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REPORT 1381 

A STUDY OF THE MOTION AND AERODYNAMIC HEATING OF BALLISTIC MISSILES ENTERING 
THE EARTH'S ATMOSPHERE AT HIGH SUPERSONIC SPEEDS 1 

Uy ll. Ju1,1AN A1,1,n!'.' nnd A .. r. EnoJ;RR, .Jr. 

SUMMARY 

A simplified analysis w made of the velocity and deceleration 
hi.•tory of baUi.stie missiles entering the earth's atmosphere at. 
hig/1 supersoni.c speed.•. It is found that., in general, the gravity 
force 1:s negti:gible compare<l to the aerodynamic drag force and, 
hence, that the tra3ectory w essentially a straight line. A con­
stant'drag coefficient. and an exponential variation of density with 
altitude a.re assumed and generalized curves for the variation of 
missile speed and decelerati.on u,-ilh altitude are ·obtained. A 
cu.riou,, finding i• that the maximum deceleration is i1ulependent 
of physical characteristies of a mi•sile (e. g., maBR, size, awl 
dra.g coefficient) and i.s determined only by entry speed arul 
flight-path angle; proirided thw deceleration occurs before impact. 

The results of the motion analysw are _employed to determine 
means available to the designer for minimizing aerodynamic 
heating. Emphasis i.Y placed upon the convective-heating 
problem including not only the f.otal heat transfer but also the 
maximum average and local rates of heat transfer per unit area. 
It is found that if a mw.•ile is so heavy as to be retarded only 
slightly by aerodynami.c drag, irrespective of the magnitude of the 
drag force, then convect.ive heating is minimized by minimizin,g 
the total shear force acting on the body. This condition i.s 
achieved by employing shapes with a low pressure drag. On the 
of.her /&and, if a missile w so light as to be decelerated to rela­
tively low speeds, eV.n if acted upon by low drag forces, then 
conwctive heaf.i.ng w minimized by employing shapes with a 
hi{lh pressure drag, thereby maximizing the amount of heat. 
delivered to the atmosphere and minimizing the amount delivered 
to the body in I.he deceleration process. Blunt shapes appear 
superior to slender shapes from the standpoint of .having lower 
maxim1tm convective heat-transfer rates i.n the region oft.he nose. 
TM maximum average heat-f.ransfer rate per unit area can be 
redu.ced by employing either slender or blunt shapes rat.her t./wn 
shapes of intermediate slenderness. Generally, the blu.nt shape 
urith high pressure drag would appear to offer considerable 
promise of minimizing the heat transfer to missiles of f.he sizes, 
weights, and speeds of usual interest. 

INTRODUCTION 

For long-range ballistic trajectories one of the most diffi­
cult phases of flight the designer must cope with is the re­
entry into the earth's atmosphere, wherein the aerodynamic 
heating associated with the high flight speeds is intense: 
The air tempemture in the boundary layer may reach values 
in the tens of thousands of degrees Fahrenheit which, com-

• Supersedes NACA Tccbolcol Notc<I047 by H. Julle.n Allen ond A. J, Eggers, Jr., 19.57. 

bincd with the high surface shcnr, promotes very gren.t 
convective hent t.ransfer to U1e surface. Heat.-absorbcnt, 
mnt.erinl must t.hcrcfore be provided to p!!cvent dest.n1ction 
of t.he essent.inl elements of the missile. It is characteristic 
of long-rnnge rockets that for every pound of mat.erinJ which 
is carried to "burn-out," many pounds of fuel are required 
in t.hc booster to obtain the flight, range. It is clear, there­
fore, that the amount of material added for prot.cct.ion from 
excessive acrodynn1nic heating 1nust. be 1nini1nizcd in order 
lo keep the take-off weight to a pract.icnble value. The 
importance of reducing t.lie he11t t.rnnsfcrred to the missile 
to the lenst. 11mount is thus evident. 

For missiles designed to absorb t.he heat, wit.hin the solid 
surla.cc of the missile shell, 11 fact.or which n111y be importn.nt, 
in addition to the tot.al amount of heat transferred, is the 
rate 11t which it is transferred since there is a maximum 
rnt;e at which the surface material can safely conduct the 
hc11t within itself. An excessively high t.ime rate of heat 
input may promote such large temperature differences ns 
t.o cause spalling of the surface, ·and thus result in loss of 
valuable heat-absorbent m11t.cri11l, or even structural failure 
as a result of stresses induced by the temperature grndients. 

For missiles designed to absorb the heat with liquid 
coolants (e. g., by transpiration cooling where the surface 
heat-transfer rate is high, or by circulating liquid coolants 
within the shell where the surface heat-transfer rate is 
lower), the ti.me rate of heat transfer is similarly of interest 
since it determines the required liquid pumping rat.c. 

These heating problems, of course, have been given con­
siderable study in connection with the design of particuln.r 
missiles, but these studies are very detailed in scope. There 
hos been need for a generalized heating analysis. intended to 
show in the broad sense the means available for minimizing 
tho heating problems. W a.gner, reference 1, made a step 
toward satisfying this need ,by developing a laudably simple 
motion analysis. This analysis was not generali?.ed, how­
ever, since it was his purpose .to study the motion and heat­
ing of a particular missile. 

It is the purpose of this report to simplify and generalize 
the analysis of the heating problem in order that the salient 
features of this problem will be made clear .so that successful 
solutions of the problem will suggest' themselves. 

A motion analysis, having the basic chnract.cr of W a.gner's 
approach, precedes the heating analysis. The generalized 
results of this analysis arc of considerable interest in them­
selves and, accordingly, are treated in detail. 

1 
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ANALYSIS 

MOTION 01<' THE BODY 

Consider a body of mass m enteriNg the atmosphere from 
great height. If, at any altiturle y, the speed is V and the 
angle of approach is e to the horizontal (see sketch), the 

~;::-- ------ '1 
' 

x ___ _ 

parametric equations ~f motion can be written 2 

d'y __ +CnpV'A . 8} 
dt'- g 2m Siil 

d'x CvpV'A 
0 -=---cos 

dt' Zm 

where 
On drag coefficient, dimensionless 
V speed, ft/sec 
.A r.eferencc area for drag evaluation, sq ft 
m mass of the body, slugs 
p mass density of the air, slugs/ft 3 

g acceleration of gravity, ft/sec 2 

(1) 

x,y horizontal and vertical distance from the point of im­
pact with the earth, ft 

e angle betw:een the flight path and the horizontal, deg 
(See Appendix A for complete list of symbols.) 

In general, the drag coefficient varies with Mach number 
and Reynolds number, while the density arid, to a very 
minor extent, the acceleration of gravity vary with altitude. 
Hence it is clear that exact solution of these equatioi1s is 
formidable.. Let us first, then, consider the following 
simplified case: 

1. The body descends vertically. 
2. The drag coefficient is constant.' 
3. The acceleration of gravity is constant.' 
4. The density as a function of altitude is given by the 

relation 

(2) 

'vhcre Po and {j are const.ants. This relation is consistent 
with the assumption of an isothermal atmosphere. 

2 Properly, I.he analysis should con.<\ldrr those c!Tects rmmltlng from the fact that the i'arth 
ls n rotating sphere, hut since the altitude mnge for wlllch drag effects are Important Is less 
Ulfm l 11ercr,nt or the radius of the earth, the rect!llnl'ar trPatmcmt glvi>n In this analysis ls 
pt~rmlsstble. 

3 As Is well known, this assumption Is genero.llyof!l'ood nccuracyat the high Mach numbers 
under consideration, at least as Jong as the total dro.g is lnrgl'ly pres~ure drag. 

1 'l'he acceleration or gravity decreuses by only 1 percl'nt tor every 100,000-foot Increase In 
11ltltude. 

Equations (1) then reduce to the single equation 

d'y=-dV =-g+ CvP.A e-""V' 
dt' dt 2m 

Noting that 

we let 

dV =-VdV 
dt dy 

Z=V' 

(3) 

and equation (3) becomes t,he linear differential cquat,ion 

dZ - CvP.A ,-PvZ+2g=0 
dy m 

(4) 

which has the well-known Aolution 

Performing the integrations, we obtain as the solution of 
this relation 

-~e-~'11 2< m c A [ •. (CnP.A _-pv)" ] 
Z= V'=e Pm /'2.J f3 n~ -2gy+const. (5) 

•-1 

so that the deceleration becomes, in terms of gravity ace.el· 
eration, 

dV [ • (Cnp.A ,-Pv)" 
dt CvP A - Cv,,A ,-,, ·2g'\' __ {3_m~-~-

--=--'- _-Pve pm 13 L.J n~ 
g Zmg n=l 

2gy+const.J-l (6) 

As an example, consider the vertical descent of a solid 
iron sphere having a diameter of 1 foot. For a sphere the 
drag coefficient may be taken as unity, based on the frontal 
area for all Mach numbers greater than about 1.4. In 
equation (2), which describes the variation of density with 
altitude, the constants should clearly be so chosen as to 
give accurate values of the density over the range of altitndes 
for which the deceleration is large. It is seen in figure 1 
that for 

and 

which yields 

p,=0.0034 slugs/ft' 

1 
/3= 22 ,000 ft-l 

v 
p=0.0034 e - 22•000 

(7) 

the calculated density is in good agreement with the NACA 
standard atmosphere values ob.tained from references 2 and. 
3 for the altitude range from 20,000 to 180,000 feet. These 
relations have been used in calculating the velocity and 
deceleration of the sphere for various altitudes, assuming 
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FIGURE 1.-Vnriation of density with altitude. 
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FIGURP. 2.-Varia.tions o( vela.city \Vith altitude for a 1-foot diameter, 
solid iron spherC entering the 'earth's atmosphere vertically at 
velocities of 10,ooo', 20,000, and 30,000 ft/sec. 

vertical entrance velocities of 10,000, 20,000, and 30,000 feet 
per second at, 40 miles altitude which, for these cases, may 
be consi(!cred the "outer reach" of the atmosphere. ·The 
results of these calculations are presented as the solid curves 
in figures 2 and 3. 

It is seen in figure 3 that for the high entrance speeds con­
sidered, the decelerations reach large values compared to 
the acceleration of gravity. This suggests that the gravity 
term in equation (3) may be neglected "~thout seriously 
affecting the results.• When this term is neglected the 
equation of motion becomes 

250 

200 

"' ~ 150 

" -•:" 
0 
0 

~ 
~ 

~ 100 ~ 

0 

50 

0 

_ dV = V dl' = Cnp,A e-'"'V' 
dt dy 2m 

Vo, 30.000 Including gravity 
Neglecting gravity 

50 100 . 150 
Altitude,y, feet x 10· 3 

(8) 

200 

F1GUR1'~ 3.-\'ariat.ions of deceleration ·with altitude for a 1-foot 
diameter, solid iron sphere entering the earth's atrnosphere vertically 
at vclocit.ics of 10,000, 20,000, and 30,000 ft/sec. 

Integration gives 

ln l'=-
0;;::! e-'"'+const. 

or 
_ Cl)P0A r$

11 

'V=const.Xe '8m 

At the altitude of 40 miles it can readily be shown that t.he 
t.erm 

is very nearly unity so that the velocity may be written 

(9) 

•It t5 usunl to neglect the gravity necclcro.Uon n priori (soo c. g., rers. 1 nnd f,) 
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and 

dV 
dt 

[/ 

\vhcre VE is the entrance speed. 

. (10) 

By use of equations (9) and (10) the vert.ical-descent. speeds 
and decelerat.ions for the 1-foot-diaiv.etqr sphere previously 
considered have been calculat.cd for tHc same entrance speeds. 
'rhe resultS are shown as the dashed curves in figures 2 and 3. 
It. is seen that these approximate calculations a.grce very well 
with those based on the more complete equa.t.ion of motion 
(eq. (3)). 

The above finding is important, for it indicates that in the 
general case, wherein t.hc body enters the atmosphere at 
high Speed at angle 8E to_ the horizontal, (,IJe gravity term, 
provided OE is not too s1nall, may be neglected in equation 
(1) t.o yield 

d'y CvP 1
72

A sin eE} 
dt' 2m 

rl'x CnP V'A cos eE 
dt' 2m 

(11) 

so t.l11tt the flight paU1 is essentially a straight line (i. c., 
8=8E), nnd the result.ant deceleration equation becomes 

dV CvpAV' 
dt 2m 

(12) 

Now, again, if t.he dcnsit.y relation given by equation (2) is 
used and it is noted t.hat. 

dy 

V -dt dV V . dV 
=-.-8- or --dt = sm e,, -d 

SIJl R . y 

equation (12) becomes 

dV Cvp,A -~v d 
V 2msin88 e 11 

which can be integrated to yield 

and the deceleration is then 

dV 
dt 
D 

C Av 2 _ _EnP0A ,-Pu 
-'DPo E -{JV fjm~lllOH 

2mg e e 

( 13) 

(14) 

The altitude 1/1 at which the maximum deceleration occurs 
is found from this relation to be 

(J 5) 

lf.111 is positive the volocit.y F1 (from cqs. (J:J) and (15)) at 
which the maximum deceleration occurs becomes 

(16) 

and the value of the maximum deceleration is 

-(~l~) =-(~~) 
g max g I 

i3VE'sin 8E 
2ge 

(17) 

If equations (13) and (14) are rewritten to make the 
altitude r,efcrencc point y 1 rather than zero, then 

and 

dV 
dt 
g 

respectively, where tiy is the change in altitude from y 1 • 

Substitution of equation (15) ·into these expressions can 
readily be shown to give 

and 

v.'=e -ld'' =F' (i31iy) 
VE (18) 

Equations (18) and (19) are generalized expressions for veloc­
ity and deceleration for bodies of constant drag coefficient 
and, together wit.h equations (15) and (17), can be used to 
determine the varia,tion of these quantities with altitude for 
specific cases. The dependence of F' (i31iy) and F" (i3tiy) on 
i31iy is shown in figure 4. 

'1.0 

" <l 
'.:' 
"-

" <l 
"'-

"-
:} 
"'-

"-

. 8 

.6 

.4 

.2 

0 
-3.0 

tf ' 
I ,, 
I V\ 

' I / 

I 
1 

I 

I I 
I I 

I 'I 
.. / / 

-20 -LO 0 

~1-., 

./ .... 'F' ({36,y) 

\ 
\ \ 
\ ' \ ' ' 

' ' F'' IB{iyl , .... 

" '-
I"-- r--~ 

~ F"ill6(1-

LO 2.0 3.0 4 .. 0 5.0 
136y 

F1GURE 4.-Variations of Jr''(f3ll.y), F" ({Jll.y), and F' 11 (f3tly) 'vith f3tly. 

The maxi1nu1n deceleration and the velocity for maxi1num 
deceleration as given by equations (17) and (16) apply only 
if the altit1idc y1, given by equation (15), is positive. Other­
wise the maximum deceleration in flight occurs at sea level 
with the velocity (sec eq. (13)) · 

Cnp,,A 

V= Vo= VEe-:-z,msln Be 
(20) 
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and has the value 

(21) 

HEATING Ofo' THB DODY 

It was noted previously that for practicable rocket missiles, 
it is vital tlrnt the weight of the missile be kept t<J a minimum. 
The total heat transferred to a missile from the air must be 
absorbed by some "coolant" material. Since this material 
has a maximum allowable t.cmpcrature, it follows that it 
can accept only a given ru11ou11t of heat per unit \veight. 
Hence, the total heat input to the missile must be kept at a 
1ninin1un1 for 1nini1nu1n inissilc "'eight.. 

Often the coolant material is simply the shell of the missile 
and as such must provide the structural strength and rigidity 
for the missile as well. The strength of the structure is dic­
tated, in pa.rt, by the stresses induced by temperature gradi­
ents within the shell. Since these temperature gradients a.re 
proportional to the· time rate of heat input, the maximum 
time rate of heat input is important in missile design. The 
heating, of course, varies along the surface but, since the 
shell transmits heat along as well as through itself, the 
strength of the structure as a whole may be determined by 
the maximum value of the average heat-transfer rate over 
the surface. This is simply the maximum value of the time 
rate of heat input per unit area. On the other hand, the 
structural strength at local points on the surface may be de­
termined primarily by the local rate of heat input. Hence, 
the maximum time rnt.c of heat, input per unit area at the sur­
face element where t.hc heat transfer is greatest may also be 
of importance in design. 

If liquid cooling is employed, the maximum surface heat.­
transfer rn.tcs reta.in their significance but, no" ... , in the sense 
that they dictate such requircment.s as maximum coolant 
pumping ra.te, or perhaps shell porosity as well in the case of 
transpimtion cooling. Vvhichever the case, in the analysis 
to follow, these elements of the heating problem will be 
treated: · 

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

area. 
3. The maximum time ra.te of local heat input per unit area. 
Since it is the primary function of this report to study 

means available to the missile designer to minimize t.he heat­
ing problem, the analysis is simplified to facilitate compari­
son of the relative heating of one missile with respect to 
another-accurate determination of the ·absolute heating of 
individual missiles is not attempted. With this point in 
mind, the following assumptions, discussed in Anpcndix B, 
arc 1nadc: ... 

1. Convecti,,e heat transfer predominates (i. e., radiation 
effects arc negligible): 

2. Effects of gaseous imperfections may be neglected. 
3. Shock-w1we boundary-layer interaction may be ne­

glected. 
4. Reynolds' analogy is applicable. 
5. The Prandtl number is unity. 

Total heat input.-Thc time rate of convective heat. t.rans­
fer from the air to any clement of surface of the body may be 
expressed by the well-known relation 

where 
lJ 

h 

~{=h1 (T,-T.), 

heat transferred per unit area, ft-lb/ft' 

' ft-lb 
convective heat-transfer coefficient, f, 0 R 

. t sec 
'11

, rccoYcr.y tc1npcrn turc, 0 1i 
Tw temperature of the wall, 0 R 
f. tilnci sec 

(22) 

and t.he subscript l denotes local conditions at a:ny element of 
the surface dS. 

It is convenient in part of this a.nalysis to determine the 
heating as a function of altitude. To this end, noting that 

-d11 dt=--·­
l'sino. 

we sec that equation (22) may be written 

dli 
dy 

h1(T,-T.) 1 

11sin08 
(23) 

With the assumption that the Prandtl number is unity, the 
recovery temperature is 

\\•here 
M Mach number at the altitude y, dimensionless 
'Y the ratio of specific heat ~t constant pressure to that 

at cOnstant volume, Ov/Orr, d.imensionlcss 
T static temperature at the altitude y, 0 R 

so that 
-y-1 

(T,-T.) 1=.T-T~,+-2-M•T 

It is seen that for ]a.rgc values of the Mach number, which is 
the case of principal interest, the third term is large com­
pared to reasonably allowable values of T-T •. It will 
therefore be assumed that' T-"T. is negligible 0 so tha.t 

(T-T) ='l'-l M'T 
t to I 2 

?i.1orcover, since_ 

M'T 11' 
(-r-1) c. 

equation (24) may be written 

11' 
(T,-T.),=20, 

(24) 

(25) 

e It should be noted that without thl~ n.'IStimptlon, thll lll'Dt·ln11ut dctcrmlnRtlon would be 
greatly oompllcnted slnC(I. the chnnglng wnll temPernturc with altitude \\'Quid hR\"C to be con· 
sldered to obtain the hm.t Input (sec e.g., re!. 1). For hl(th-s1>ero missiles which mnlntaln 
hfgb 11pccd during dr.scent, the MSUmptlon b ob,·lously permissible. E\•en for lilgh-specd 
missiles which finally decelernto to low specdl!, the assumption Is grnrmlly st.Ill RdeqUAte 
since the totnl heat Jnput ls largely determlnCd b).• Um hrot trnnsfer during the high-speed 
portion or flight. 
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Now the local heat-tmnsfcr coefficient h, is, by Reynolds' 
analogy, for the assumed Prandtl number of unity 

(26) 

where 01, is the local skin-friction coefficient based on con­
ditions p 1, V,, etc., just outside the boundary layer. Thus, 
since (Tr-1'w) is essentially c_onstant over the entire surface 
S, the rat.e of total heat t.ransfcr with altitude becomes from 
equations (23) through (26) 

rlQ=j' dH dS 
dy s dy 

where Q is t.l1e heat transferred to the whole surface S. 
equu.tion may be \Vrittcn 

dQ C/pV'S 
dy 4 sine. 

wherein 0,
1 

is set equal to O, and 

c '==..1:. I c (EI) (V') dS 
'I S Js 11 p V 

This 

(27) 

(28) 

The parameter 0/ is termed "the equivalent friction coeffi­
cient," and will be assumed constant,' independent of alti­
tude, again on the premise tlrnt relative rather than absolute 
heating is of interest. With equations (2) and (13), then, 
equation_ (27) is written 

dQ 
dy 

(29) 

Comparison of equa.t,ion (29) with equation (14) shows that 
the altitude rate of heat transfer is ·directly proportional to 
the deceleration, so that 

dQ/dy 

(d~dt) 
mg (O/S) 

2 sin eE C,,A (30) 

and therefore the ma.ximum altitude rate of heat transfer 
o'ccurs at the altitude y, (see eq. (15)) and is given by 

(r/Q) =(dQ) =-{3m.VE'(0'_fi_) (3!) 
dy moz dy 1 4e CvA 

It follows, of course, that the altitude rate of heat transfer 
varies with incremental change in altitude from y1 in the same 
manner as deceleration, and thus (sec eq. (19)) 

(dQ/dy)., F" (/31!.y) 
(dQ/dy), 

(32) 

'This assumption would appear poor at first glance s!ncc the Mach number and Reynolds 
numbl'r variations arc so large. Analysis has Indicated, however, that the effects of ,\1ach 
number rmd Roynolds number variation are nearly compens:~t!n~. The varlaUon Jn 01' for 
typical conical missiles was found to be, at most, about 50 percent from the mux!mum Ct' In 
the altitude range In which 80 percent of the heat Is tranSferrrd. · 

The total heat, input to the body at impact follows from equa­
tion (29) (i1itegrating over the limits o;<;yS "')and is 

(:J3) 

The impact. velocity, V 0 (the velocity of body at y=O), is 

Ol>PoA 

V11= Vs e-'2/lmsln OE~ 

so t.hat, equation (33) may be written in the alternative form 

Q=m (O/S) (V ·'-V ') 
,4()D,.1 /'. o 

(34) 

Maximum time rate of average heat input per unit area.­
To determine the time rate of average heat transfer per unit 
area, equations (25), (26), and (28) with equation (22) may 
he shown to give . 

dH.,_ic' V' dt - • ..If p (35) 

whieh, together with equations (2) and (13), becomes at 
altitude y 

ll.T C' V 3 - 30nPoA e-fJw 
l :Zav I Po E -{fll 'l/Jmsln Oe 
dt 4 e e (36) 

The maximum time rate of average heat transfer per unit area 
is found from this expression to be 

(dH,,) =(dH.,) =p_ (K) v, . e 
dt max dt 2 6e CoA m E Sin E 

(37) 

and it occurs at the altitude 

1 l ( 3Cvp,A ) 
y,=~ n 2{3m. sin eE (38) 

where the velocity is 

V,= VEe-J'~0.72 V 8 (39) 

As with altitude rate of heat transfer, it can be shown that 

(dH,Jdt).,=F', (/31!.y) 
(dH.,/dt), 

(40) 

Equations (37), (38), and (39) apply if the altitude for maxi­
mum time rate of average heat transfer per unit area occurs 
above sea level. If y,, by equation (38), is negative, then 
this rate occurs at sea level and is, from equation (36), 

Maximum time rate of local heat input per unit area.­
The elemental surfaee which is subject to the greatest heat 
transfer per unit area is, except in unusual cases, the tip of 
the missile nose which first meets the air. It seems unlikely 
that a pointed nose will be of practical interest for high-speed 
missiles sinee not only is the local heat-transfer rate ex­
eeedingly large in this case, but the capacity for heat reten­
tion is small. Thus a truly pointed nose would burn away. 
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Body shapes of interest for high-speed missiles would more 
probably, then, be those with nose shapes having nearly 
hemispherical tips. The following analysis applies at. such 
tips. 

It is well known that for any truly blunt body,. the bow 
shock wave is detached and there exists a stagnation point 
at the nose. Consider conditions at this point and assume 
that the local radius of curvature of the body is u (sec sketch). 

Stognotion 
streamline 

The bow shock wa\•e is normal to t.hc stagnation streamline 
and converts the supersonic flow ahead of the shock !<J n low 
subsonic speed flo\Y n.t high static tc1npcraturc do,vnstrcnrn 
of the shock. Thus, it is suggested t.lrnt conditions near the 
stagnation point may be investigated by treating the nose 
section as if it \\·ere n. scg1nent of a sphere in n. subsonic flo"· 
field. 

The heat-transfer rat.c per unit area at, t.lrn st.agnat.ion 
point is given by the relation 

dll, Nu,k,(1'0 -1',) 
-;r;:= q 

where k, is the thermal conductivity of t.lic gas at the re­
covery temperature (i. c., total tcmpcrnture) T,, and.Nu, is 
t.he Nusselt number of the flow. If the flow is assumed to 
be Jaminnr and jnco1npressiblc,8 l'-lu, is given, nccording t.o 
reference 5, by t.hc relationship 

Nu.,=0.934/le,UJ>rl' 

We retain the assumpt.ion t.hat t.he Prnndtl number is unity, 
note t.hat Rc,=pVu/µ,, and subst.it.ul.e equa.tion (25) into 
equation (42) t.o obt.nin 

dIJ,=0.47 /P Vµ, v• 
dt. ' q 

(43) 

Now it is well known that. at the high temperatures of 
interest herc1 the coefficient of viscosity µ, varies nearly as 
the square root. of the absolute temperature nnd is given by 
the relation 

µ,=2.31 X !0-8J',U 

If t.l1is expression is combined with equation (25) (neglect­
ing 1'~), equation (43) may then be written' 

dll,=6.BXI0-0 {e 11' (44) 
dt 1/;; 

a Th(! nssumptlon of oonstont dl'nslty cl'rtnlnly mn,J.· ln\-nlldntc thlsonnlysls for nny quontl· 
lntl\•c 11tudr of the rclnth'l'ly "cold-woll" nows of lntt'.mt hcrt'. 1-"or thl'! purpose ofl!tudylni;? 
relath·c heat tmmff'r It should, howl'\'Cr, pro,·c ndl'Quntc. 

•The oonstnut In equation (4-4) Is ohtnlnr.d with the ~um11Uon of lnoompr~blc flow In 
the stn1u1nt1on reJ:lon. The clfccts of oomp~tblllty ond dl<!50clotlon of·thc molooulcs of 
air In the rPRlon ~nd to lncren.~e th<' \'Blue of th<l constant hy ns much ns n factor 2 In lhr. 
~peed rrm1tc ot lntcrr.sl In this rt!port. J."or the com11nrnt1,·c 1mrposr. of this report It Js un­
n~ry to mkr. lhriw l'ffl'CI.~ Into R{'COlll\l, 

which, when combined with equations (2) and (13), becomes 

/J/J 3Cnp.,A -flu 

dH, 6 SXJO-•Ji;•·i.,. 3 -2 -26msln1Jet --= . - 'e e e dt q 
(45) 

The maximum \•aluc of dli,/dl can readily be shown to be 

( dll,) =(dll,) = 6.SXJO-• jfJm sin 8s Vs' (46) 
dt ~· dt 3 ' 3e00 uA 

which occurs at the altitude 

=~ In ( 30op,A ) 
y, {J \Pm sin 88 

corresponding to the velocity 

(4i) 

(48) 

The manner in which the heat-transfer rate per unit area at 
the stagnation point varies with incrcrnent.al change in alti­
tude from 1/3 can be shown to be 

d[J l P•v !(!-,-•••) 
( ,/t t)., -2 -F'"(ftti. ) 
(dH,/dt), e e - y (49) 

The dependence of F"' ({Jti.y) on {JtJ.y is shown in figure 4. 
Equation (46) applies only if y, is above sea level. If y3, 

from cqua.tion (47), is negative, then the maximum hcat­
t.rnnsfer rate per unit area at the st.agnntion point occurs at 
sen level and is 

3Cl)11,,A 

( dll,) =("IJ·) =6.sx10-• (j;_ v,,•e -,,,m,ln•, (50) 
dt maz dt o V q 

DISCUSSION 

MOTION 

The motion st.udy shows some important features about 
t.hc high-speed descent of missiles through the atmosphere. 
The major assumptions of this analysis were U1at the drag 
coefficient was constant and t.he density varied exponentially 
with altitude. It was found t.l1at the deceleration due to 
drag was generally large compared to the acceleration of 
gravity and, consequently, that th~ acceleration of gravity 
could be neglected in t.hc differential equations of motion. 
The flight path was then seen to be a straight line, the missile 
maintaining the flight-pat.h angle it had at entry to the 
a tmosphcre. 

For most missiles, the maximum deceleration will occur 
at altitude. One of the most interesting features of the 
flight of such n. missile is that the maximum deceleration is 
independent of physical characteristics (such as mass, size, 
and drag coefficient of the missile), being dependent only on 
the entry speed and flight-path angle (sec cq. (17)). The 
missilo speed at maximum deceleration (eq, (16)) bears a 
fixed relation to the entrance speed (61 percent of entrance 
speed), while the corresponding altitude (eq. (15)) depends 
on the physical characterist.ics and the flight-path angle but 
not on the entrance speed. It is also notable that for a 
given incrcrncntnl change in a.Jtitude from the nlt.itude for 

Declassified and Approved For Release 2013/11121 : CIA-RDP71 B00265R000200130001-4 



.... '. 

Declassified and Approved For Release 2013/11121 : CIA-RDP71 B00265R000200130001-4 
O REPORT 1381-NATIO:-.IAL ADVISORY COMMITTEE FOR AERONAUTICS 

maximum deceleration, tite deceleration and speed bear 
fixed ratios to the maximum deceleration and the entrv 
speed, respectively (see fig. 4 and eqs. (19) and (18)), henc~, 
the deceleration and Speed ¥ariation with altitude can readily 
be determined. 

If the missile is very heavy, the calculated altitude for 
maximum deceleration (eq. (15)) may be fictitious (i. e., 
this altit.ude is negative) so the maximum deceleration in 
flight; which occurs just before .impact at sea level, is less 
than that calculated by equation (17) and is dependent on 
the body characteristics as well as the entry speed and flight­
path angle (see eq. (21)). However, the variation of speed 
and deceleration with altitude from the fictitious altitude 
given by equation (15) can still be obtained from figure 4. 

HEATING 

.Total heat input.--In the heating analysis, a number of 
simplifying assumptions were made which should limit its 
applicability to the determination of relative values of heat­
ing at hypersonic speeds. It is in this relat.ive sense that. the 
following discussion pertains. 

In considering the total heat transferred by convection 
to a missile, it is evident from equation (33) that the course 
the designer should take to obtain the least heating is 
affected by the value of the factor 

Cnp,A B 
{Jm sine. (51) 

To illustrate, first consider the case of a "relativelv 
heavy" missile for which this factor is small compared t~ 
unity (the term "relatively heavy" is used to denote that 
the denominator involving the mass is very large as compared 
to the numerator involving the drng per unit clvnamic 
pressure, CnA). Then · 

is small compared to I. If this function is expanded in 
series and only t.he leading term retained, equation (33) 
becomes 

(52) 

:For the relatively heavy missile, then, the least heat will be 
transferred when C/ S is a minimum-that is to sav ·when 
the total shear force acting on the body is a 111i1;inrnm. 
This result is as would be expected, if one notes that req uir­
mg B< <I ts tantamount to requiring the missile to be so 
heavy that it is retarded only slightly by aerodynamic drag 
in its motion through the atmosphere. Ifonce, the heat 
input to the missile is simply proportional to the shear force. 

Now let us consider the case when B> >1, or, in other 
1vords, when this missile is "relatively light." In this event, 

OoPnA 

1-e-RmstniiE~l 

and equation (31) can be approximated 

Q~I V '(Cr'S) =4m E C
0

A 

For the relatively light missile, then, the leust convective 
heating is obtained when 0/S/CnA is a minimum. This is 
at first glance a rather surprising result, for it indicates 
that the heating is reduced by increasing the total drag, 
provided the equivalent frictional drag is not increased 
proportionately as fast. Physically, this anomaly is 
resolved if the problem is viewed in the following way: 
The missile entering the atmosphere has the kinetic energy 
tm v.' but, if 

is small, then nearly all its entrance kinetic energy is lost, 
due to the action of aerodynamic forces, and must appear 
as heating of both the atmosphere and the missile. The 
fraction of the total heat which is given to the missile is,1° 
from equa.tion (33), 

I (C/S) 
2 CvA 

Thus, by keeping this ratio a minimum, as much as possible 
of the energy is given to the atmosphere and the missile 
heating is t.herefore least. 

In order to illustrate these consideration .. in greater detail, 
calculations have been made using the previously developed_, 
equations to determine the heat transferred by convection 
to a series of conical missiles. Two classes of missiles have 
been considered. Missiles in' the first class were required 
to have a base area of IO square feet. Missiles in the 
second class were required to have a volume of 16 cubic 
feet. Gross weights of O, 1,000, 5,000, 10,000, and °' 
pounds have been assumed, and the entrance angle, 88 , 

has been taken as 30° of arc in all cases. Missile heating, 
up to the tim;; of impact, has been calculated as a function 
of cone angle for entrance speeds of 10,000, 20,000, and 30,000 
feet per second. In these calculations the pressure drag 
coefficient was taken as consta.nt for a particular cone at the 
value corresponding to the entrance Mach' number (a value 
of T.=500° R was assumed throughout,). These coeffi­
cients were determined from reference 6 for cone angles of 
10° and greater. For cone angles less than !0°, reference 7 
was employed to determine these coefficients (base drag 
was neglected in all cases). The total drag coefficient was 
taken as the sum of the pressure drag coefficient plus the 
skin-friction coefficient, the latter coefficient being taken at 
its value for maximum total heat-input rate with altitude. 
The boundary layer was assumed to be wholly turbulent 
since the Reynolds number, based on length of rtin along 
the surface of a cone and local conditions just outside the 
boundary layer, was always greater than about 6X IO' and, 
in fact, was of the order of billions for the more slender cones. 
Turbulent-boundary-layer data were obtained from refer­
ences 8 and" 9, and Sutherland's law for the variation of 
Viscosity with temperature 'vas used in obtni11ing "equiv­
alent flat-plate" heat-transfer coefficients. 

iD Note thnt oven that Ir nil drng Is frictional drag, only hair t.ho hcut is transferred to 
tho body. Tho other half ls contiilncd In the boundary layer and Is ldt Jn tho nlr 111 tht' 
body wnko. 
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. FtGURt1 6.-Conveetivc hcnt transferred at in1pnct to conical rnissiles or 
sn1ne volu1nc entering t.hc earth's ntrnosphcrc nt nn angle or 30° to 
the horir.ontnl and velocities of 1010001 201000, nnd 30,000 ft/sec 
(vohunc= 16.34 cu ft.). 

Missile heating calculated in this manner for the fixcd-bosc­
arca and fixed-volume cones is present.eel in figures 5 and 6, 
respectively. Curves for missiles having densities greater 
than steel arc considered improbable and arc shown as 
clashed lines. It is clen.r l.hnt for both classes of bodies, when 
the missile is relatively heavy, the optimum solution is 
obtained by making C/ S as small as possible (small cone 
angle cose) and this optimum is accentuated with increase in 
speed. On the other hand, when the missile is relnti,•cly 
light, reduced heating is obtained by making C,'S/CnA as 
small os possible (the large cone angle easel. It is noted 

l( 
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also that, in general, the advantage of reduced heating of the 
relatively light, blunt cones is more pronounced in the fixed­
base-area case than in the fixed-volume case. 

Maximum time rate of average heat input per unit area.­
] t was previously noted that the maximum time rate of 
average heat input per unit area may be of serious importance 
in determining the structural integrity of missiles entering 
the atmosphere at high speeds 0 In order to illustrate this 
fact, consider the case of a missile having a shell made of 
solid material and assume that the rate of heat t.ransfer per 
unit ama does not vary rapidly from one surface clement to 
the next. 'I'hen the rate of transfer of heat along the shell 
will be small compared with the rate of transfer through the 
shell. The shell stress due to heat transfer is that resulting 
from the tendency toward differential expansion through the 
shell and it is proportional to dT,/d~ where T, is the tempera­
ture at any point ~ within the shell and ~ is measurer! per­
pendicular from the shell surface. We define k, as the 
thermal conductivity of the shell material; then the rate at 
which heat transfers through the shell per unit area is k,(d1',/ 
d~) and this must, at ~=0, equal the rate of heat input per 
unit surface area. For the missile considered as a whole, 
the maximum value of the average thermal stress in the shell 
is a measure of the over-all structural integrity and the 
maximum value of this stress "·ill occur n t the s\1rface \vhen 

dH.,,=}:_ (dQ) 
dt s dt 

is a maximum. 
The course the designer should take to minimize the ther­

mal stress for the missile as a whole is dependent, as for t.he 
case of total heat input, upon whet.her the missile is relatively 
heavy or light. For the relatively heavy missile the value 
of B, given by equation (51), is small compared t.o unity. 
The maximum value of the average t.hcrmal stress in this 
case is proportional to (sec eq. ( 41)) 

( dH"') = 0/ Po V E
3 

dt 0 4 
(54) 

and, hence, the least avcrngc t.]rnrmal stress is obt.aincd by 
making 0/ a minimum. On the other hand, for the rela­
tively light missile the maximum value of the average 
t.hcrmal stress is proportional to (sec eq. (37)) 

(dH,,) =( 0/ ) /lm VE' sin 8" 
dt 2 OnA 6e 

(55) 

and, hence, the least nv<~rage thermal stress occurs \vhrn 
0/ JC'oA is a n~ini1num. 

In order to illustrate these considcrati011s in gren,ter detail: 
the maximum values of the tin1c rate of average heat input prr 
unit area have been calculated for the constant-base-area and 
t.hc constant-volume cones previously discussed in the section 
on total heat input. These values \'rere determined in 1nucl1 
t.hc same manner as those of total heat input, wit.h the excep­
tion tlu1t 0/ was evaluated at y2 (rat.her than y1), given by 
equation (38) when it applies, and otherwise nt. y,=0. The 
results arc shown in figure• 7 and 8. It is seen t.hat t.hc 

n Thls Is the common case when thf' ~:Jwll nm!.<'rlnl nets ns structurnl sup1mrt nnd must 
also transport or abso1 b thf' heat. 
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F1GURE 7.-1\!laxiinunt average rate of convective heat transfer t.o 
conical 1nissiles oft.he snrne base area entering the earth is atmosphere· 
at an angle of 30° to the horizontal and velocities of 10,000, 20i000, 
and 301000 ft/sec (base area=10 sq ft). 

maxin1u1n valuC'S of average thermal stress are reduced for 
both the slender cones and blunt cones as compared to the 
rclativcl~~ large values of this strC'ss C'xpcricncc<l by conrs 
of inter1nediate slenderness. 

Maximum time rate of local heat input per unit area.­
J>erha.ps cvPn 1norc important than the 1naxi1nu1n value of 
the avPra.gc sh<~ll st,ress is the n1a.ximu1n stress t.hat occurs 
in the s]u>ll nt the surface element. of· t,l1e n1issilc nosc,12 

·where the local hcat'transfer rat.c is probably the greatest, 
for, in general, this latter st.rrss is many tin1('S larger. ,.Ju 
fact, t.his rnt.e of local heat input can hr so large as to prom~t:e, 

ll Jn this report wP llrP conC<.'rned only with bodh1s. (f w!n~s or sta.blllum; Or<' usrd, tlwlr 
!Padlng erlg('s urP slm1hirly surfocr elemrnl.<; which t•xpPrlPnC<' lnlf111Sl' hrat. trr.n~frr. 

I. 
f 
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F1GUR}:; 8.-i\'lnxilnutn nvcrngc rnte of convccti\•c heat transfer to 
conical 1nissilcs of the same volume entering the earth's nt1nosphcrc 
nt nn angle of 30° to the horizontnl nnd velocities of 10,000, 20,000, 
and 30,000 ft/sec (\•ohnnc=l6.34 cu ft). 

tempcrnLure gradicnt.s Lhrough the shell LhaL are intolcrnblc 
even wit.11 t.llC most highly conducLive mnterinls (copper, 
silver, etc.)." Thus some additional means of cooling, such 
as l.rn.nspirnt..ion cooling1 1nn.y, in any case, be i:cquired in 
1t.his region. 

It was stated previously that pointed-nose bodies arc un­
desirable due, in part, to the fact that the local heat-transfer 
rate per unit nrca at Lhe tip is excessive. The valiility of this. 
stn.t.cment is demonstrated by the results of the analysis. 
It is clear (see cq. ( 44)) that since the local transfer rate varies 
inversely with the square root of the tip radius, not only 
shonld pointed bodies be avoided, but the rom1dcd nose 

u Sec rclcrcnoo 1 for further discussion. 

should have as large o. radius ns possible. The quest.ion 
t.hcn arises; if the nose radius is arbitrarily fixed, what course 
is available to the missile designer to minimize the problem of 
local heating at the stngnation point? From both equal.ions 
(46) and (50), it is seen that for an arbitrary nose rndius, if 
t.he mass, entry speed, nnd flight-path angle arc fixed, t.hen 
Lhc only way to reduce t.hc stagnation rate of heat input 
per unit area is to increase the product G0 A. Jn fnct., n. 
rclati~·e stagnat.ion-point, heat-trnnsfer rate per unit area, Y, 
·may be expressed in terms of B (sec cq. (51)), if it. is defined 
as the ratio of the maximum st.ag1rn t.ion-point hen tr transfer 
rat,c per unit n.reo. for n given inissile to Uic rnnxirnurn rate 
the same missile would experience if it. were infinit.cly heavy. 
l~or the infinitely hcnvy missile, t.l1c 1nnxinnnn rn.t,c occurs 
at sea level n.ncl is (sec cq. (50)) 

so that, from equation (50) 

(56) 

if the given missile also nttains its maximum rate aL sen level 
(i. c., y,=0; eq. (47)); whereas 

(57) 

if the given missile attains its maximum rntc above sea level 
(cq. (46), y, positive). The variation of Y, with l/B is shown 
in figure 9. Clearly, t.hc high pressure drag shape has the 
ndvant.agc over the slender shape in this respect . 

In order to illustrate these considerations in greater detail, 
again consider the constnnt-bnsc-area and constnnt-volumc 
cones discussed earlier. Assume the pointed tips of nil t.hc 

1.0 

!! 
u 
.!! 

~.6 
c g 
' 0 
~.4 
ru 
-~ 
0 
o; 
Q: .2 

0 3 6 
I 

8 

9 12 15 

F1GUR1-; 9.-Vnrintion of ;elnti\'c hcnt-trnnsfer factor if with Jr 
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cones are replaced by spherical tips of the same radius u. 
The relative effect of varying the cone angle on the stagna­
tion-point heating can than be assessed by determining the 
variation of the product 

{; (dTl,) 
dt 1ilax 

This product has been calculated for the various cones, as­
suming CD to be unaffected by the addition of t.he hemi­
spherical tip (the tip radius may be arbitrarily small), and 
the results are shown in figures 10 and 11. It is seen again 
that the missiles having large cone angle (high drag co­
efficient) are considerably superior. 
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F1ouRE 10.-1\.fnximuin rate of convective heat transfer to the stagna­
tion point of spherically tipped cones of the same bnse acea entering, 
the earth's atmosphere at an angle of 30° to the horizontal and 
velocities of 10,000, 20,000, al1d 30,000 ft/sec (base nrea=lO sq ft). 
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FrauRr: 1 l .-l\1aximum rate of convective heat transfer to the stagna­
tion point of spherically t.ipped cones of the same volume entering 
the earth's atmosphere at an angle of 30° to the horizontal and 
velocities of 10,000, 20,000, and 30,000 ft/sec (volu1nc= 16.34 cu ft). 

DESIGN CONSIDERA1:IONS AND CONCLUDING REMARKS 

In the foregoing analysis and discussion, two aspects of the 
heating problem for missiles entering the n.tmosphere were 
treated. The first concemed the total heat absorbed by the 
missile and was related to the coolant required to prevent 
its disintegration. It was found that if a missile were 
relatively light; the least; required weight of coolant (and 
hence of missile) is obtained with a ·slrnpe having a high 
pressure drag coefficient, that is to say, a blunt shape. On 
the other hand, it was found t.hat if the missile were relatively 
heavy the le~st required weight of coolant, and hence of 
missile, is obtained with a shape having a low skin-friction 
drag coefficient, t.hat is t.o soy, a long slender shape. 

The second aspect of the heating problem treated was 
concerned with the rate, of heat input, particularly with 
regard to thermal shell stresses resulting therefrom. It was 
seen that the maximum average heat-input rate and,'hence, 
maximum average thermal stress could be decreased by 
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using either 11 blunt or a slender missile, while missiles of 
intermediate slenderness were definitely to be avoided in 
this connection. The region of highest local heat-transfer 
mt.e and, hence, probably greatest thermal stress wns . 
reasoned to be located at the forward tip of the missile in 
most cases. This was assumed to be the case and it wns 
found Uutt the magnitude of this stress was reduced by 
employing a shape hn.ving the largest, permissible t.ip rndius 
and over-nil drag coefficient; that is to say, t.he blunt, high 
drng sh~pe always appears to luwe t.he ad,•antage in t.his 
respect. ·. 

These results provide us with rntl1er crude, but useful, 
bases for determining shapes of missiles entering the al.mos­
phere which have minimized heat-t.rnnsfer problems. If 
the over-all design considerations of payload, boost.er, et 111, 

dictate t.hat the re-enl.ry missile be relatively heavy in the 
sense of this report, then it may be most desirable to make 
this missile long and slender, especially if the entry speed is 
very high (say 20,000 ft/sec or greater). Perhaps the slender 
conical shnpe is appropriate for such 11 missile. It seems 
clear, too, tlmt the tip of this missile should be given the 
largest pract,ica.ble nose rndius in order to minimize the 
maximum locnl heat-transfer rate and hence maximum local 
shell stress problem. Even then it may be necessary to 
employ addit,ional means to minimize the heat-transfer mtc 
and, hence, thermal stress encountered in this region (e. g., 
by transpirntion cooling). 

Let us now consider t.he cnse where the oyer-all design 
conditions dictate that t.he re-ent,ry missile be relatively 
light in the sense of this report. This cnse will be t.he more 
usual ono nnd, therefore, will be !.rented at greater lcngt.h. 

A shape which should warrant att.cntion for such missile 
application is the sphere, for it hns the following adYantages: 

I. His 11 high drag shape and the frict.ional drag is only 
a few percent of the total drag. 

2. H hns t.he maximum volume for 11 given surface aren. 
3. The continuously curYed surface is inherently stiff 

and strong. 
4. The lnrge stagnation-point radius significantly assists 

in reducing the maximum the~mal stress in the 
shell. 

5. Aerodynamic forces arc not, scnsitiYc to att.itudc nnd, 
hence, a sphere may need no stabilizing surfaces. 

6. Because of this inscnsit,ivit,y to 1tttitudc, a sphere 
mny purposely be rotn,tcd slowly, nnd perhn.ps even 
randomly" during flight, in order to subject all 
surface clements to about t.hc snmc amount of 
hea,ting and thereby 1tppro11ch uniform shell 
heating. 

II Note thnt It rotnllon Is J)('rmltt«I, slow, random motion nmy 00 requln>d In ordrr to 
JJro,·cnt ~lognw fol't'CS from causing dc,·latlon of the rllii:ht path from th<' ttlrt:ct. It should 
olso be noted tlmt ot tmhsonlc ond low supersonic speed!! 1tUn-flrod spheres, prr.5umnhl)· not 
rotntlng, have shown rather large lat.cm! motions In flight (sec ref. 10). It Is not known 
whether such behavior occurs at high supcrsoo.lcspccds. 

On the other hand, the sphere, in common with ot.her very 
high drag shapes mn,y be unacceptable if: 

J. The low t.erminnl speed cannot be permitted (c. g., 
because of excessive wind drift). 

2. The magnitude of t,hc maximum dcceleraUon is 
great.er t.han cnn be allowed. 

The first of these disadvant,ages of t.he sphere might, be 
1nini1nizf!d by prot,ruding a fiO\\'-scparat.ion-inclucing spike 
from the front of t.hc sphere to rcdi1cc the clrng coefficient 
t,o roughly hnlf (sec rd. I I). St.nhiliznt.ion would now be 
required but, only to t.hc extent. required t,o count.crbnl1tnce 
t,hc mmnent produced by U1c spike. Special provision would 
hn:vc t.o be mndc for cooling t.he spike. 

Both of the disndvnntngcs of vcr>' high drag shapes may 
howcv"cr be allcviat,cd by using vnriahlc gcomct1·y nrrnnge-
1nent.s. For exn.rnplc, an arrangcrncnt. \\"hich sug-gests itself 
is a round-nose.cl shnpe with conical nft,erbody of low apex 
angle employing nn extensible skirt, n t the bnse. Wit.h t.l1e 
skirt flared, t.hc advantages of high drng arc obtained during 
the cnt,ry phnse of flight, where the aerodynamic hcal.ing is 
intense. I..1nt.cr, Lhe skirt .flnrc mny he decreased to vary t.he 
drag so ns to produce the desired <lecelcrat.ion nnd speed 
history. If the dccclerat.ion is specified in t.he cqun.tion of 
mot.ion (see mot.ion analysis), the rcqtiired vnrint.ion of drng 
coefficient with nltit.udc cnn be cnlculnted. 

The examples considered, of course, arc included only t.o 
dcmonst.rnt,c some of the means the designer has at, hand t.o 
cont.rol and diminish t.he aerodynamic hent.ing problem. 
J<or simplicit.y, t,his problem has been trcnt.ed, for t.hc most 
pnrt., in a rclnt,ive rnUter t.hnn nbsolut.c fashion. Jn an~· 

linnl design, t.hcrc is, clearly, no subst,itut,e for st.cp-by-stcp 
or ot,her more accurate cnlculntion of both [,he mot.ion and 
aerodynamic hen ting of a missile. 

~:ven fron1 n qunlil,nt.ivc point, of vic\\'1 n further \\'Ord of 
caut.ion must, be given concerning t.hc analysis oft.his pnpcr. 
In particular, t.hroughout., we hnvc neglected effects of 
gaseous i1nperfcct.ions (such as dissocint.ion) and shock-\\·ayc 
boundary-layer int.crn.ct.ion on conYrct.ivc hf'nt.. t.rn.nsff"r t.o 
a missile, nnd of radint.ive heat t.rnnsfcr to or from [,he 
missile. One would not ant.icipn te that t.hesc phenomena 
would significanl,ly niter the conclusions re.ached on Uic 
rclnlfrc merits of slender and blunt shapes from t,hc st,nnd­
point of heat t.ransfer at, entrance speeds nt, lenst up to about 
10,000 feet per second. It cannot t.ncit.ly be assumed, 
however, that this will be the case nt higher cnt.rnnce speeds 
(sec Appendix B ). Accurate conclusions regarding the 
dependence of heat trnnsfer on shape for missiles entering 
t.he atmosphere nt. cxt,rcmely high supersonic speeds must. 
""rnit U1c availability of more reliable dnta on t.he static and 
dynmnic propcrt.ics of air nt the high t,cmperut.urcs and 
pressures that will be encountered. 

AMES A·1-:;RQNAUTJCAL l.rARORATOHY 

NATIOXAJJ Anv.rsonY Co.MMITT}~g FOR .AEHONAU1'ICS 

MOHETT FIELD, CALI>'., A7ir. 28, 1953 
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APPENDIX A 

SYMBOLS 

reference a.rea for drag' evaluation, ft' 
body factor, dimensionless 

(See eq. (51).) 
drag coefficient, dimensionless 
skin-friction coefficient based on conditions just 

outside the boundary layer, dimensionless 
equivalent skin-friction coefficient, dimensionless 

(See eq. (28).) 
. ft-lb 

specific heat at constant pressure, 1 0 R 
s ug 

. ft-lb 
specific heat at constant volume, 1 0 R 

s ug 
functions of f3tJ.y, dimensionless 

(See eqs. (18), (19), and (49).) 
acceleration due to force of gravity 

( taken as 32.2 l;) 
sec 

. h f ffi . ft-lb convective cat-trans er coo c1ent, ft2 sec oR 

. ft-lb 
heat transferred per umt area, Ti' 

. . . ft-lb 
thermal conduct1v1ty, sec ft' (oR/ft) 

mass, slugs 
Mach number, dimensionless 
Nusselt number, dimensionless 
Prandtl number, dimensionless 
total heat transferred, ft-lb 
Reynolds number, dimensionless 
st;irface area, ft2 

temperature (ambient temperature of air at 
altitude y unless otherwise specified), 0 R 

time, sec 
. . ft 
velocity, -

sec 

x,y 

z 

0 

µ. 

p 

0 

2 

3 
E 

r 

8 

w 

horizontal and vertical distance from impact 
point, ft 
. bl f . . ft' var1a e o 1ntegra.t1on, - 2 sec 

constant in density-altitude relation, ft-• 
(See cq. (2).) 

ratio of specific heat at constant pressure to 
specific heat at constant volume, C,/G, 
di1nensionless 

increment 
distance within the shell measured normal t.o 

shell surface, ft 
angle of flight path with respect to horizontal, 

deg 

ffi 
. f b 1 . . slugs 

coe cient o a so ute v1scos1ty, f-t­sec 
. d . slug 

air ens1 ty, ft' 
radius, ft 
relative heat-transfer factor, dimensionless 

(See eqs. (56) and (57).) 

SUBSCRIPTS 

conditions at sea level (y=O) 
conditions at altitude y1 (eq. (15)) 

conditions at altitude y, (eq. (38)) 

conditions at altitude y, (eq. (47)) 
conditions at entrance to earth's atmosphere 

local conditions 
recovery conditions 
stagnation conditions 
wall conditions 
conditions_ "~ithin the shell of the missile 
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APPENDIX B 

SIMPLIFYING ASSUMPTIONS IN THE CALCULATION· OF AERODYNAMIC HEATING 

As noted in t.he main body of the report, t.hc heat.ing 
analysis is simplified by making t.hc following assumpt.ions: 

1. Convcct.ive heal. transfor is of foremost importance; 
.t.hnt is, racliat.ivc effect.s mny be neglected. 

2. Effects of gaseous imperfections, in pa.rticulnr dis­
sociation, may be neglect.cd. 

3. Effects of shock-wave boundary-layer interact.ion 
may be neglected. 

4. Jlcynolcls' analogy is applicable. 
5. PmndU number is unity. 

The rcst.rict.ions imposed by t.hese assumptions will now be 
considered in some detail. 

Jn assumpt.ion I, t.wo simplifications arc involved; namely, 
(I) radiation from the surface of t.hc body is neglect.eel, and 
(2) rndiat.ion to the body from the high-t.emperat.urc dis­
t.urbed air between the shock wave nnd t.he surface is neg­
lected. The first sim.plificnt.ion may be justified on t.he 
premise t.hat. the ma>.imum allowable surface tem.pcrnt.urc 
will be about the same for one body as compa.rcd with 
another, irrespective of shape, and, consequcnt.ly, radin.t.ion 
away from the surface \Viii be approximately t.he same. 
Hence, neglecting this form of heat transfer should not 
appreciably change t.Jic rclnt.i,•e hen.ting which is of principal 
interest in this paper. 

The second simplification of ignoring radiative heat trans­
fer from the disturbed air to t.hc body is not so easily treated. 
At ordinary flight speeds this form of heat transfer is neg­
ligible since it is well established t.!1at at temperatures not 
too different from ambient teinpcrature, air is both 11 poor 
radiator and a poor absorber. At. the flight speeds of 
interest., t.cmpcrn.t.urcs in t.hc tens of thousands of degrees 
Fahrenheit may be easily obtained in the clisburbed air flow, 
especially about, t.he hen vier blunt, bodies. At these temper­
atures it, does not. follow, a priori, t.hnt air is a poor rndia.t.or. 
Dat.a on t.hc propcrt.ics of air at t.hese t.cmperatures are 
indeed meager. Hence, it is clear t.hat calculations of 
radiat.ive heat. t.ransfcr from air under t.hese conditions must, 
at best, be qualit.at.ivc. Ncvert.hcless, several such calcula­
t.ions have been made, assuming for lack of bett.cr informa­
t.ion t.hat o.ir behaves ns n grey body rndintor and that 
Wein's law may be used to rclnt.c the wave length at which 
the maximum amount of radiat.ion is emit.t.ed to the t.emper­
at.ure of t.he air (this assumption, in effect, enables low­
t.cmpcrnturc data oi1 t.hc emissivity of air t.o be used in 
calcula.t.ing radiation at high t.empcrnt.ures). Jn t.hesc 
calculations effects of dissociat.ion in reducing the tcmpcr­
at.ure of t.he disturbed nir have also been neglect.eel and 
hence frorn tJ1is st,nndpoint., nt. lenst 1 conservntivc (i. c.i too 
high) cst.im.ates of radin,t.h·c heat. transfer should evolve. 
The result.s of t.hcsc calculations indicat.c the following: (I) 

Radiat.ivc heat transfer from the disturbed air to the body 
is of negligible importance compared t.o convective heat. 
t.ransfer at entrance speeds in the neighborhood of, or less 
t.han, 10,000 feet per second; (2) Radiative heat transfer, in 
t.hc case of relat.ivcly massive blunt bodies, mny have t-0 
be considered in bent-transfer calcula.t.ions at entrance speeds 
in the neighborhood of 20,000 feet per second; (3) Radiative 
heat t.ransfer, in t.he case of relatively massive blunt bodies, 
may he of comparable import.nncc to convective heat t.rnnsfer 
at entrance speeds in the neighborhood of 30,000 feet per 
second. From these results, we conclude, t.hen, t.hat the 
neglect. of radiative heat transfer from the disturbed air 
to the body is probably permissible for all except, perhaps, 
very blunt and heavy shapes at entrance speeds up t.o 20,000 
feet per second. However, this simplifica.t.ion may not be 
permissible, especially in the case of heavy blunt bodies 
entering t.hc atmosphere at speeds in the neighborhood of, or 
greater than, 30,000 feet per second. 

In assumpt.ion 2, the neglect of effects of gaseous imper­
fect.ions, particularly dissociation, on com•ect.ivc heat transfer 
would appear to be permissible at entrance speeds up t.o 
and in the neighborhood of J0,000 feet per second, since at 
such speeds t.he temperatures of the disturbed air arc not 
high enough for t.hesc imperfect.ions to become significantly 
manifest. On t.hc ot.Jier hand, 118 the entrance speeds ap­
proach 20,000 feet per second, temperatures of the disturbed 
air may easily exceed 10,000° Rankine, in which case appre­
ciable dissociation may be anticipated, inside t.hc boundary 
layer for nil bodies, and inside and outside the bounda.ry 
layer in the case of blunt, bodies. The m.agnit.udc of these 
cffect.s is nt. present in some doubt (sec, c. g., t.he rcsult.s 
of refs. 12 and 13.) Hence, for t.he present, the neglect of 
effects of gaseous imperfections on convective heat transfer 
is not dcmonstrnbly permissible at ent.rnncc speeds in t.hc 
neighborhood of 20,000 feet per second or greater. 

Jn assumption 3, it has been shmm by J,ees and Probst.cin 
(ref. 14), and more recently by Li and Nagamnt.su (ref. 15), 
that shock-\\rnve boundary-layer int.eraction inay signifi­
cantly increase lan1inar skin-friction coefficients on a flat 
plate at zero incidence and Mach numbers in excess of about 
JO. J,ees and Probstcin found somewhat the opposite effect 
on heat-transfer rate in the case of weak interaction. It is 
not now known how this phenomenon depends upon body 
shape or type of boundary layer. However, it is reasonable 
to anticipate tlrnt there will be some effect, and certainly if 
the skin-friction coefficient. is increased in order of magnitude 
at Mach numbers approaching 20, as indicated by t.he 
results of Li and Nngamatsu for strong internet.ion, t.lien 
t.hc phenomenon cannot be presumed negligible. Hence, 
we conclude t.lrnt. from t.his standpoint, also, t.he convective 

15 

I Declassified and Approved For Release 2013/11121 : CIA-RDP71 B00265R000200130001-4 



Declassified and Approved For Release 2013/11121 : CIA-RDP71 B00265R000200130001-4 
16 REPORT 1381-NATIONAL· ADVISORY COMMITTEE FOR AERONAUTICS 

heat-transfer calculations of this report may be in error at 
entrance speeds of the order of 20,000 feet per second or 
greater. 

The assumption that Reynolds' analogy may be used to 
relate skin-friction and heat-transfer coefficient does not, 
especially in the light of recent work by Rubesin (ref. 16), 
seem out of line wit.h the purposes of this paper, at least at 
entrance speeds up to and in the neighborhood of 10,000 
feet per second. However, it does not follow, a priori, that 
this assumption remains valid at substantially higher 
entrance speeds, especially in view of the imperfect gas and 
shock-wave boundary-layer-interaction effects already dis­
cussed.· 

The assumption of Prandtl number equal to unity would 
also· appear permissible for the analysis of relative heating 
of missiles at the lower entrance speeds considered here. 
However, in view· of the qnest,ionahle effect (see again refs. 
12 and 13) of dissociation on Prandtl number, it is not clear 
that this assumption is strict.ly valid at the intermediate 
and higher entrance speeds treated in this report. 

From these considerations it is concluded that the simpli­
fying assumptions made in the main heat-t.ransfer analysis 
of this paper will not significantly influence the results at 
entrance speeds in the neighborhood of or less than 10,000 
feet per second. However, at. entrance speeds in the 
neighborhood of and greater than 20,000 feet per second, 
these results mnst he viewed wit.h skepticism.. More uccu­
rate calculations of heat transfer at these speeds must, 
among other things, await more accurate determination~ of 
both the static and dynamic properties of air under these 
circumstances. 
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