ to about 6 percent. It should be emphasized, wbtmedn...

“ﬁuwn the exact swmn—»ﬁsnm of this effect is strongly dependent on the details of the nE.o:-.

“.Hwo»oum In the present mmﬁhﬁamm , for »:m«mbom , 1t was essumed that the inlet wall B

-8 liquid to a gas at Hmoo F was available for cooling.

“.mmo»ubamm «msm to0 be somewhat conservative.

’ Saumupaﬁd was Hmoo F, .S.Ea the turbulent docug layer. was n.mu6<mm. at mm<m~.B. points in

.nvm an‘ Eﬁ that mo won.omuﬁ of the heat capacity available 55: the fuel is wmwamm. from

It ie believed that the oﬁ.n.m.ue -
The primary point mo ‘be noted gum »mnuwe
nﬁm speed at which inlet and mumubm cooling requirements dictate fuel-rich Oﬁmu.pdpou E
<2.% well be the meximum m&euwg»e.o Sd»mm Mach nunber.

Pm
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Figure Ww

FUEL CHARACGTERISTICS

CONVENTIONAL

HEAT OF COMBUSTION, BTU/LB :éw%mwwmoz
SPECGIFIC HEAT, BTU/LB/°F 0.46
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Figure 2.
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INLET PRESSURE RECOVERY
)
0

WEIGHT FRACTION

REDUCED PRESSURE RECOVERY mommocrmm
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| L | ) \ |
o ! I .

0 ! 2 3 4 5 6 7 8
INLET FLOW FIELD MACH NUMBER

Figure 8.

EFFEGCT OF FUSELAGE FINENESS RATIO

ﬁ : SUBSONIC TRANSPORT
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— [ T
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— | | |
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Figure 10.

WEIGHT FRAGTION

EFFECT OF INLET INTERNAL PRESSURE
AND PRESSURE-RECOVERY-ON PERFORMANGE
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Figure 9.

EFFECT OF WING LOADING
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Figure 11.
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