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A COMPARATIVE ANALYSIS OF THE PERFORMANCE OF 

LONG-RANGE HYPERVELOCITY VEHICLES 1 

By ALFRED J. EGGERS, JR., H. JULIA. ALLE ,and STANFORD E. NEICE 

SUMMARY 

Long-range hypervelocity vehicles are sludinl in terms oj their 
motion in powered flight, and their motion and ael"odynamic 
heating in unpowered flight. Powered fli(Jht is analyzed jor 
an idealized 'lJropulsion system which approximates rocket 
motors. Un powered flight is characterized by a return to earth 
alonrl a ballistic, skip, or glide trajectory. Only those trajectories 
are treated which yield the maJimum range for a {liven velocity 
at the end oj powered flight. Aerodynamic heating is treated 
in a manner similar to that employed previously by the senior 
authors in studying ballistic mi8siles (NACA Rep. 1381), 
with the exception that radiant as well as convective heat transfer 
is considered in connection with glide and skip vehicles. 

The ballistic vehicle is jound to be the least efficient oj the 
several types studied in the sense that it generally requires the 
highest velocity at the end oj powered fliuht in order to attain a 
giveh range. This disadvantage may be offset, however, by 
reducing convective heat transfer to the re-entry body through 
the artifice oj inueasing pressure draq in relat1·on to jriction 
drag-that is, by 1£sing a blunt body. Thus the kinetic energy 
required by the vehicle at the end oj powered flight may be 
reduced by minimizing the mass oj coolant material involved. 

The glide vehicle developiny l~ft-drarl ratios in the neighbor­
hood oj and greater than -4 is jar superior to the balti.~tic vehicle 
in ability to convert velocity into ranye. It has the disadvantage 
oj having jar more heat conveded to it; however, it has the 
compensating advantage that this heat can in the main be 
radiated back to the atmosphere. ('on8equently, the mass oj 
coolant material may be kept relatively low. 

The skip vehicle developinfl lift-drau ratios jrom about 1 to -4 
is jound to be superior to comparable ballistic and IIlide veh?:cles 
in converting velocity into range. .ilt hjt-dra!J ratio· below 1 it 
is jound to be about equal to COm1Jarable ballilStic vehicles while 
at lijt-drag ratios above 4. it is about equal to comparable glide 
vehicles. The skip vehicle experiences ntremely lar{]e loads, 
however, and it encounters most severe aerodynamic heating. 

As a final performance consideration, it is shown that on the 
basis of equal ratios of mass at take-off to mass at the end of 
powered flight, the hypervelocity veh'/,cle compares favorably 
with the supersonic airplane for ranges in the neighborhood of 
and greater than one half the circumference of the earth. In the 
light of this and previous findings, 7·t is concluded that the 
ballistic and glide vehicles have, in addition to the advantages 

usually ascribed to great speed, the attractive p08sibility oj pro­
viding 1'elatively f'.:fficient long-range flight. 

Design aspects oj manned hypervf'locity vehicles are touched 
on br';'efly. It '/,8 '/,ndicated that if such a vehicle is to develop 
relatively high lift-drag r·at'ios, the wing and tail surfaces should 
have highly swept, rounded leading edges in order to alleviate 
the local heating problem with minimum drag penalty. The 
no. e of the body should a/8o be rounded somewhat to reduce 
local heating rates in'this region. If a manned vehicle i8 de­
signed f01' globa.l range flight, the large majority of lift i.~ ob­
tained from centrifugal force, and aerodynamic lift-drag ratio 
becomes of secondary impor·tance while aerodynamic heating 
becomes oj primary importance. In this case a glide vehicle 
which enters the atmosphere at high angles of attack, and hence 
high lift, becomes especially attractive with a more 01' less 
rounded bottom to minimize heating over the entire lower surface. 
The blunt ballistic vehicle is characterized by especially low 
heating, and it too may be a practical manned vehicle for ranges 
in excess of semiglobal if great care is taken in supporting the 
occupant to withstand the order of 10 g's maximum deceleration 
encountered during atmospheric entry. 

INTRODUCTION 

It is generally recognized t.hat hypervelocity vehicles are 
e<;pecially suited for military application becausl of the great 
difficulty of defending against them. It is also possible 
that for long-range operation, hypervelocity vehicles may 
not be overly extravagant in cost. A satellite vehicle, for 
example, can attain arbitrarily long'range with a finite sppcd 
and hence finite energy input. E. Sallger was among the 
first to recognize this favorable connection between spccd 
alld range (ref. 1) and was, with Bredt, perhaps the first to 
cxploit the speed fador in designing a long-range bomber 
(rcf. 2). This design envisioncd a rocket-boost vehicle 
attaining hypervelocities at burnout and returning t.o earth 
along a combined skip-glide trajectory. Considerable at­
tention was given to the propulsion and motion analysis; 
however, little attention was given to what is now con­
sidered to be a principal problem associated with any type 
of hypersonic aircraft, namely that of aerodynamic heating. 
In addition, the category of expendable vehicles, perhaps 
best characterized by the ballistic missile, was not treated. 

Since the work of Sanger and Bredt there have been, of 
course, many treatments of long-range hyperveloeity vehi-

I Supersedes N ACA Technical Note 4046 by Alfred J. Eggers, Jr., IT. Julian AlI(n, and Stanrord E. Neice, 1957. 
1 
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cles in which the propulsion, motion, and heating problems 
have been studied in considerable detail. However, these 
analyses have been devoted in the main to particular de igns 
and are not intended to reveal, for example, the relative ad­
vantages and disadvantages of ballistic-, skip-, and glide­
type vehicles. Furthermore, it appears that the extent to 
which these vehicles can compete on a simple efficiency basis 
with lower speed aircraft of either the expendable or non­
expendable type has not been well established. 

It has therefore been undertaken in the present report to 
make a comparative analysis of the performance of hyper­
velocity vehicle having ballistic, skip, and glide trajectories. 
An idealized propulsion sy tern, whos(' p('rformance approxi­
mat.es that of rocket motors, is a umed. The motion 
analysis is simplified by treating, for the most part, only 
optimum trajectories yielding (he maximum range for 
given initial kinetic energy per unit mass in the unpowered 
portion of flight. Aerodynamic heating is treated in a man­
ner analogous to that employed by the senior authors in 
studying ballistic missiles (ref. 3) with the exception that, 
radiant heat transfer, as well as convective heat transfer, is 
considered in the treatment of glide and skip vehicles. The 
efficiencies of these vehicles are compared with supersoll ic 
aircraft with typical air-breathing power plants. 
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NOTATION 

reference area for lift and drag evaluation, sq ft 
specific heat of vehicle material, ft-lb/slug oR 
drag coefficient 
lift coefficient 
skin-friction coefficien t 
equivalent skin-friction coefficient (see eq. (40» 
specific heat of air at constant pressure, ft-Ibjslug 

oR 
specific heat of air at constant volume, ft-lbjslug 

oR 
drag, lb 
Naperian logarithm base 
performance efficiency factor (see eq. (85» 
general functional designation 
functions of tlJ, (see eqs. (74) and (80» 
ratio of maximum deceleration to gravity 

acceleration (32.2 ftjsec2) 
acceleration due to force of gravity, ft/sec2 

convective heat-transfer coefficient, ft-IbjW sec 
oR 

convective heat transferred per unit area (unless 
otherwise designated), ft-IbjW 

specific impulse, sec 
range parameter for glide vehicle (see eq. (68» 

tefan-Boltzmann constant for black body 
radiation (3.7X10-10 ft-Ib/W sec °R4) 

constant in stagnation point heat-transfer equa-
tion, slug 1/2/ft (see eq. (44» 

lift, Ib 
mass, slugs 
Mach number 
convective heat transferred (unless otherwise 

designated), ft-lb 
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distance from center of the earth, It 
radius of curvature of flight path, it 
radius of earth, ft 
range, ft 
distance along flight path, ft 
surface area, sq ft 
time, sec 
temperature (ambient air temperature unless 

otherwise specified), OR 
velocity, ft/sec 
ratio of veloci ty to sat('lli te veloci ty 
velocity of a(ellite at ('ar(h's urfacc (taken as 

25,930 ft/sec) 
weight,lb 
vertical distance from surface of earth, ft 
angle of attack, radians unl('ss otherwise speci­

fied 
constant in d(,ll i ty-alt i (udc relation, (22,000 ft- I ; 

sec eq. (15» 
ratio of specific heats, (11'/(Y' 

semivertex angk of cones, radians unless other-
wise specified 

increment 
lift-drag efficiency factor, (see eq. (B27» 
angle of flight path to horizontal, radians unless 

otherwise specified 
leading edge sweep angle, deg 
air density, slugs/cu ft (P.=0.0034) 
nose or leading-edge radius of body or wing, ft 
partial range, radians 
total range, radians 
remaining range (<I> - cp), radians 

Subscripts 

conditions at zero angle of attack 
conditions at end of particular rocket stages 
conditions at point of maximum average heat-

transfer rate 
average values 
conditions at poiut of maximum local hcai-

transfer rate 
convection 
effective values 
conditions at entrance to earth's atmosphere 
conditions at exit from earth's atmosphere 
conditions at end of powered flight 
initial conditions 
local conditions 
ballistic phases of skip vehicles 
total number of rocket stages 
pressure effects 
pay load 
recovery conditions 
radiation 
stagnation conditions 
total values 
wall conditions 
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ANALYSIS 

GENERAL CONSIDERATIONS 

In the following analysis of long-range hypervelocity 
vehicles, only flight in planes containing the great circle 
arc between take-off and landing is considered. The flight 
is thought of in two phases: (a) the powered phase in which 
sufficient kinetic energy, as well as control, is imparted to the 
vehicle to bring it to a prescribed velocity, orientation , and 
position in space; and (b) the unpowered phase, in which the 
vehicle travels to its destination under the influence of 
gravity and aerodynamic forces. 

The analyses of motion and aerodynamic heating during 
unpowered flight will, of necessity, differ widely for the 
several types of vehicles under consideration. On the other 
hand, motion in the powered phase is conveniently treated 
by a method common to all vehicles. The study of powered 
flight and its relation Lo range is therefore taken as a starting 
point in the analysis. 

POWERED FLIGHT AND THE BREGUET RANGE EQUATION 

In this part of the study, the following simplifying as­
sumptions are made: (a) aerodynamic heating can be 
neglected on the premise that high flight speeds are not 
at tained un til the vehicle is in the rarefied upper atmosphere; 2 

(b) sufficient stability and control is available to provide 
proper orientation and positioning of the vehicle in space; 
(c) , the distance traveled while under power is negligible by 
comparison to the overall range; and finally, (d) the thrust 
is very large compared to the retarding aerodynamic and 
gra:vity forces. In terms of present-day power plants, the 
last assumption is tantamount to assuming a rocket drive 
for the vehicle. 

The velocity at bmnout of the. first stage of a multistage 
rocket (or the final velocity of a single-stage rocket) can then 
be expressed as (see, e. g., ref. 4) : 

(1) 

where the initial velocity is taken as zero. In this expression, 
m t and ml} represent the mass of the vehicle at the beginning 
and ending of first-stage flight, and '1'/1 = l'I Jl's where rs= 
-rg;;,=25,930 feet per second is the satellite velocity at the 
smface of the earth. The coefficient g is the acceleration due 
to gravity and is, along with the specific impulse I, con­
sidered constant in this phase of the analysis. The final 
velocity of the vehicle at the end of the N stages of powered 
flight can be expressed as 

(2) 

where the initial mass of any given stage differs from the 
final mass of the previous stage by the amount of structme, 
etc., jettisoned. 

Now let us define an equivalent single-stage rocket having 
the same initial and final mass as the N-stage rocket and the 

I This assumption is in the main permissible. A possible exception occurs, however, with 
the glide vehicle for which heat·transfer rates near the end of powered fJJght can be comparable 
to those experienced in un powered gliding fJJgh~ 

same initial and final velocity. There is, then, an effective 
specific impulse defined by 

In [(;;:t) (:t~) ... (:N )] 
1-I II 12 I (3) 

.- In (:;) 

whereby equation (2) can be written as 

vl=gI·ln(mt
) (4) 

Vs m l 

The effective specific impulse Ie is always somewhat less 
than the actual specific impulse, but for an efficient design 
they are not too different. Throughout the remainder of 
the analysis the effective impulse I. will be used. 

Equation (4) might be termed the "ideal power plant" 
equation for accelerated flight because, when considered in 
combination with the assumptions underlying its develop­
ment, attention is natUl'ally focused on the salient factors 
lea.ding to maximum increase in velocity for given expendi­
ture of propellant. Thus the thrust acts only in over­
coming inertia forces, and the increase in vehicle velocity 
is directly proportional to the exhaust velocity (gI) of the 
propellant. 

N ow we recognize that an essential feature of the hyper­
velocity vehicles under study here is that they use their 
velocity (or kinetic energy per unit mass) to obtain range. 
For this reason, equation (4) also constitutes a basic per­
formance equation for these vehicles because it provides 
a connecting link between range requirements and power­
plant. requirements. 

In addition to comparing various types of hypervelocity 
vehicles, om attention will also be focused upon comparison 
of these vehicles with lower speed, more conventional types 
of aircraft. For this purpose it is useful to develop an 
alternate form of equation (4) . We observe that the 
kinetic energy imparted to the vehicle is 

!mjVl 

This energy is equated to an effective work done, defined as 
the product of the range traveled and, a constant retarding 
force. (N ote that the useful kinetic energy at the end of 
powered flight is zero.) This force is termed the "effective 
drag" D.. Thus 

(5) 

where R is flight range measured a.long the surface of the 
earth. Similarly, we may aefine an "effective lift" L e, 

equal to the final weight of the vehicle 

L.=WI=m,g 

from which it follows that equation (5) may be written as 

R=(L) Vi 
D • 2g 

(6) 

where (LID). is termed the "effective lift-drag ratio ." 
Combining equations (4) and (6), we obtain 

R=(~). Ie VeIn (:;) (7) 
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where 

V.=Vf 
2 (8) 

and represents an "effective" flight velocity of the vf'hicle. 
Equation (7) will prove useful in comparing hypersonic 
vehicles with conventional aircraft because of its analogy 
to the Breguet range equation , 

(9) 

It will al 0 provr useful to havf' equation (7) in thr dimell­
sionle form obtained by dividing through with ro, the 
radius of the earth. In this cas(' we have 

<I>= ~=(L) Ve (gIe) In(m!) 
70 D e Vs mf 

(10) 

where <I> is the range in radians of arc traversed along the 
surface of the earth. 

MOTION IN UNPOWERED FLIGHT 

Ballistic trajectory.- In studying the motion of long-range 
vehicles in this trajectory, advantage i taken of the fact 
that the traverse through the earth's atmosphere generally 
forms only a small part of the total trajectory. Therefore, 
the deflect.ion and deceleration encountered in the re-entry 
phase (discussed in detail in ref. 3) are neglected in the 
computation of the tota.l range and rotation of the earth is 
nrglected in this and all other pha es of the anal,\'si. With 
the added simplification that the contribution to range of 
the power('d phase of flight is nrgligible, the ballistic tra­
jectory becomes one of Kepler's planetary ellipses, the 
major axis of which bisects the total angle of arc <I> traveled 
around the earth. For the trajectories of ill terest here 
(Vf :::; 1), the far foclls of the ellipse is at the mass center 
of the earth . For purposes of rangr computation, then, the 
ballistic vehiclr leaves and returns to the earth's surface 
at the sam absolute magnitudr of velocity and incidence 
(see sketch) . 

r-8f 

___ Elliptical arbit 

, / Earth's surface 

v,\ 
y8f 

The expression for range follows easily from the equation 
of the ellipse (see, e. g., ref. 5) and can be written 

(11) 

where the angle of il1ciclrl1cP 01 is cOllsidf'r('(l POSltIV(,. In 
order to determinr the optimum trajrcLory giving maximum 
range for a given vdocit,Y VI> ('quatiol1 (11) is difIe['rntiated 
witb rrspect to Of Ilolle! pquatpd to 0, yirlding 

(2) 

Equatiolls (11) ulld (12 ) I III V" beell employed to (ktrrminr 
vl'locity as a fUllction of ill('iclrn('r for various values of 
I'fl.ng(' and til" l'!'sult aI'(' prrs('ntrd ill figure]. 'I'll(' "mini­
mum veloeity lil1(''' of figurr 1 ('orl'(' ponels to thp optimum 
trajrdorirs (rqs. (12». 

The effective lift-drag ratios ('an easily b" ('aleulatrd fot' 
optimum ballistic vehicles using equation (6) in combination 
with the information of figure 1. The required valurs of 
(LID) . as a function of range arc presented in figure 2. 

Skip trajectory.- This trajectory can be thought of as a 
succession of ballistic trajectories, each connected to the 
nrxt by a "skipping phase" during which the vehicle rllter 
the atmosphere , negotiates a turn, and is then ejected from 
the atmosphere. The motion analysis for the ballistic 
mi silo can, of course, be applird to the ballistic phases of 
lhr skip traj('ctory. It l'rmaills, thrn, to analyze the 
skipping phases and to eombinr this analysis with the bal­
listic analysis to determill(, oV('t'-all range. 

To this end, consider a vehide ill the process of executing 
a skip from the atmo pherr (srr sketch). 

+ 

/ 

The parametric equations of motion in directions perpen­
dicular and parallel to the flight path 8 are, respectively, 

(13) 

where Tc is the local radius of curvature of the flight path, 0 is 
the local inclination to the horizontal (positive downward), 
p is the local air density, and CL and CD are the lift and drag 
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FlGURE L - Variation of velocity with incidence angle for variou 
values of range of balli tic vehicle. 

coefficients, respectively, based on the reference area, A, of 
the aircraft. 

In the turning process, aerodynamic lift must obviousl)' 
predominate over the gravity component, mg cos O. Byanal­
ogy to the atmospheric re-entry of ballistic missiles (sec ref. 
3), aerodynamic drag generally predominates ever the gravity 
component, mg sin 0_ -:\IoJ'eover, the integrated contributiun 
to velocit.,' of this gravit,y component, during desrent in a skip 
is largely balanced by an opposite contribution during ascent_ 

16r---------,---------,---------,------~ 

12 

0> 

E 8r---------~--------~~--------~--------~ 
"? 

4 

0·L---------~2--------~4~--------+6--------~8 

Ronge parameter, <P 

FIGURE 2.-Variation of effective lift-drag ratio with range for optimum 
ballistic vehicle. 

.,. 
QI2r-------~--------1-------~~~----~------~ 

x 
QI 

.2! 
ai" 
"0 

2 8~------_+--~r_--4_----~~~------~------~ 
<i 

MaXimum lift: 
4 ~------ occelerat ion = 28.5 g ------I---------+-------~ 

---- Neglecling gravity 
----- Including gravity 

o 20 40 IOC 
Distance along earth's surface, feet x 10-4 

FIGURE 3.-Trajectory of the first skipping phase for a skip vehicle 
with a lift-drag ratio of 2 and a total range of 3440 nautical miles 
(<1>=1). 

For these reasons we will idealize Lhe analysis by neglecting 
gravity entirely. This approach is analogous to the classical 
treatment of impact problems in whirh all forces exclusive of 
impact forces (acrodynamic forces in this case) arc neglected 
as being of secondary importance. Gravity is shown to be 
of secondary importance in figure 3 where the trajectory re­
sults obtainable from equations (13) and (14) are presented 
for the first skipping pbase of an LjD=2, 4>.::= 1 skip missile. 

With gravity terms neglected, equations (13) reduce to 

~ C'LP V2A=-m V2 CliO} 
~ (s 

_~ 0 pV2A=m dV 
2 D dt 

(14) 

where d8jds= -~ to the accuracy of this analysis. 

ow we assume an isothermal atmosphere, in which case 

(15) 

where Po and f3 are constants, and y= (r -ro) is the altitude 
from sea level (see ref. 3 for discussion of accuracy of this as­
sumption). Noting that dyjds= -sin 0, we combine the first 
of equations (14) with equation (15) to yield 

CLPoA 8 d . -- e- v y=sm 0 dO 
2m 

This expression can be integrated to give 

C'LPoA • --- e-~V=cos O-cos 0 2{3m en 

(16) 

(17) 

where 0 is t 1 as zero at the altitude corresponding to the 
effective "OULL ~ reach" of the atmosphere. Equation (17) 
points out an important feature of the skip path; namely, 
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cos Ois a single-valued function of altitude. Since 0 proceeds 
from positive to negative values, it is evident that 

(18) 

where the subscripts en and ex refer to atmospheric entrance 
and exit conditions, respectively, and the numbers n-1 and 
n refer to successive ballistic phases of the trajectory. ow 
slDce 

dV = VdV _.!. dV2 
dt ds 2 ds 

equations (14) may be combined to obtain 

1 dV2 V2 do 
"2 ds =LID ds 

which, for constant LID, can be integrated to yield 

(19) 

(20) 

With the aid of equation (18), this expression may be 
written 

(21) 

which relates the velocities at the beginning and end of a skip 
to the lift-drag ratio and the entrance angle of the vehicle to 
the earth's atmosphere. From equation (18) it follows 
further that the entrance angle for each skip in the trajectory 
is the same, so that 

and hence equation (21) becomes 

(22) 

We now combine this result of the skip analysis with that 
of the ballistic analysis to obtain the total flight range. 
From equation (11) the range of the nth ballistic segment of 
the trajectory is 

(23) 

Consistent with the idealization of the skipping process as an 
impa('t problem, we neglect the contribution to range of each 
skipping phase so that the total range is simply the sum of 
the ballistic contributions. From equations (22) and (23) 
this range is then 

CJ!=R=~cp =2~ tan-! [ sinO, cos (), ] 
To n=! n n=l 1 4(n-l) 81 

=- e LID -C082 0 
Vi ' 

(24) 

From this expression we see that for any given velocity 
at the end of powered flight there is a definite skipping angle 

which maximizes the range of an aircraft developing a 
particular lift-drag ratio. These skipping angles have been 
obtained w~h the aid of an IBM OPC, and the corresponding 
values of V, as a function of range for various LID are 
presented in figure 4. Corresponding values of (LID). have 
been obtained using equation (6) and the results are shown 
in figure 5. 

1.0 

.8 

I~ 

.2 .6 
e 
~ 
'u 
0 .4 Q; 
> 

.2 

0 2 3 4 5 6 7 
Range parameter, <P 

FIGURE 4.-Variation of velocity with range for various value of 
lift-drag ratio for skip vehicle. 

Glide trajectory.-The trajectory of the glide vehicle is 
illustrated in the accompanying sketch. As in the previous 
analyses, the distance coverp.d in the powered phase will be 
neglected in the determination of total range. 

The parametric equations of motion normal and parallel 
to the direction of flight are the relations of equations (13) 
rewritten in the form 

L-mg cos(}=- mV2 } 
Tc 

(25) 

-D+mg sin(}=m ~~ 
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FWURE 5.-Variation of effective lift-drag ratio with range for varioll 
values of aerodynamic lift-drag ratio of skip \·eh icle. 

J'lder the assumption of small inclination angle () to the 
horizon tal (thus (·os () "'" 1 , sin () "'" (J), constan t gravit~· acee) cra-

tion (i. e., ~ "'" 1 ). and noting the following relations 

(lV = VdV =.!. dP 
dt cis 2 d. 

1 d(ifi-(J) 
-;:: ds 

(If _ cos () _ 1 
-dS--l'--~ 

equation (25) ('an he written in thr forms 

d() mV2"'\~ L= -m P -+mg---
d . 7'0 

1 dV2 I D= - - m -+mg(} 
2 ds .J 

(26) 

(27) 

Dividiug the first of equations (27) b~' the second yields the 
following differential equation 

q 1--(} + ___ _ _ ~2_ ---=0 ( L) (1 L dV2 T d(}) V2 
, D 2 D d. ds 1'0 

(28) 

But, as is ricmollstratNI in AppclIdix A, the terms fJ gO and 

483423-59-2 

V2 dO may be neglected so that rquation (28) reduces to ds • 

dV2 2 2 2g_ 
ds 7'o(LID) V + LID-O (29) 

Since 
VS2=g7'o 

equation (29) call be integrated for constant ~ to givp the' 

velocit~r in nondimensional form as 

2", 

V2= 1- (1-Vi) e'-/D (30) 

This expression gives velocity as a function of range for what 
Sanger (ref. 2) has termed the equilibrium trajectory-that 
is, the trajectory for which the gravity force is es entially 
balanced by the aerodynamic lift and centrifugal force, or 

L_ 1_ V2 W- (31 ) 

It follows from equation t:3l) that velocity can be C'xpre cd 
in the form 

(32) 

N ow it is intuitively obvious that as the maximum range is 
approached, LIW--'»1 and hence V t becomes small compared 
to one (see eq. (31». In this event it follows from equation 
(30) that the maximum range for the glide vehicle is given by 

1>=R=.!. (L)ln(~) 
ro 2 D 1-V/ 

(33) 

The relation between velocity and range has been deter­
mined with equation (33) for various values of LID and the 
results are presented in figure 6. Corresponding values of 
(LID). have been obtained using equation (6) and arc 
prescn ted in figure 7. 

These considera.tions complete the motion analysis and 
attention is now turned to the aerodynamic heating of the 
several types of vehicles under consideration. 

o 2 3 4 5 7 
Range para meier, <P 

FIGURE G.-Variation of velocity with range for various values of 
lift-drag ratio of glide vehicle. 
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FWURE 7.-Variation af effective lift-drag ratio with range for various 
value of aerodynamic lift-drag ratio of glidl' vehicll'. 

HEATING IN UN POWERED FLlGHT 

General considerations.-Three aspects of the aerodynamic 
hrating of hypervelocity vehicles will be treated here; namely, 

1. The total heat input 
2. The maximum time rate of average heat input pel' unit 

area 
3. The maximum time rate of local heat input per unit 

area 
Total heat input is, of course, an important factor in deter­

mining over-all coolant weight., whether the coolant be solid 
(e. g., the structure), liquid, or gas, or a combination thereof. 
The maximum time rate of average heat input per unit area 
can determine peak average flow rates in the case of fluid 
coolants and may dictate over-all structural strength in the 
event that thermal stresses predominate. 

Excessive local heating is, of course, a serious problem with 
hypervelocity vehicles. This problem may vary depending 
upon the type of the vehicle. Thus, for the ballistic vehicle, 
an important local "hot spot" is the stagnation region of the 
nose, while for the skip or glide vehicle attention may also be 
focused on the leading edges of planar surfaces used for de­
veloping lift and obtaining stable and controlled flight. In 
this analysis attention is, for the purpose of simplicity, re­
stricted to the "hot spot" at the nose. In particular, we 
consider the maximum time rate of local heat input per unit 
area because of its bearing on local coolant flow rates and 
local structural strength. 

It is undertaken to treat only convective heat transfer at 
this stage of the study. As will be demonstrated, radiant 

heat transfer from the sill'face should not appreciably in­
fluence convective heat transfer to a vehicle. Therefore, 
alleviating effects of radiation are reserved for attention in 
the discussion of particular vehicles later in the paper. This 
analysis is further simplified by making the assumptions that 

1. Effects of gaseous imperfection may be neglected 
2. Shock-wave boundary-layer interaetion may be IH'g­

lected 
3. Prandtl number is unity 
4. Reynolds analogy i applicabl(' 

These assumption are obviously not permissible for an accll-
rate quantitative tudy of a specific vehicle. l'vl'rthele 
tlH'.Y should not iilValidate this comparative analysis which i 
only intended to ~'ield information of a general nature regard­
ing tlte relative merits and problems of <)ifferent types of 
vehicle (see ref. 3 for a more complete discussion of the e 
assumptions in connection with ballistic vehicles). 

In calculating convective heat transfer to hypervelocity 
vehicles, the theoretical approach taken in reference 3 for 
ballistic vehicles is, up to a point, quite general and can be 
employed here. Thus, on the basis of the foregoing as ump­
tions, it follows that for large ~faeh numbers, the difference 
between the local recovery tempf'ratUl'l' and wall temperature 
can be expressed as 

(34) 

It is clear, however, that the walls of a vehicle should be 
maintained sufficiently cool to insure tructural integrity. 
It follows in this case that the recovery temperature. at, 
hypervelocities will be large by comparison to the wall tem­
perature and equation (34) may be simplified to read 

(35) 

To the accuracy of thi analysis, then, the convective heaL 
transfer is independent of wall temperature.' Therefore, as 
previously asserted, radiant heal, transfer should not appre­
ciably influence convective heat transfer and the one can be 
studied independently of the other. 

~ ow, according to Reynolds analogy, the local heat­
transfer coefficient hi i ,for a Prandtl number of unity, given 
b)T the expression 

(36) 

where CF , is the local skin-friction coefficient based on con­
ditions just outside the boundary layer. With the aid of 
equations (35) and (36) the time rate of local heat transfer 
pel' unit arf'a, 

(37) 

can be written as 

(38) 
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Equation (38) can be integrated over the surface of a body 
to yi(>ld the time rate of total heat input as follows 

dQ=J' dH dS="l.. V3(1' S 
dt s dt 4 P F 

(39) 

wherein (11'1 is set e:tual to C1' and 

(40) 

The parameter C/ is termed the "equivalent skin-friction 
coefficient" and will be assumed constant at a mean value 
for a particular vehicle. From equation (39) we can obtain 
two alternate forms which will prove useful; namely, the 
altitude rate of total heat input defined by (note that dy is 
negativc for d t positive) 

dQ 1 dQ 
- dy =V sin 9 dt (41) 

and the range rate of total heat input defilled as 

1 elQ pV20 F 'S 
V cos 9 elt 4 cos 9 

(42) 

The Lotal heat input may be obtained by integration of 
equations (39), (41) or (42), depending upon the particular 
variable used. 

Tlte time rate of average heat inpuL pcr unit area may bc 
obtaincd from equation (39) as 

(43) 

Consider llext the local convective heat transfer in the 
region of the nose. The time rate of local heat input per 
unit area was determined in reference 3 under the assump­
tions that viscosity coefficient varies as the square root of 
the absolute temperature, and that flow between the bow 
shock wave and the stagnation point is incompressible. In 
this case it, was found that 

(44) 

where K =6.8 X 10-6
• A more detailed tudy of stagnation 

region flow, including effects of compre sibility and dissoci­
ation of air molecules (ref. 6), shows that the constant, K, 
should have a value mOre like twice the abov(' value at the 
hyperveloeities of interest here. 

'With the e relations we are now ill a position to study 
the heating of (he several types of vehicles of in terest. 

Ballistic vehicle.- The heating for this case has already 
been analyzed in reference 3. Onl.,· the results will be given 
here. 

The ratio of the total heat input to the initial kinetic 
('1Jergy was found to be 

(45) 

For the "relatively light missile," which is of principal interest 
here, 

(46) 

and equation (45) reduces to 

(47) 

The time rate of average heat input per unit area was 
found to be 

, .~ 3 _ 3CD PoA .-flu 
dHav_2 dQ_ OF Po ~ f -{Jv 'l{Jmsin 8/ (48) 
dt -8 dt - 4 e e 

which has the ma.ximum value 

(
dHnv) _(dHav) _ (3 (I~/ V 3 . 9 -- - -- -- -- m. / Sill / 
dt ",ax rlt Va 6e GoA 

(49) 

at the altitude 

="l.. In ( 30o PoA ) 
Ya fJ 2(3m. sin 9f 

(50) 

Equation (49) applies, of cow-se, only if the alt,itude, Ya, is 
above ground level. If the value of Ya is negative then the 
maximum average heating rate will, of course, occur at sea 
level. 

The time rate of local heat input per unit area to the stag­
nation region of the nose was found to be 

(51) 

having a maximum value of 

( dHs) =(dlb) =K j(3m. sin 9f V/ 
elt max dt Y,. -V 3eOvoA 

(52) 

occurrillg at the altitude 

(53) 

If the value of Yb is negative, then the maXimum value 
occ'lli's at ground level. 

Skip vehicle.-Wi th the aid of equation (17), the density at 
any point in a given skipping pha e is found to be 

(54) 

where it is to be recalled that 9.,.= 9/. The ('orrespollding 
v(>]ocity for constant. L ID is, from equation (19), 

(55) 
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By substitution of equations (54) and (55) into equation (39), 
the time rate of total heat input at any point in a skipping 
phase can be expressed as follows: 

(56) 

Now, recalling that dsldt= V, the first of equations (14) may 
be combined with equation (17) to yield 

(57) 

and we note further from equation (22) that 

291 
(V) -(n-1)-

en neLl D 

Vr 
(58) 

With the aid of equations (57) and (58), equation (56) can 
be integrated to give the total heat input for a given skipping 
phase, thus we obtain 

~_~O/&( -~)- (n-I ) ~ 
tmV/-2 OvA 1-e LID e LID 

(59) 

The total heat input for the entire trajectory can be ob­
tained by summing up the heat inputs for each separate 
skipping phase. Performing this operation yields 

461 

Q "" Q 1 e'S( 49 / ) "" - (n-I)-
"" F _ _ " LID - - =L....J-1--2=- -- L I D L....Je 

tmV/ n=12mVr 2 ('nA l-e 71=1 

(60) 

or 
Q 1 OF'S 

tmV/=2 OvA 
(61) 

which is identical to the result obtained for the light ballistic 
missile (eq. (47». This result applies, in fact, to all hyper­
velocity vehicles which lose the large majorit~7 of their kinetic 
energy during atmospheric entry. 

The timp. rate of average heat input per unit area is 
obtained by dividing equation (56) with the surface area, 
thus ~Ticlding 

3 (61 -6) 

dHao_ 1 ('p' {3m V 3 ( . 0- O,)e- LjI) (62) dt -2 ('nA LID .n cos co 

It can be shown that this expres ion ha a peak value at a 
point in the kip, Oa , given by 

) LID. 
(cos O,,-cos Of =-3- Sill Oa 

or 

From equation (22) it can be conduded that th e maximum 
heat-tran fer rate will occur in the fir t skip where 1'.n= 1', ; 
consequently , 

3(6 , -6.) 

(
dHav) =(3m C'/ V/ in One -~ 
dt max 6 C'DA 

(64) 

The time rate of local heat input per unit area in the 
stagnation region of the nose is obtained by introducing 
equations (54) and (55) into equation (44) with the following 
result: 

(65) 

Equation (65) has a peak value at a point Ot in a skip given 
by 

) LID . 
(cos Oo-cos Or =-6- Sill 00 

or 

O t 
-1 6 . -1 cos Or 

0= an LID-
sm 

~1+(L~D)2 
(66) 

It is clear in this case also that the heat-transfer rate will 
have its maximum value in the first skipping phase where 
the velocities are highesL. ince V e,,= Vr in the first skip, 
equation (65) becomes 

. ~ 3 (81 -6b) 

(
dHs) =K[ {3m(LID) sm 00] Vie -"[;jJ) (67) 
(It max 30r,Au 

Glide vehicle.-From equations (30) and (32), the density 
at a point in the glide trajectory is found to be 

p 

where 

2mg (1-V/)eJ 

Or,AVi l-(l-V/JeJ 

2,,0 
J=LID 

(68) 

By substitution of equations (30) and (68) into equation 
(39), the time rate of total heat input can be expressed a 

If equations (30) and (3 ~~) are combined with this expression, 
we again obtain 

(70) 

for the heal, transfer to a hypervelocity vehicle during atmos­
pheric en try. 

Now the time rate of average heat input per unit area of 
a glide vehicle is found by diyiding equation (69) with the 

surface area, thus yielding 

(71 ) 

It follows from this expression that the maximum time ratC' 
of anrage heal, input per unit area is 

(72) 

a t a ,'ul ul' J a gi \'ell b~' 

Ja= -ln l(l - TTl ) (73 ) 
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If J a is taken as a reference value, and equations (71) and 
(72) expressed in terms of J a and incremental cha.nges 
AJ=J-Ja , it can eagily be shown that 

dHa./dt =ellJ(3-2ellJ)~=Fa(AJ) 
(dHa./dt )ma% 

The dependence of F.(AJ) on AJ is shown in figure 8. 

(74) 

The velocity at which the maximum average beat input 
rate occurs can be obtained by substituting equation (73) 
into equation (30) yielding 

- 1 
V=-

' 3 
(75) 

Equations (72), (73), and (74) apply, of course, onl y when 

VI ~ (If 3). 
For cases when VI ~ (1/ 3), the maximum time rate of 

average heat input per unit area will occur at the start of 
empowered flight and is given by 

(:ZHao) =(d HaD) =~ !'P' mg V. (1-Vi) V, (76) 
dt maX elt J =0 2 (IDA LID 

" 
The maximum time rate of local heat input per unit 'irea 

in the stagnation region of the nose is found by first substi­
tuting equations (30) and (68) into equation (44) to obtain 

(lH"=K / 2mg Vs2[1-(1-V/)eJ)[(l- V,2)e"] >1 (77) 
dt -y Crfi,a 

The maximum time rate is then 

occurring at a vallie of J b given by 

(79) 

\Vith J b as a reference, it can easi l~' be hown that 

AJ= J -J" 

Th(' depcndcnce of Fb (AJ) on AJ is shown ill figure 8. 
\Vith reference to equations (30) and (74) it can be secn 

that the maximum time rate of local heat transf('!' in Uw 
stagnation region occurs when 

( 1) 

It is appar('llt then that equations (77 ), (78 ), and (79) appl.Y 
only whell F,~.,,'2/3. For cases where 1',~,\ '2 /3, the max­
imum time rate of local heat input pel' unit area will o('('Ul' 

at the start of unpowel'ccl flight and is giV(,1l b~' 

1.0 r-----r----r-----r---"'77~--_r--__, 

.8~-----+------~----~?_~~_+_+~r_~----~ 

..., 
<I 
~.6~-----+------~~----hL-----+--~-+~------1 
'<J 
C 
o 

~ 
~ .4~-----+~~--~--~--~----_+--+_--~----~ 

It..'' 

. 2 ~----_+----~~------~----_+--+---4-----~ 

-3 -2 -/ 
6J 

o 

FIGURE 8.-Variations of F.(t!.J) and Fb(t!.J ) with t!.J. 

DISCUSSION 

PERFORMANCE OF HYPERVELOCITY VEHICLES 

2 

In this study the point of view is taken that the perform­
ance of long-range hypervelocity vehicles is measured by 
their efficiency of flight. Thus, for example, it is presumed 
that the advantages (military and otherwise) of short time 
of flight accrue equally to all vehicles. 

The efficiency of flight is perhaps best measured by the 
cost of delivering a given pay load a given range-the higher 
the cost, the lower the efficiency. Quite obviously it is far 
beyond the scope of the present paper to actually compute 
this cost. Rather, then, we adopt a more accessible param­
eter of hypervelocity flight, namely, the initial mass of the 
vehicle, as a measure of cost. In effect, then, the assumption 
is made that the higher the initial mass of a vehicle the 
higher the cost and the lower the efficiency. With these 
thoughts in mind, it is constructive to reconsider the basic 
performance equation (eq. (4)) written in the form 

(83) 

This cxpression clearly demonstrates the roles played by the 
three factors which influence the initial mass of a vehicle 
required to travel a given range. For one thing there is the 
power plant, and as we would expect, increasing the eife.ctive 
specific impulse increases the over-all efficiency of flight in 
the sense that it tends to reduce the initial mass. The 
velocity at burnout influences initial mass by dictating the 
amount of fuel required, and it is not surprising that de­
creasing the required burnou t velocity (e. g., by increasing 
the L ID of a skip or glide vehicle) tends to decrease the 
initial mass. Finally, we see that the initial mass is propor­
tional to the final mass which consists of the pay load, 
structure (and associated equipment), and coolant. 1£ we 
presume the mass of the pay load to be some fixed quantity, 
then the initial mass will vary in accordance with this ma s 
of structure and \::001an t. 

i\ ow we assume for comparative purT;o'<es that the power 
plant for one vehicle is equally as good a the power plant 
for another vehicle-that is to say Ie is a more or less fixed 
quantity. In this event it is permissible to l'e trirt our 
attention to two main performance considerations; namely, 

d 
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th.e prescribed moLion as it influences the required burnout 
velocity, and the resulting aerodynamic heating as it influ­
ences structure and coolant. We therefore proceed to 
discuss the comparative performance of long-range hyper­
velocity vehicles in terms of these considerations. 

Motion.-The dependence of burnout velocity V/Oll range 
was determined in the analysis of motion in un powered 
flight and the results obtained for the several Lypes of hyper­
velocity vehicles under study were presented in figures 1, 4, 
and 6. Using these results in combination with the basic 
performance equation we have calculated the corresponding 
initial to final mass ratios mj/m/ as a function of range. 
For these and subsequent calculations it has been assumed 
Lhat the rocket power plant develops an effective specific 
impulse of 300 seconds. The results of these calculations 
are presented in figure 9 and we observe that, in general, 
the mass ratios are highest for the ballistic vehicle. The 
glide and skip vehicles have comparable and relatively low 
mass ratios at lift-drag ratios in the neighborhood of 4 and 
greater. The skip vehiele is superior, however, to the glide 
vehiele aL lift ·drag ratios in the neighborhood of 2. From 
considerations of motion alone, then, we conclude that the 
skip vehicle and thc gl ide vehicle developing lift-drag ratios 
greater Lhan 2 arc superior efficiencywise, in the sense of this 
report, to the ballistic vehiele. Let us now determine how 
these observations are modified by considerations of aero­
dynamic heating. 

Aerodynamic heating.- The analysis has revealed one par­
ticularly salient fact.or in regard to the heat transferred by 
convection to hypervelocity vehicles that expend thc 
majority of their kinetic energy of flight in traveling through 
the earth's atmosphere. This factor is that the amoun t of 
kinetic energy which appears in the body in the form of 
heat is proportional to the ratio of friction force to total 
drag force acting on the body (see eqs. (47), (61), and (70» . 
With the possible exception of the relatively heavy ballisLic 
vehicle (see ref. 3) all of the hypervelocity vehicles treated 
here do expend the major part of their kinetic energy in 
flight. It is, in fact, only by virtue of this expenditure of 
energy that the skip and glide vehicles achieve long range. 
From the standpoint, then, of reducing the total heat trans­
ferred by convection, the problem is to determine how the 
ratio of friction force to total drag force can be reduced. 
This matter was discussed in detail in reference 3 in connec­
tion with ballistic vehicles and it was demonstrated tha! the 

15 _-::.= 
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FIGURE 9.-Variation of mas ratio with range for \'arious lift-drag 
ratio of hypervelocity \·(' hicles. 

ratio could be reduced by employing high-pressw-c-drllg 
(i. e., blunt) shapes. It would be most fortunate if this 
avenue of solution were open also to the skip and glide 
vehicles; however, it is readily apparent that such is !lot the 
case. This conclusion follows simply from the fact that the 
skip and glide vehicles must develop reasonably high lift­
drag ratios to achieve long range. But, as is well knowll, 
high lift-drag ratios and high pressure drag are incompatible 
aerodynamic properties. Evidently, then, the skip and 
glide vehicles will be relat.ively slender and they will, by 
comparison to blunt ballistic vehicles, be required to absorb 
large amounts of their kinetic energy of flight in the form 
of heat. On the basis of the calculations of reference 3, iL 
does not seem fea ible for slender hypervelocity vehicles to 
absorb and retain so much heat (of the order of one-tenth 
Lhe kinetic energy of flight). We are led, therefore, to con­
sider the possibility of radiating part or all of this heat back 
to t.he atmosphere. 

Let us first consider radiation heat trallsfer from the sur­
face of a glide vehicle. For purposes of simplicity we pre­
sume a vehicle conical in shapc. The base diameter is taken 
as 3 feet and the weight as 5,000 pounds. We consider two 
slender cones which, according to hypersonic theory including 
friction drag, can develop maximum lift-drag ratios of 4 and 
G (sec Appendix B) . We find (see Appendix C) that the 
L ID = 4 glide vehicle can radiate heat like a black body at a 
rate equal to the maximum average convective heat-transfer 
rate if the surface temperature is allowed to rise to about 
1500° F. If the vehicle develops a lift-drag ratio of 6, then 
the allowable surface temperature must be increased to 
abouL 1800° F. These surface temperatures are high; 
nevertheless they are within the range of useful strengths' of 
available alloys (see, e. g., ref. 7). Furthermore, they call, if 
necessary, bc reduced somewhat by de igning a less dense 
vehicle (or, more specifically, a vehicle of lower wing loading, 
WIS; see Appendix C). 

It is indicaLed, then, that the glide vehicle has tltc attrac­
tive possibility of radiating back to the atmosphere a large 
fraction of the heat transferred to it by convection. .\s a 
result the rna s of coolantrequireel to protect the vehicle me.y 
be greatly reduced. J usL as with the ballistic vehicle, how­
ever (see ref. 3), it is evident that additional means, such as 
transpiration cooling, may be necessary to protect local hot 
spots on the surface, like thc sLagnation rcgion of the nose. 
h is also well to note that the alleviating effects of radiatiY(' 
cooling are not limited to Lhc glide vehicle alone, but would 
apply to any hypervelocity vehicle in level flight. 

We inquire now if the skip vehicle is capable of radiating 
heat at a rate comparable to Lhe maximum convectivc heat­
transfer rate. For this purpose it suffice to confine our at­
tention to thc first skip wherein the maximum convective 
heat-transfer rates are encoun tercel (see eq . (64». Calcula­
tions of maximum average rates using equations (63) and 
(64), for long-range skip vehicle developing lift-drag ratios 
of 4 and 6, indicate that these rates arc an order of magnitudl' 
higher than those for comparable glide vehicles. The cor­
responding equilibrium surface temperatures of the skip 
vehicles are thc order of two or more times as high as those of 
Lhe glide vehide. Accordingly they may be far in exc<'ss of 
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30000 F. We conclude, then'fon', that long range, high L /D 
skip vehiclrs cannot radiatr 11rat at a rate equivalent to the 
maximum convective ratr brcau e the surface trmprratures 
rrquirccl for radiation to offsrt ("onvrction would rxeeed the 
trmprratl1l"rs at which knowll structural materials retain 
apprC'ciablr strcngth (sec rd. 7). 

XO\\' the skip vrhiclC' oprrating at lift-drag ratio in the 
Ilrighborhood of 2 will absorb It'S heat than skip vrhicles 
dt'v('lopillg highrr lift-drug mUos. HO\\·rvrl·, as shown in 
, \.PP('IIClix C, t11r formt'l" \'rhiclt' s till absorbs mort' h('at than 
a comparable' high-prt'ssurc-drag baUi tic vrhiclc and it ac­
('{"ut'S no apprrciablt' advantagt' hy radiation. From the 
sta ndpoint of ht'at transfer, tJH'n, it is inciicutt'd tllat the 
kip vehicle is inferior to both the' ballistic and glide vrhicles. 

That i. to say, proportionutt'ly more coolant of one form or 
anotlH'r would bt' rt'quin,d to prott'ct thr kip vt'hirlt' than 
\\·ould he requirrcl to protect hallistic 01· glidp vehicle of tllC' 
sanlP nlllge. The skip Yrhide has other disaclvantagrs a 
w('l1. CC'l"tainly oUC' of the mos t ('l"ious of these is thr v('ry 
high lat('ral loads (s('e fig. 3) that th(' v('hiclr would bt' 1"('­

C[uirrd to withstand during a kip from the earth's almos­
phC'rC'. Tht'sC' loads, co uplt'd \\·ith s imultaneous high thermal 
s t ["t'sst' (dut' to high conve('tivc rates), would rrquirr the 
structure to be stronger and, cOllsequently, heavier than that 
of a comparable glide vehicle. 3 For these and other rrasons 
conceJ"JlPcl with problems of stability, control, and guidance, 
the skip vehiclr is thought to br the lea t promising of the 
t hrre types of hypervelocity vehicle considered hrre. 

III e sencr, then, the precrding study ha indicatcd that, 
the ballistic. vehicle exhibits the possibility of being relatively 
rffi.cient for hypervelocity flight, by virtue of the fact that 
aerodynamic hrating can be markedly reduced through the 
artificr of using blunt , high-pres urr-drag re-entry shapes. 
The disadvantage of using the relatively inefficient ballistic 
trajectory is counterbalanced by this advantage which tends 
to krep initial mass down by reducing coolant mass. The 
glide vehicle appears promising for hypervelocity flight 
because it has, coupled with the relatively high efficiency of 
the glide trajcctory, the possibili(\' of radiating a large 
fraction of the heat absorbed by convection. 

Up to this point we havt' con idered the performance 
efficiency of the several type of hypervelocity vehicle by 
comparison with each other. It is of interest now to compare, 
insofar as is possible, the efficiency of flight of these vehicles 
with that of lower speed, more conventional type aircraft. 

COMPARISON OF HYPERVELOCITY VEHICLES WITH THE SUPERSONIC 
AIRPLANE 

In the analysis of powered flight it was found that the basic 
performance equation for hypervelocit,y vehicles could be 
written in a form analogous to the Breguet range equation. 
Thus, according to equations (7) and (9), we have for both 
hypervelocity and lower speed vehicles that 

(84) 

'Added weight means, of course, added coolant (see, again, eq. (61» and one can easily 
demonstrate that ultimately the coolant is being added to cool coolant. This situation must 
obviously be avoided. 

wllel"r it is under tood that the effective quantities are the 
same as tht' actual quantitirs in the case of the lower speed, 
more conventional aircraft. X ow let us consider the product 
(LjD).Iere. Taking first thr supersonic airplane we assumr 
flight at a maximum lift-drag ratio of 6. The product Ie V. 
for a ram-jet or turbojt't can reasonably be expected to have 
a value of about 4.4 X 106 fert. 4 The product (L/D).I.V. is 
then 26.4 X 106 fed for the airplanr. Now let. us compa/"(' 
these quantiti£'s wilh t IIr corresponding quantities for a 
ballistic vehicle and let llS prC' umt' that the range will be half 
the circumference' of tht' t'arth. In this event, the efTt'ctive 
lift-drag ratio fol' t hr baUist ie vehiclr is 27r (srt' fig. 2) whirh is 
slightly greater thall that for the airplane, while the effective 
velocity is jll t half the sa tt'llit(, vrlocity, or 13 ,000 feet prr 
st'('ond. LrL us again a slime that the effrctive pecific 
impulse is 300 st'col)(ls. In this easr, the product of I ,V, is 
3.9X106 fN't alld the' product (L/D).I.Ve is about 24.5X106 

frrt which is only slightly less thall that for the supersonic 
airplanr. Thus we lIlw£, our hrst suggestion that the ·hypel'­
velocit~, vehicle is not l1ecessaril~· an inefficirll t type vrhicle 
for long-range fligh t. 

In order to pursue thi point furt\lt'l", a performance C'ffi­
ciency factor (sec eq. (10» defined as 

(85) 

has beeJl calculated for ballistic and glidr vehicles for I.= 300 
seconds, and ranges up to the circumference of the earth. 
The corre ponding quantity E ha been calculated for the 
supersonic airplane (l.Ve= 4.4 X I06 feet) for several lift-drag 
ratios. The results of these calculations are presented in 
figurr 10 and we observe, as our example calculation sug­
gested, that both the ballistic and glide vehicles compare 
favorabl~· with the supersonic airplane for ranges in the 
neighborhood of and greater than half the circumference of 
the earth. The glide vehicle is again superior to the ballistic 
vehicle at lift-drag ratios in excess of 2 and, as a result, it 
compares favorably with the airplane at shorter ranges than 
the ballistic vehicle. 

It should be kept in mind, of course, that m, may be 
substantially greater than mp, the mass of the pay load. 
This point is significant because it reminds us that ml!mp, 
and not ml/m" is considered the better measure of cost. 
Thus, noting that. mt/mp= (mt!m,)(m,/mp) , and recognizing 
that m,/mp is probably lowest for the ballistic vehicle, we 
anticipate that the ballistic vehicle would appear to better 
advantage than shown in figure 10. 

CONCLUDING REMARKS AND SOME DESIGN CONSIDERA­
TIONS FOR MANNED HYPERVELOCITY VEHICLES 

DW'ing the course of this study it has been indicated that 
ballistic and glide vehicles can be operated at hypervelocities 
with the reasonable assurance that problems of aerodynamic 

• This value should hold approximately for any air-breathing engine-note tbat tbe maxi­
mum value of I. V. is simply the product of tbe tbermal efficiency (taken 81; O.3-see, e. g., ref. 
8) and the specillc heat content of the (uel (taken as 14.6XH)o feetfor gasollne·type fuels). 
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FleURE JO.- Variation of performance efficiency factor with total range 
for ballistic and glide vehicles and the 'upersonic airplane. 

heating can be largely alleviat.ed by proper design. Skip 
vehicles appeared substantially less promising in this as well 
as other respects. It was fmther demonstrated that on the 
basis of equal ratios of initial to final mass, the long-range 
hypervelocity vehicle compares favorably with the super­
sonic airplane. These considerations uggest that the 
ballistic and glide vehicles have, in addition to the advantages 
usually ascribed to great speed, the attractive possibility of 
providing relatively efficient long-range flight. 

In view of these findings, it seems appropriate as a final 
point to consider what appear to be favorable design featmes 
of manned hypervelocity vehicles. It is fair to assume that 
the glide vehicle has the man-carrying capability if suitable 
living quarters are provided inside the vehicle, particularly 
as regards composition and temperatme of the interior 
atmosphere. However, whether or not the ballistic vehiclc 
has this capability is not obvious and requires some clarifica­
tion. The principle question in this regard is the magnitudc 
of the decelerations experienced by the vehicle a\ld its 
occupants during atmospheric entry. orne light is shed on 
this matter by figure 11 where the maximum deceleration in 
g's of a ballistic vehicle is shown as a function of range. 
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FWURE ll.-Maximum deceleration of ballistic vehicles during atmos­
pheric entry. 

These decelerations were calculated by the mt'thod of 
reference 3 for large entry angles, and with equations (13), 
(CL=O) for entry angles near zero, using the velocities and 
entry angles as a function of range given by equations (12). 
It seems reasonable Lo conclude from the results hown in 
figure 11 that the dccclerations are in excess of those humanly 
tolerable except for very short rangc flight and for ver~' long 
range flight. The laUer case is of principal inlerc t to us, 
and it i noted specifically that maximum dccelcralions can 
probably be kept to the order of 109's or sligh tly les for 
ranges of the order of semiglobal and greater. It may bc 
remarked further that dccclcrations cxceed 5!J' for lc than 
a minute, and they exceed 1 g for not morc than about ;3 
minutes. In this respect, then, (sec rrf. 9) the baIli tic 
vehicle appears to be a practical man-cim'ying machine, 
provided extreme carc is exercised in upporti!lg thc man 
during atmospheric entry. From the aerodynamic healing 
point of view the ballistic vehicl(> can, of course, bc mack 
especially attl'activ(> b~' emplo~'ing the blunt body ('ollc(>pL 
of reference 3. 

The glide vehicle experiences maximum decelerations in 
g's equal to approximately D/L (see eq. (31) and note 
D/HT-7D/L as V 2-70), and so with any significant lift-drag 
ratio it is far superior to the ballistic vehicle in this respect. 
In addition, the glider has the important advantage of 
maneuverability during atmospheric entry. These factors 
and its potential for relatively high performance efficiency 
make the glider gencrally attractive as a man-carrying 
machine. 

It will be assumed that if the glider is to develop rcasonabl~y 
high lift-drag ratios it should be slcnder in shape. But the 
nose of the bod~- and the leading edges of the wing (and tnil 
surfaces) should be blunt to o-lleviate the local heating prob­
lem. Blunting the nose of lhe body ma~- not, if properly 
done, increase the drag of the vehicle (sec refs. 10 and 11). 
Blunting the leading cdge of the wing will, however, incur a 
drag penalt~· and thereby reduce the lift-drag ratio. This 
difIicult~y may be largely circumvented by sweeping the lead­
ing cdge of the wing. The contribution to total drag of the 
drag at Lhe leading edge is, according to Newtonian theory, 
reduced in this manner by the square of the cosine of the 
angle of sweep for constant span. The question which arises 
is how does sweep influence heat-transfer rate. The nature 
of this influence (ref. 6) is shewn in figure 12 and it is ob­
served tbat sweep decreases heat-transfer rate very substan­
tially, although not to the extent that it decreases drag. 
We are led then to the conclusion that the wing on a byper­
velocity glide vehicle which develops reasonably high lift­
drag ratio should have highly swept leading edges. This 
observation coupled with the fact that wing weight should 
be minimized suggests for our consideration the low-aspect.­
ratio delta wing. In addition to the wing it is anticipated 
that a vertical tail will be needed to provide directional 
stability and control, and so we are led to imagine as one 
possibility a hypervelocity glider of the type shown ill 
figure 13. 

The potential of the glider to have relatively high per­
formance efficiency hinges strongly on the finding that the 
large majority of the heat convected to it may be radiated 
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FIGURE I3.-Example high lift-drag ratio glider. 

away at reasonably low surface temperatures. But it is 
never possible to build a perfect, radiation shield. There is 
always a certain amounL of heat which leaks through the 
shield to the internal structure. As the duration of flight 
iucrea es this heat leakage problem may assume major pro­
portions if substantially more structure (or coolant) is re­
quired to absorb the heat. If, at the same time, the action 
of aerodynamic forces has, at best, a minor influence on 
l'I1nge th~n the high lift-drag-ratio glider may cease to be an 
attractive machine. For flights approaching global range 
these two factors tend to come into play. That is, flight 
time becomes relatively long (of the order of an hour and 
a half or more) with the attendant increase in seriousness of 
the heat leakage problem, while lift-drag ratio assumes a 

FIGURE 14.-Example high lift glider. 

relatively minor role in terms of performance efficiency (see 
fig . 10). Accordingly, it may be attractive to launch a global 
glider into a low altitude satellite orbit which it follows OVPT 

the large majority of its range and from which it enters the 
atmosphere in the terminal phase of flight to glide the short 
remaining distance to its landing point. Under these cir­
cumstances, the vehicle may be designed to minimize aero­
dynamic heating during atmospheric entry and for this pur­
pose we are attracted to the use of high lift 5 as well as low 
wing loading (see eqs. (76) and (77)) to reduce heating rates 
and surface temperatures. Accordingly, the vehicle may 
glide into the atmosphere at a high angle of attack for high 
lift coefficient, maintaining this attitude until speed has been 
reduced to a supersonic value where heating has become a 
relatively minor problem. The angle of attack may then be 
reduced to increase L ID, thereby extending the glide and 
increasing maneuverability to achieve the desired landing 
point. For this type of application the vehicle might have 
more of the appearance shown in figure 14, again being of 
the delta-wing plan form but having a more or less rounded 
bottom and sides 1.0 minimize heating rates over the leading 
edge as well as the entire lower surface during re-entry. 
Such a configuration bears a resemblance to a motorboat 
and it may in fact be suited for landing on water as shown. 

AMES AERONAUTICAL LABORATORY 

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

MOFFETT FIELD, OALIF., Dec. 10, 1954 

S High lilt tends, of course, to mean Increased decelerations because of reduced L/ D during 
atmospheric entry: however, even for LID's of the order of unity these decelerations remalo 
modest and they should not, thercfore, constitute a serious pl\otlog problem. 



AJ>PENDIX A 

SIMPLIFYING ASSUMPTIONS IN THE ANALYSIS OF THE GLIDE TRAJECTORY 

The assumption of small d,efiedion angle (8< < 1) was 
used throughout the study of the glide trajectory. In 
addition, equation (2S) was siIl1plified on the assumption 
that 

(LID)8«1 (AI) 
and 

V 2 d8 < <LID dP 
ds 2 ds 

(A2) 

The cxtell to which these a sumptions are permissible ('an 
be checked by deriving an expression for (L/D)8 and exam­
ining its variation over a range of trajectory parameters. 

From equations (15), (30), and (31) the altitude of any 
point in a glide trajectory is found to be 

y=~ {In [1- (1- V/k/J+ ln[l-V\=ruJ} (A3) 
f3 (1-V/)eJ V2r=r 

o 

By retaining the assumption of mall inclination angle, 
whereby 8 ~ -dyjcls, and recalling that J = (2sjro)/(LID) , we 
find the inclination angle by clifi'(,l'entiating equation (A3). 
Performing this operation and making n (' of equation (:30 ) 
reduces the expression for (LjD)8 to 

L8=~[ i J=~05XlO-3 (A4) 
D f3ro l-(l-l'/)eJ V2 

Sillc(' V2 becom('s vrl'." small toward titr (,IHI of the tl'ajectol'Y, 
it is apparent from ('quatioll (A4) thal nle assumption of 
small (L/D)8 canllot be justifi('d ill this portion of fli!!lrt. 
The problem then is to ckt(,l'millc the conditions ullclrl' 
which (LjD)8 remains negligibly small over the major part 
of the trajectory. 

With the aid of equations (30) and (33), equation (A4) 
can be modified to the following form 

tp LID { 1 } ~=1- 2<1> In _ [ 21f3ro ] 

1 (LID) 8 

(AS) 

For given values of L jD and total range <1>, equation (AS) 
determines the fractional part of the total range which ('01'­

responds to a given value of (LjD)8. Since the deflection 
angle is always increasing, we can therefore determine tlrr 
portion of the total range througll which (LID)8 J'E'mains 
equal to or less than a given value. A computation of this 
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nature was performrd for a value of (LjD)8~0.05, and the 
results art' presellted in figul'{, IS. From this figure we can 
s('(' that except for hort ranges and large lift-drag ratios, 
(L/D)8 (as w('l1 as 8) l'rmain at a value les than 0.05 for 
better thall 90 percent of the total range. 

The second assumption, cquation (A2), can also be v('rifiNl 
hom the rcsults of the anal)' is. By differen tiation of l'qua­
tion (A-4) we fillo tllat 

(A6) 

while differentiation of equation (30) yields 

(A7) 

Dividillg equation (A6) by equation (A7), and making lISC 

of equation (A4), we find that 

"{:7'2 d8 
ds 28 2 

1 dr2= (LID) = (LID ,12 [(LID)Oj (AS) 
2 (LID) d--: 

B~' comparing rquation (A ) with lhe pl'cviou I'('sult ob­
tained for (L ID)8 (fig. 15), we can readily see that tile as ump­
Lion of equation (A2) is actually les string(,llt than that of 
equat iOIl (A 1) fol' vahl(,s of f-/D of the orcter of 1 and gl'l'atC'r. 
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FIGURE i5.- Portion of range where (LfJ)8~O.05 a~ u. function of 
range for variou~ value of lift-drag ralio. 
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APPENDIX B 

THE RELATION BETWEEN eF'S AND (~) FOR CONICAL MISSILES 
CDA D max 

The lift and drag coefficients for sle)](I('1' com's at small 
angles of attaek can 1)(' ('xpr('ssec\ in the following manni>r: 

from whieh it follo\\":-; that lilt' lift-drag ratio is 

(BI) 

(B2) 

(B3) 

It can hr shown thaL rqllHtioll (B:n has a maxilllum value 
wh('11 

(B4) 
whereby 

(B5) 

Using equations (Bl) through (B5), one can express the 
maximum value of the lift-drag ratio in the following ways: 

(L) 1 1 1 
D max =2a = I'L = -J2C

Do 

(B6) 

The drag coefficient at ZCl'O angle of attack appearing in 
rquation (B2) ean br brokrll down into its componcnl, parts 
to yield 

(B7) 

whrre (I'DJp is thr zero-lift pI'rSSlll'r drag co('ffieirnt and 
('F o is t he zero-lift skin-friction coefficicll t bascd 011 wet ted 
area. The skin-friction coefficient I'F o in rquation (B7) can 
be rrlated to the equivalent skin-friction coeffi(,ient I'p'(scr 
eq. (4:n) by con idering avrragr ('olldi tions over the lII·facc 
of the cone. Equating the' Iridion drag as detl'I'milled 
from fre('-stI'Nlm and local avrragr conditions, it is found 
that 

(B8) 

By referring to local average conditions on the body sur­
face, the expression for CF', equation (40), can bE; written as 

(B9) 

Comparing equations (B8) and (B9) it is apparent that 

(BlO) 

For slender shapes at hypersonic speeds, the local velocity 
does not differ appreciably from the free-stream value. 
Also, for small angles of attack, the skin-friction coefficient 

should remain fairly constant. Consequently, equation 
(BIO) can be written'as 

and equation (B7) thell becomes 

I'F'S CD =(C'D) +-
• 0 p A 

(BII) 

(B12) 

From equations (B5) and (B12) it, can then be show11 Lhat 

(Bl3) 

From the N cwtoniall impact theory, the zero-lift pressure 
drag coefficienL for slender cones at hypersonic speeds can 
be expressed as 

(B14) 

where 0 is the semivertex angle of the cone. By further 
noting that for slender cones 

(BI5) 

equation (BI2) then become'S 

('D =202+ CF~ 
o 0 (BI6) 

For a give'll value of ('F' it can be shown that equation 
(BI6) has minimum value' W]l('ll 6 

(BI7) 

whereby, at 0=0 0 /11 

(BI8) 

Obviously, then, the highest value of maximum lift-drag 
ratio (eq. (B6)) will be attained by the cone with the semi­
vertex angle given by equation (BI7). By substitution 
from equation (BI8) into equation (B6), the optimum value 
of maximum lift-drag ratio is found to be 

(BI9) 

By further substituting the expression for minimum 
zero-lift drag coefficient, equation (BI8), into equation 

• The remaining analysis assumes CI" constant. Although this Is certainly not the 
situation in practice, the analysis provides an " order of magnitude" estlmate of pertinent 
parameters. 
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(BI3), the following relation, corresponding to the condi­
tion of optimum maximum lift-drag ratio, is obtamed: 

(
C/S) 1 
CnA (LID) ma% 3 

(B20) 

With the aid of equations (B14) and (B16), equation 
(B13) can also be expressed in the following form, cor­
responding to any maximum lift-drag ratio including the 
optimum value: 

(~1\LID)ma.=~ (1-I;C,..') 
253 

(B21) 

From equaliions (B20) and (B21) it can readily be seen Lhali 
in the case of the optimum (LID)max 

from which it follows directly that 

G,..' =2 (501't )3 
253 5 

so that equation (B2l) may be written as 

( C/S) 1 
CnA (LI D) ma% 2+(_5_)3 

50 1>t 

(B22) 

(B23) 

(B24) 

With the aid of equations (B16) and (B23), the expression 
for any (LID)max (eq. (B6)) can be shown to be 

(B25) 

and it follows directly from equation (B19) that the ratio 
1/ of (LID)max for any cone to that for the optimum cone is 

50
1>t [ 3 Jli 

7J=T 1+2e~J 
(B26) 

where 7J is defined as the "lift-drag efficiency factor." By 
substitution from equation (B24), the ratio of (LID)maz to the 
optimum value can then be expressed in terms of (G/SIGDA) 
as follows: 

_ '" (C/ S)~i (_ G,..' S)H 
7J- ,,3 CDA 1 2 GnA (B27) 

The dependence of 1/ on G,..' SIGDA is shown in figure 16. 
It hould be noted, however, that for small values of 1/ the 
a sumption of slender cones will be violated, although the 
results as shown will be qualitatively correct in that Gp'SIGDA 
will become exceedingly small for low values of (LID)max, 
regardless of body shape. 
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FIGURE 16.-Variation of lift-drag efficiency factor with drag param­
eter for cones . 

APPENDIX C 

COMPUTATION OF HEATING ASSOCIATED WITH ROCKET VEHICLES 

RADIATION OF HEAT FROM GLIDE VEHICLES 

From equation (72), the maximum time rate of total heat 
input to the glide vehicle can be expressed as 

(dQ) -S (dHao) mg Vs (G,..' S) (C 
dt max - (it max 3-/3(L/D) GnA 1) 

The rate of heat radiation from the vehicle is given by the 
relation 

SdHR=kT 4S 
dt R 

(C2) 

Using equations (Cl) and (C2), the requirement for con­
tinuous radiation of all convective heat input to a surface 
at a temperature 2000° R can be expressed as 

mg G/S 
S(L/D) GnA ~1.20 (C3) 

If a value of (L/D)max=6 is assumed, values of the para-
opt 

meter GF'S/GDA and cone angle, 5, can be determined as a 

function of (LID)max from the analysis given in Appendix B. 
A vehicle weight of 5000 powlds with a maximum diameter 
of 3 feet is assumed whereby equation (C3) can be evaluated 
for various (LID) giving the results in the following table: 

LID c,'SICDA 6, S, mg C,'S 
deg SQ ft S(LID) GDA 

--------
6 0.333 2.75 147 1.89 
4 .0600 6.73 60.2 1.24 
2 .00710 14.3 28.6 .619 
1 .000800 29.6 14.3 .312 
~~ .000115 55.8 8.55 .135 

We see, therefore, that at surface temperatures of 2000° R 
and for an L/D of 4, this glide-type vehicle can radiate heat 
at a rate equal lio or greater than the maximum convective 
heat rate. 

RADIATIVE AND CONVECTIVE HEAT TRANSFER ASSOCIATED WITH SKIP 
VEffiCLES 

In this section the problem is to determine the extent to 
which heat absorbed by a skip vehicle in the first skipping 
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pbase can be reradiated during the subsequent ballistic 
phase. The quantity of heat absorbed in the first skipping 
phase has already been obtained in the heating analysis, 
(eq. (59) for n=l) 

QI 1 CF'S ( _.!!L) 
!mV/=2 CDA 1-e LID 

(04) 

where the total heat absorbed throughout the entire trajec­
tory is 

QT 1 OF'S 
!mV/=2 CvA (05) 

In order to determine the heat radiated, three quantities 
must be determined: 

1. Temperature of the vehicle at the start of the second 
ballistic phase 

2. Temperature of t.he vehicle at the end of the second 
ballistic phase 

3. The time duration of the second ballistic pbase 
To determine the first of the above quantities, we employ 

tbe relation for beat absorbed 

(06) 

where c is the specific beat of the material, W. is tb,e effective 
weight of material absorbing heat, and AT is the tempera­
ture rise during the first skip. If it is assumed that 1/3 of 
the missile weight will absorb heat, equation (06) becomes 

AT=l. (QI) 
gc m 

(07) 

where m is the total mass of the vehicle. It is assumed that 
the material has a specific heat of 0.11 Btu/lb OR. If it is 
also assumed that the temperature at the start of the first 
skip is 500 0 R, equation (07). becomes 

(08) 

which defines the temperature at the beginning of the 
second ballastic phase. 

To find the temperature at the end of the second ballistic 
phase, we equate the radiant heat-transfer rate from the 
body to the rate of heat loss in terms of the temperature 
drop of the body 

-kTW dt=cW.dT (09) 

This expression can be integrated to yield 

1 
(010) 

(7.95X10- 16)St+} 3 
eX2 

for a vehicle weight of 5000 pounds (effective absorbin~ 
weight of 1667 pounds) where T.nz is tbe temperature at 
the end of the second ballistic pbase and t is tbe total flight 
time of tbe second ballistic pbase. Tbe total beat lost by 
radiation can now be expressed in terms of the temperature 
drop as 

or 
(011) 

The time of flight in allY ballistic trajectory can be shown to 
be 

( 
<I» H 

_2ro I-cos 2" . [ 2 -I ( fl+1, <I»] 
t-V• (1-i2) tan 8,+ ..jl-i2 tan -Y l=1, tani 

(012) 
where 

tan 8, 

. <I>+ 8 <I> RID2" tan, cos 2" 

The foregoing relations were applied to a computation of 
the radiative cooling of a missile weighing 5000 pounds and 
traversing a total range of 3440 nautical miles (<I> = 1.0). 
Values of 8, were obtained in Lhe motion analysis, and values 
of C/SIGDA and S obtained in the previous calculation 
with regard to the glide missile will apply to this case also. 
The computations are summarized in the following table. 
Note that the case of LID =}f is essentially the ballistic 
vehicle (see fig. 9). 

LID 8" v,, Q, X IQ-' QI/Qr t, T u2 , T."" QR,XIQ-' QR,I Q, 
deg sec OR OR 

---- ----
6 12.5 0.275 3115 0.135 213 2710 1490 1725 0.554 
4 17.0 .315 1470 .258 335 1542 1323 316 .211 
2 24.0 .525 549 .575 395 889 885 27 .049 
1 27.5 .620 122 .853 247 587 585 3 .023 
~~ 30.0 .650 19 .985 80.4 514 514 0 0 

We see, therefore, that the quantity of heat which must 
be absorbed by this skip vehicle decreases rapidly with 
decreasing lift-drag ratio. The quantity of heat which must 
be absorbed by a ballistic vehicle (L/D ~ 1/2) is almost 
negligible compared with the quantities associated with 
vehicles with an L/D= 2 or greater. Oomparison of the heat 
absorbed in the first skipping phase with the heat radiated 
in the second ballistic phase indicates no appreciable ad­
vantage is obtained due to radiation for values of L jD=2 
and lower. To be sure, this situation could be substantially 
altered (near LID=2) by allowing the surface temperatures 
to reach higher values during the skip; however, it seems 
unlikely that the net heat absorbed by the skip vehicle 
could ever be reduced to the low value of the ballistic vehicle 
for any reasonable surface temperature. 

REFERENCES 

1. Sanger, Eugen: Rakenten-tlugtechnik. R. Oldenbourg (Berlin), 
1933. 

2. Sanger, Eugen, and Bredt, J.: A Rocket Drive for Long Range 
Bombers. Tech. Information Branch, Navy Department, 
Trans. CGD-32, 1944. 

3. Allen, H. Julian, and Eggers, A. J., Jr.: A Study of the Motion 
and Aerodynamic Heating of Missiles Entering the Earth's 
Atmosphere at High Supersonic Speeds. NACA Rep. 1381, 
1958. (Supersedes NACA TN 4047) 

4. Malina, Frank J., and Summerfield, Martin: The Problem of 
Escape from the Earth by Rocket. Jour. Aero. Sci., vol. 14, 
no. 8, Aug. 1947, pp. 471-480. 



20 REPORT 1382-NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

5. Timoshenko, S., and Young, D . H.: Advancpd DYlmmic ". 
McGraw-Hill Book Co., Inc., 1948. 

6. Eggers, A. J., Jr., Hansen, C. Frederick, and ·Cunningham, 
Bernard E.: Stagnation-Point H eat Transfer to Blunt Shape 
in Hypersonic Flight, Including Effects of Yaw. X ACA T T 

4229, 1958. 
7. Batciorf, Samuel B. : Structural Problems in Hypersonic Flight. 

Jet Propulsion, vol. 27, no. 11, Nov. 1957, pp. 1157-116l. 
8. Rutowski, Edward S.: Energy Approach to the General Aircraft 

Performance Problem. Jour. Aero. Sci., vol. 21, no. 3, :Vf11.rch 
1954. 

9. Beckman, E. L., Ziegler, .1. E., Duane, T. D., and Hunter, H. N.: 
Some Observations on Human Tolerance to Accelerative Stress. 
Phase II: Preliminary Studies on Primates Subjected to Maxi­
mum Simple Accelerative Loads. Jour. Aviation Medicine, 
vol. 24, no. 5, Oct. 1953, pp. 377-392. 

10. Eggers, A. J., Jr., Dennis, David H., and Resnikoff, Meyer M.: 
Bodies of Revolution for Minimum Drag at High Supersonic 
Airspeeds. NACA RM A51K27, 1952. 

11. Sommer, Simon C., and Stark, James A.: The Effect of Bluntness 
on the Drag of Spherical Tipped Truncated Cones of Fineness 
Ratio 3 at Mach Numbers 1.2 to 7.4. NACA RM A52B13, 
1952. 

u ~ . GOVERNMENT PRINTING OFFICE 1959 

q 


